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ABSTRACT,

The filtering problems and calibration of the far infrared
vacuum grating spectrometer used in this research are briefly discussed
along with the experimental techniques evolved for handling vapour, liquid
and solid samples,

The far infrared absorption spectra of n-propyl chloride, bromide
and iodide’have been examined in the vapour, liquid and solid phases as
&ell as thé fluoride in the vapour phagse, The spectra of n-propyl chlofide
isolated in a carbon tetrachloride matrix at 77°K has also been observed.
These spectra confirm the existence of two isomers, trans and gauche, in the
vapour and liquid and also .the disappearance of the gauche in the erystal

and indicate that the trans isomer is more favoured in going from vapour to

liquid and in passing from chloride to ilodide, The observed skeletal torsion
frequencies correspond to triple cosine barriers of 4.29(3.57), 4.48(3.82)
and 4.89(4.34) Keals/mole for the trans(gauche) igomer of the chloride,
bromide and iodide respectively.

The effect of enviromment on the absorption spectra of the allyl
halides in the frequency range 425-60 cm™l has been investigated., The spectra
arise essentially from a single isomer which has been shown to be approximately
the trans-Gauche form, its pfoportion agaiﬁ increasing from chloride to
iodide. A complete vibrational assigmment has been given for the range
100~1700cm™Y, The skeletal torsion frequencies corregpond to triple cosine
barriers of 2,80, 3,18 and 3.13 Kcals/mole for the chloride, bromide and

iodide respectively.
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The gkeletal torsion freguencies of the n~propyl halides are

found to inercase ingoing from vapour to liquid whereas the reverse is true
for the allyl halides. An explanation is forwarded in terms of the
asymmetry of the electron digtribution in the molecule in a discussion on
the origin of barriers to internal rotation and the effect of phase
(solvent) on them.

General computer programmes have been developed to calculate
the reduced moment of inertia, effective in the torsional motion, for

any molecule,
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THE FAR INFRARED SPECTROMETER.

The far infrared spectra recorded during the course of this
research were obtained on a single beam far infrared vacuum grating
spectrometer designed and constructed in this laboratory by Wood,

Taimsalu and Silver and covering the frequency range 60-425 cmfI. The
galient features are shown in figure (1) and an excellent description of
the instrument sppears in the thesis of Taimsalu P. (Ph.D. London (1963).
A brief description is given below: :

The spectrometer consigts of separately evacuable monochromater
and detector gections with sample area between. The radiation is produced
by a fused quartz mercury lamp, is modulated &t 10 ¢/s by a KBr crystgl
chopper and transmitted through one thickness of 500 geuge (0,125mm) black
polythene: +this combination of KBr chopper and black polythene ig the
bagic filter used in all regions of the far infrared and transmits very
little radiation of frequency higher than 450cm~I,

The monochromator employs £/4 Ebert optics to minimise
aberrations and to pass as much radiation as possible by the use of long
slité. Dispersion is by means of either an 80 lines/em or 200 lines/em

cchelette grating (70 X 70mm Bausch and Lomb, blazed at 9lem™I or 228cm™t

respectively.) both of which are used almost entirely in the first order,

A resolution of 0.6cm"'I has been obtained at lﬁOcm"I‘

Elimination of higher order radiation is also effected by the
use of 6ne or two "erosged" reststrahlen reflection filters and often at
lower frequencies also by the use of a Tmm crystal quartz transmission

filter,
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‘Hg source, Cu cooling Jjacket &»KBr>chdpper blades.
Spherical mirror. I B
Entrance slit. C' = Exit slit,

Spherical Eberﬁ‘mirror. |

Tchelette grating.

"Sliced" spherical mirror, ,

Plane "matchstick" mirrors.

Plane mirror,

Spherical mirror,

Sample cell,

Spherical mirror,

Plane mirror,

15% reststrahlen "windmill®,

Spherical mirror. ’

End reststrahlen "windmill,
Greenler image reducer,

P IVZIrxnceI®MMOUOT >

Golay pneumatic detector.




The detector section employs a "Unicam" Golay pneumatic
thermel detector, tuned only to detect radiation nodulated at 10¢/s.
The amplified signal is finally recorded on & Honeywill-Brown strip
chart recorder. Typical signal/noise ratios are 100}1 at 300cm'I and
25: I at 80cm™T,

The spectrometer is evacuated to about 0.Imm Hg (Pirani

geuge) = this being sufficient to remove the water vapour lines

completely.



CALIBRATION OF THE SPECTROMETER.

The water vapour spectrum provides a very suitable and
conyenient means of calibration., The pure rotation spectrum of atmospheric
water is often an unwelcome imprint superimposed on far infrared specira.
Accurate rotational energy levels have been tabulated (I) and can be used
as the basis of the calibration. To record the specirum the sample cell
is merely left oven to the atmosphere.

The standard diffraction formula for a grating is

nh=d (sinPi' sin‘) where ? and.x are respectively the
angles of incidence and diffraction, d the grating constant and n the
order. '
If, as in this case, the spectrum is viewed by rotating the
grating with fixed angles of incidence and diffraction, the above formula
reduces to n\= 24 sin@ . cos 8 where 28 is the angle beitween the
incident and diffracted beams, which is a consiant determined by the
geometry of the mirrors and slits, and © is the angle of rotation of the
grating from the specular position,.

In this particular spectrometer the equation reduces to

¥ (em™1) = 100/0,974 8in© ana ¥ (cn~Y) = 40/0.974 Sin @  for the
200 lines/cm and 80 1ines/cm gratings respectively,

As the grating rotates a "pip mark" is superimposed on tho
spactrum for every 0.3 degree the grdting revolves. Every twelfth
"pip mark" is hoﬁever missing in order to provide main reference marks —-—
- (seé figure 2),

Several of the sirongest water vapour bands listed in Randall
et al. (2) were identified on our spectra and the corresponding pip

numbers read off as accurately as possible.
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Subgtitution into the oppropriate formula yielded values of © . The
frequency of any other pip mark can then be calculated if we know the
relatively smell angloA@ between the two positions.

For example the 327.8 om™T

band occurs on our spectra at
exactly 80 (8) and was obtained using the 200 lines /fem grating thus
&40 @ = 100/327,8 (0.97,) = 0,3132. Hence © = 18° 157,

Say we want to calculate the frequency et pip mark 80 (4)

then Ae will be four pip marks at 0.3 degree each i.e. 1° 12! Thus at
80(4) @ = 18° 15t -~ 1°12t = 17° 31 ana ¥3% O = 0,2932 hence¥ =
100/0,974 (0.2932) = 350.1 gm~T,

In o similar mpnner the frequencies at every fourth pip mark

were calculated using the following daté. as the basis;

WATER BAND (em™T) | 327.8 | 202.7 170.4 127.0 | 82.1
PIP NUMBER 80(8) | 84(1.2) | 85(11.4) or 29(5.1}|30(9.3)} 33(10.1)
O VALUE 18%15t | 300 a5t 37°4t or 13°%571 18° s52t{ 30%%¢

Thus most of the stronger water bands on our spectra could
be identified with a band listed either in Randall et al. (2) or in
Blaine (3). Hence a calibration 'graph of frequency againgt pip number was
plotted and the frequency at every pip mark read off and tabulated to
eliminate the need for contimous reference to the graph,

The calibraﬁioh was found to drift slightly (see figures 3,4,5)
due perhaps to wear in the gear rotating the grating and/or to slight
changes in the pogition of the gratings in their holders,

Given below for esch grating is a table of pip mumbers, initial
froquency ¥a when the spectrometer was first califrated (Feb.1962), present
frequency ¥ (July 1965) and calculated frequency ¥c obtained by numerical
interpolation. (The frequencies ¥a and ¥b are, of course, read off from

graphs.).



200-~lines/cm Grating Calibration.

(Frequencies in em™")

Pip.Nos Va . Vb Ve Pip.No. Va Vb Ve Pip.No. Va Vb Ve
79 (6) 421 81 (6) 282.2 28L.5 83 (6) 215.3 216.9
7 410 , 7  278.5 280.6 7  213.2 214.8
8  LOn 406 306,02 8 2748 276.8 275.89 8  211.2 212.7 212.7°
9 396 398 9 271.0 273.2 9 209.2 210.6
10 388 390 10 - 267.8 269.7 10  207.3 208.7
1 381 383 4 11 26L4.5 266.3 a 11 205.5 206.7
80 (0) 37 376 375.81182 (0) 261. 263.0 262.2% 8 (0) 2037 204.8 204.9°
1 367 369 1 258.4 25949 1 201.9 203.1 '
2 360.6 362.6 2 255.4 256.8 2  200,2 201.3
3 35Le5  356.0 a 3 252.6 253.8 3 198.5 199.6
L 348.8 350.3 350.1 L,  24,9.8 251.0 252,09 I 196,8 197.9 197.%°
5 343.0  344.2 5 247.0  248.2 5 195.1  196.1
6 337.3 338.6 6 24,2  245.5 6 193.6  194.5
7  331.8 333.0 a 7 24l.h 242.7 7  192.0 1%52.9
8 326.6 327.8 327.8 8  238.8 240.,0 240.69 8  190.4 191.3 191.4°
9 321.0 323.0 9 236.2 237.6 9 189.0 189.8
"10  316.1 318.5 10 233.8 235.1 10 187.4 188.2
11 311.3 3140 11 231.2 232.8 11 186.0 186,8
81 {0) 306.6 309.5 308.3d}83 (0) 228.9 230.4 230.4% 85 (0) 1845 185.4  185.2°
1 302.1  305.2 1 226., 228.0 1 183.1 184.0
2 298,0 300.9 2 224.1 225.8 2  181.8 182,6
3 293.8 296.7 a 3 221.9 223.6 3 180.4 181.3
I, 289.8 292.6 291.2 L 219.6 221.3 221,25 L 179.1  179.9  179.7°
5  285.9 288.5 5  217.4 219.1 5  177.8 178.6
continued
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80-lines/em Grating Calibration. (Frequencies in cm"'1)
PipsNo. Va = Vb Ve | Pip.No. Va b Ve {Pip.No. Va b Ve
28(9) 202.8  205.4 30 (9) 127,00 127.7 32 (9)  93.5  93.7
10 197.7 200.4 10 125.2  125.7 10 92.h  92.7
11 193.0 195.6 11 123.4  123.9 11 91. 9.7
29(0) 188,  191.1 191.08; 31 (0)  121.6 122.0 122,0° {33 (0)  90.4  90.8  90.8P
1 18442 186.8 1 119.8 120.3 1 89.4  89.8
2 180.0 182.6 2 118.2 118.6 2 88.4  88.9
3 176.0  178.7 3 116.4  116.9 b 3 87.5  88.0 :
L 172.2 1746 1745 L 1%4.8 115.3 115.3 L 86.5 87.1  87.0°
5 168.7 170.8 5 113.2  113.7 5 85.6  86.3
6 - 165.2  167.2 . 6 111.6 112.2 6 8he6 85.4
7 162.0 163.6 7 110.1 110.8 7 83.8  BL.6
8 158.8  160.4  160.6% 8 108.6 109.3 109,2P 8 82,9  83.8  83,7°
9 156.0 157.1 9 107.2  107.9 9 82,0  B3.0
10 153.0  154.1 10 105.9 106.5 10 8l.2  82.3
11 150.3 151.2 11 1046 105.2 b 11 80.5  81.5
30(0) 147.5 8.4  148.3P) 32 (0)  103.4 103.9 104.0° {34 (O)  79.7  80.8 80.8°
1 U9 5.8 1 102.2 102.6 ‘ 1 78.8  80.1
2 124 1433 2 101.1 10l.k 2 78.0  79.L
3 0.0 140.8 b 3 100.0  100,2 b 3 77+2  78.8
L 137.6  138.4 138.2 I 98.9 99.1 99.1 L 766 78,1  78.0°
5 135.3  136.2 5 97.8  97.9 5 75.8  T7.4
6 133,1 133.9 6 96.8 96.8 6 75.2 76.8
7 131.0 131.7 b 7 95.7 95.7 b 7 The® 76.1
8 129.0 129.0 129.5 8 Sheb ka7 ka7 8 738  75.5 T79.5°
continued

II



200-lines/cm Grating Calibration. (Fregqueneies in cm™!) Continued
Pip.No. Va Vb Ve Pip.Ho. Va Vb Ve Pip.No. Va Vb Ve
85 (6) 176k 1772 86 (1)  167.8 168.5 86 (8) 160.5 161.0 161,19
7 175.1  175.9 2 166.6  167.4 9 159.8 160.0
8 1738  17he6  174.4° 3 165.6 166.3 10 159.0 159.0
9 172.6 1734 L 164, 165.1  165.0° 11 158.2 158.0
10 171.4 172.1 5 163.3  16L.1 87 (0) 157.4 157.0 157.09
11 170.2 170.9 . 6 162.3  163.0
86 (0) 169.0 169.6 169.6 f 7 161.4  162.0
{ 1
d (e) = calculated fmm~thé 327.8 (202.7) band as basis.
80-lines/cm Grating Calibration.  (Frequencies in cm™1) Continued
Pip.No. Va, Vb Ve Pip.No. Va Vb Ve Pip.No. Va Vb Ve
34 (9) 7342 ThaS 35 (7) 67.6  69.4 36 (5)  63.5 4.8
10 7246 T3 8 67.1 68.9 £8,9° 6 63.2 6loly
35 (0) 71 73.2  73.1° 10 66.2  67.8 8 62.8  63.5  63.7
1 70.8  T72.6 | 1 65.8 674 . 9 63.1
2 7042 72.1 36 (0) 65.4. 6649 67.0 10 62.7
3 69.8  71l.6 1 65.0  66.5 11 62.3 J
L 6941 71.0 70.9¢ 2 6lea 6 66.0 37 (0) 62,0 62,1
5 £8.6  70.5 3 6he2 6546 o
6 68.0 £9.9 . & 63.8 65.2 65.3

a (b) {0} = calculated from the 170.4 (127.0) [82.1) bend as basis.

2l
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FILTERING.

The magnitude of the filtering problem in the far infrared has
been discussed by Ostjen etal (4). If the spectral purity of the long wave
radiation issuing from a monochromator is ‘o exceed ns 95%, then the short
wave energy must be attenuated by meny orders (\1107) using some kind of
filtering system.

A single sheet of 500 gauge (0.125 mm) black polythene, greatly
attenuates the visible and near infrared radiation and transmits radiation
of frequency less thans 600 cmfI,

The detection system requires the radiation to be chopped in
order to be detected, If KBr is used then this only transmits radiation
of frequency less thanf~'400cmf1. (but does reflectn8i of the relatively
large omount of short wave:r radiation however)., With this basic combination
of KBr chopper and black polythene, very little radiation of frequency
greater than A/ 45OcmfI is detected. . S

To isolate actusl first order radiatiBn in the far infrared
region one or two "crossed" reststrahlen selective reflection filters are used.

The two echelette gratings in operation at present are both
blozed at 27° and are ruled at 200 lines/cm and 80 lines/cm. The useful
working range of a grating is 3/2d to 2/3d where d is the grating constant.
The 200 lines/cm grating is blazed at 228 en™L and has e range 350-150cm™r
while the 80 lines/cm gratiﬁg is blezed at 9lem™r and covers the range
l40-600m."I

The approximate reststrahlen frequencies (cmfI) of the materials

LiF (380%%(&603 £34og
KC1 (160 g K8r (120

used on this machine are NaF (280)

NaCl §19o) |
KRS 5 (85) |

Gs I (70)
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During the four years of operation of the spectrometer the

combinations of filters have continuously been checked and improved.
Figures (6,7) show the background curves under typicel conditions for the
filter combinationg used at present.

With the 200 lines/cm grating bands in the region 300 — 425cmf1
can be detected using one or two LiF reststrohlen but the amount of
‘rediation at 400cm™! is quite small.

Two reflections from NaoF give a broad, spectrally very pure
reststrahlen band covering thé range 230 ~ 37Ocmf1. If only INaF is used
then higher order radiation is present on the low frequency side (250—2300m?1).
Caly, CaC03 ond LiF have been used in this region but are definitely
inferior to NoF,

It used to be thought that one reflection from NaCl gave a
satisfactory peak since no second order water vapour bands were gver observed.
However this is a poor criterion since the intensities are too low. Figure
(6) shows the marked effect of introducing o second NaCl feflector.The
blaze of the 200 lines/cm grating lies in the middle of the NaCl region
and et the blage the angular width is proportional to}/n and the energy
proportional to n? (n is the order) (4). Thus operation away from the blaze
will only decrease the intensity of the first order radiation slightly but
will éreatly decrease the inﬁensity of higher order spectra. In other words
one mugt filter much harder én working through the blaze., Hence two
reflections from NaCl arc'giways used now, A 1 mm. crystal quartz
transmission filter, which only transmits radiation less than av 240cm™

’

can also bo used in this region with about 50% loss of signal at 200 em™T,
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KC1 has also been used on the 200 lines/cm grating but effectively ohly

covers the same region as NaCl, and not quite so well,

Used in conjunctiqn with the 80 lines/cn grating IKC1l and IKBr
give nice peaks which overlap considerzbly and cbver the frequency range
200-1.00 cmfI. However when the spectra of butadiene and acrolein were
recorded in these regions the possibility of second order from bands aboub
300 cm™? aroge and hence 2KC1l and 2KBr were employed. These runs showed
that IKCl and IKBr contained appreciable higher order radiation, especially
on the low frequency side. The gpectral purity of the 2KBr and 2KCl regions
were checked by running them in conjunction with the lmm crystal quartz
transmission filter wkich would eliminate the bands around 300 cmfI.Exactly
the some spectra were found with and without the quartz and these regions
~appeor to be entirely first order radiation. Their only drawback is their
relatively narrow width (AIBDcmfl). 1KBr plus crystal quarte extends the
frequency range down below 100 e,

Below 1OOcm."I various filter combinations have been tried but
1l or 2 CsI, 1 or 2 KRS=5 and KRS~5/CsI all show an appreciable amount of

higher order radiation, The crystal quartz is essential below 1DDcm.-I

since third order of 311(:11;"I

in acrolein comes through quite strongly in
2KRS5 unless the quartz is present., At present IKRS-5 plus crystal quartz
is used to cover the range 120-600m.~I but even then higher order radiation
is definitely present. The cause is probably concerned with the blaze at
91 em™l,

To summarise, the filtering above 100cm— is excellent but

at present careful consideration has to be given to runs below 100cm™L
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N~PROPYL HALIDES - INTRODUCTION,

The n=-propyl halides are the simplest members of the alkyl
halides to exhibit rotational isomerism and accordingly they have received
much attention in attempbs to prove the existence of two isomers,

In an early study of torsional isomerism Mizushima (5) showed
by Reman measurements that the spectrum of n-propyl chloride was much
sinpler in the solid state than in the liquid. state and attributed this
to the presence of rotational isomers in the liquid. The number of lines
observed in the solid state spectrum could be accounted for by the presence
of only one isomer, In o later work Mizushima (6) showed by comparing
the behaviour of ethylene chlorhydrin, where there are also two forms in
the liquid but only one form - the gauche - in the solid (7), with that
of n-propyl chloride that the isomer present in crystalline n-propyl
chloride was the trans igsomer. Force constant calculations of the skeletal
vibrations confirmed that the two isomers involved were in fact the trans
(0= 180°) and gauche (O = 60°) forms and that the trans isomer alone
remsined in the crystal; € is defined as the angle between the C-Me and
C-X btends on a plane perpendicular to the central ¢ -~ G bond, Brown and
Sheppard (8) examined the higher freéuency infrared spectra and confimmed
Mizughima's results for the chloride and alsoc showed that the bromide and
jodide similerly existed in both trans and gauche forms in tho liquid, bub
as the trang alone in the solid.

Infrared intensity measurements by Mizushimals group in the
temperature range 20 - 150°C for the gas and -60 to 10°C for the liquid
indicated very little energy difference between the gauche and trans isomers

of the chloride in either phase and the bromide in the gas phase.
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AE = Bg = Bt = =50 % 150 cals/mole (gaseous chloride)
+50 £ 40 cals/mole (liquid chloride)
-100 % 200 cals/mole (gaseous bromide)

These results agrecd with the Raman results of Goubeau and
Pajenkamp (9) and together with the results of Lamb (10) for the liquid
bromide indicate that the trans form is favoured on passing from vapour
to liquid. An electron diffraction study of n~propyl chloride by Morino
(11) confirmed the presence of two isomers in the vapour phase with very
little energy difference between them. The fraction of gauche form present
wes estimated as 81 * 5%,

Quite recently Sarachmon (12) has identified Lines of both
igsoroers in the microwave specetrum of n~propyl chloride gas. Relative
intensity measurements were consistent with an energy difference of
mopgnitude no greater than 500 cals/mole, However lincs arising from the
cxcited states of the skeletal torsions of both forms and from the methyl
torsion of the gauche form indicated that the assigmment of these vibrations
(Sheppar& 1955) were incorrecet. From intensity measurements the skelstal
torsions werc caleulated to be 115 * 36 cp™t for the trans isomer and
100 £ 40 et for the gouche isomer, The methyl torsion of the gauche fomm
was gstimated at 200 * 50 cn™L,

The microwave spectrum of mepropyl fluoride has been examined
by Hirota (13) who confirmed the existence of two isomers and from relative
intensity measurements found the gauche isomer to be more stable than the
trang by ~ 0,5 Koal/wole. The dipole moments of the two forms were found -
to be similar (1,90D gamche and 2,05D trans) and to 1lie almost along the
C - F axis, The methyl torsional barriers were calculated as 2.69 Keals/
mole and 2,87 Kcéls/bole respectively for the trans and gauche forms using

the method of line splitting.
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From the less accurate method of intensity measurement the skeletal torsions

wero ostimeted as 160cm™ (gauche) and 98ew™ (trans).

The infrared spectrum of n-propyl fluoride has been examined
by Sage and Klemperer (14) who kindly furnished us with their sample.,

The Raman spectrum of liquid n~propyl fluoride was invéstigated
‘by Goubeau (15) who also recorded the spectrum of liquid ethyl fluoride.
However his results for ethyl fluoride are in conflict with those of Smith
et al (16) who obtained satisfactory agreement between Ramen and infrared
data.

In order to clarify thd problem of low frequency assignment
the far infrared spectra of the chloride, bromide and iodide were examined
in the gas, liquid and crystalline phases along with tho spectra of the

fluoride in the gas phase and the chloride trapped in a 6014 matrix at 77°K,
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n=-PROPYL, HALIDES - EXPERIMENTAL,
Materiels

n-propyl fluoride - +the sample used was part of that produced
by Du Pont de Nemours for Hirota's microwave study (14) and was kindly
provided by Klemperer., It was dried over A4 Linde molecular gieve and used
without further purification.

n~propyl chloride, bromide and iodide were obtained as liguids
from Messrs. Hopkins and Williams Ltd. They were fractionated and stored
over molecular sieve, Refractivs indices boiling points and vapeur phase
chromatograms_were recorded for freshly distilled samples. No trace of any
gsecond component was evident for either compound and the samples were taken
a8 being grester than 98% pure.

The table below compares the experimental and literature valucs
of the boiling points and refractive indicesi~- |

7). 20(17)
Exptal.b.pt. Lit.beopt Exptal 7 Lit 7

n-propyl chioride 4796 45=4,7°C 1,3882 1.3886
bromide 71°C 70.9°C 1.4340 1.4341
iodide 103°¢ 102.4°C 1,5050 1.5051

Cerbon tetrachloride was ‘'analer' grade Hopkins and Williams
and was distilled and stored over P205 before use,
Apparstus

70 cm, path length gas cell (Fig.8)

The stainless stecl cell has a gold plated, kinematically
mounted prism (A) and concave mirror (B) as opties., Brass flanges (CC!')
are bolted to the cell with 1,000 geuge polythene windows (DD') in between.
A tap (not shown) on the main body of the cell facilitates filling and
evacuation. Desiccant is contained in special aluminium foil !'boats?

placed behind A or B, out of the radiation beam.
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© FIG. 8.

- 70cm path length gas cell.
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10 cm. dewar cell (Fig.9)

The simple stainless stecl dewar (A) fits into the main body
of the cell (B) via a conical joint (C). Brass flanges (DD) are bolted
to the cell with 1,000 gauge polythene windows (EE!) in between. Rubber
O-rings (FF!) prevent leakage when the cell is placed in position in the
speotrometef end the latter evacuated.

Cryostat_ (Fig.l0)

The cryoétat is mainly constructed from copper, this having the
required high conductivity and low emissivity, The prism (A) and deposition
surface {B), having an area of ~5 sq.cm., are gold plated. The liquid
helium tank (C) is surrounded by a copper radiation shield (D) which is
attached to the liquid nitrogen tenk (not shown) and is therefore at liquid
nitrogen temperature., Teflon spacers (EE!) prevent contact between surfaces
at different temperatures, The gas inlet tube (F) onters the cryostat via
a nylon ball joint (G) which is éffective a2t the pressures attzined by an
oil diffusion pump. The tube can be withdrawn from the radiation beam
whilst spectra are being recorded.

Methods.

Near infrared spectrs were recorded on a Grubb-Parsons
Spectromaster covering the range 400-5,000 cm -1, Gases were molecular
sieve dried in a standard 10 cm path length cell with KBr windows while
liquids were examined in a standard fixed path length cell. (experimental
thickness used wos 0,025 mm,) '

The low frequency Raman gpectra with associated polarisation
data were recorded on the Cary-Model 81 Raman spectrophotoneter at King's

College, London, Samples were freshly distilled prior to use.
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~ Far infrared gpectra were recorded with the vacuum grating

spectrometer constructed in the dopartment and described previously. ggggg
were handled in a 70 cm. path length cell shown in-figure (8) having gold
plated oﬁtics and 1,000 gauge (0.25mm) polythene windows capable of
withstanding three atmospheres and being quite clear throughout the far |
infrared, Py0g was originally used as desiccant but this decomposed the
propyl halide into the corresponding hydrogen halide whose pure zbtational
spéctrum was observed, Henece 4A Linde molecular sieve was used. The cell
was filled to the required pressure by standerd vacuum distillation -
procedure. The 'background! was recorded with the cell evacuated.

Liquids were examined either (a) in sealed polythene bags
in a simple dewar cell (figure 9) in which tho sample apea was kept free
of water vapour by P,0s on the floor of the cell., With this cell the sample
thickness cannot be rendercd uniform due to the flexibility of the polythene
and the action of somo liquids upon it, or  (b) in a modificd near infrared
variable pz;thlength cell (type SROIK) in which the KBr windows were replaced
by crystal quartz windows wedged from 1.0mm to 0,%um to avoid interference
effects. (The 1.3mm crystal quartz transmission filter (37: 1.55) produces
an interferencé pattern of spacing 2,5cufl noticeable at frequencies below
900m71) Sample thicknegses of 0.1 = 3.0mn could be éxaminéd with this cell,

Backgrounds were recorded with a thinﬁer sample of liquid for
rensons explained below:-

When a spectrum of & relati#ély thick sample is compared with
the spectrum recorded without sample in the beam by plotting the ratios of
the two signals at corresponding pip marks, in theory the true absorption
gpectrum of the compound is obtained. However in practice interference in
onc of the polythene cell windows produées spurious bands which could be

confused with woak genuine absorption bands of the compound,
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This interference within a cell window is most noticeable in the 2NaF region

and with one particular batch of polythene the effect was most marked

(figure 2). The actual spacing of the pattern averages 13~14er™t which _
agrees well with that calculated (12~130m71) if the refractive index of the
polythens sample was assured to be 1.51-1.52., However ag can be secn from
figure (2) this effect is not too serious.

A much more serious effept is the interference which arises
within one of the polythene sheets containing the liquid sample, Differences
between the refractive indices of air and the liquid couge variations in
the intensity of the superimposed interference pattcrn and this confuses the
interpretation of the fratio plot!. To reduce the effect to a tolerable
miniwum the ingides of the polythene bag are kept in contact with liquid
in both thick and thin fuﬁs go that the effect is constant in both runs and
should cancel in the ratio plot.

So0lid samples were obtained following the procedure for liguids but using
liquid nitrogen in the dewar (figure 9) and pumping on the sample area.
Extreme care must be exercised in filling thc sample bag to have no bubbles
in the beam otherwise evacuation will enlarge them and/or solidification with
tholes!' in the éolid will occur. Due to the low thermal conductivity of |
polythene the lowest attainable temperature with this system was about 120°%K,
Matrix isoletion - a speciallytdesigned helium eryostat (figure 10) was used
to oxaminc the spectrum of n-propyl chloride isolated in a carbon
tetrachloride matrix., A gaseous mixturc of 2 moleZ n~propylechloride in
carbon tetrachloride was deposited on a gold plated mirror at 77°K and
appearcd to form s satisfactory matrix. A pure carbon tetrachloride matrix
deposited in the samc menner ‘wae used a8 background, The deposition rate used

was lecc ges (NTP) per mimite and sample thicknesses were of the order of 2mm,
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Since the cryostat's sample arez haed an overall Jjength of
20.4cms compared with the usual stendard 10.06m colls, mwirrors J and K
(figure 1) had to be replaced by mirrors of slightly longer focel length

whenever the cryostet was being used.
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n-PROPYL HALIDES - RESULTS

These are presented in tahleé (2 and 3) and are summarised
in figures (11-21). The band centres were taken as the position of maximym
absorption, the error involved being Zlor2 cmfl. The table (1) below
‘indicates the appropriate spectroscopic slit width Sv in the various speétral
regions.
sv (nl) = 5V (4% - Y2
-2 where § is the mechamical slit width in

cms, D the distance between slit and grating (= 53cms in this case) and 4
is the grating constant (= 1/200 or 1/80)

TABLE (1)
“Reststrahlon| Freguency EM’echanica.li; sv (ew™t) 1imits.
Range (em™) | S1it (cm) ’
? 2NaF + | 370 - 230 0;15 i1.86-0.68 § 1.20 at 300cm >,
| 2Nacl 1# 260 - 160 0.30 1,77=0,57 3 1,22 ag 220cmf1.
| 2kc1 200 = 120 0,30 .2.76-0,96 3 1,75 ot 160cm™L,
2KBr 150 - 105 0.375  11.92=0.90 ; 1.40 at 130cm™t,
EBr+Xtal @ | 150 = 90 0,0  |2.04=0.68 3 0.87 at 100cmt,
H

KRS54tal Q | 120 = 60 | 0,65  :2,08-0,42 ; 1.40 at 100em™,

¢
“

For bands in the rogion 430 - 350cn™ 1LiF roststrahlen is
employed in conjunction with the 200 1ines/bm grating. The theoretical slit
width Sv is 2.3 cn:t"1 at 400 cm"l but the small amount of energy present
renders this figure meaningless, |

'1' : 200 lines/cm groting uvsed - otherwise 80 lines/cm,
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INTERPRETATION OF SPECTRA,

The microwave spectra of n-propyl fluoride (13) and chloride
(12) show that these exist in the gas phase as trans and gauche isomers
and comparison with the vibrational gpectra of related compounds (8)
indicates thats the liquid chloride, bromide and lodide consigts of trans
and gauche isomers, while the crystals are entirely trans. This is also
supported by some force constant caleculations of skeletal vibrations (6),
The interpretation of the far infrared spectra confirms these views.

Sevsral points of theory, relevant to the interpretation of
the gpectra are outlined below: -

(1) Band contour considerations.

For a molecule having principal moments of inertia A {B(C a.ud»
reciprocal moments a) b) ¢ Badger and Zumyalt (21) introduced a symmotry
parameter S = (2b-a=c) / (a=c) which takes the value +1 for a symmetrical
planar molecule and -1 for a symmetrical spindle., The S values of the
isomers of the n-propyl and allyl halides approximate to =1 and the molecules
themselves epproximate to accidental symmetric tops. Below is given the
relevant theory of both symmetric and asymmetric tops.

For a symmetric top the change of dipole moment can be either
parallel to the symmetry axis, perpendicular to it or have components both
parallel and perpendicular to it. The resulting bands are termed parallel
bands, perpendicular bands ond hybrid bands. The contour éf a parallel band
of a symmetric top moleculo has a strong central Q branch with P and R branches
on either side (Pbranch on the low frequency side). The contour of a
perpendicular band of a symmetric top is a single broad maximum, The hybrid

band will, of course, be a compromise between the two,
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For an asymuetric top (A $B#C) it is convenient to discuss the
contourg of bands in which the dlpole moment change is parallel to onc or
other of the principal axes, even though in practice real band envelopes will
often be a superposition of these theoretical contours. Depending on whether
the change of dipole moment is in the direction of the exis of least, inter-
mediate or largest moment of inertia we have bands of types A, B or C.

Herzberg (22) indicates that a type A band for small valucs of
'y (=A/B) spproximates to o parallel band of a symmetric top, A type B band
approaches in contour the perpendicular band of a symmetric top in that there
is‘ no gtrong Q branch for any value ofs « & type C band is practically the
same as a type B band for very smallé‘ values but.. o- strong Q branch appears
rapidly ass inereases.

Gerhard and Dennison (23) weking reasonable approximations have
calculated the band contours of symretrical rotor molecules for a range of
ﬁ values (P =A'/C! ~ 1 where C! is tho odd moment of inertia) of =& to 4.

Later Badger and Z@walt (21) applied much the same considerations
to the unsymmetrieal rotor and plotted type 4, B and C band contours for
rather narrow renges of the parsmetersS = (2b-a-c)/(a-c) o.nd{’ = (a~c)/b.

The contours are plotted against x =AF (ZB/ET)%/'W rather than v so that
they can be applied to molecules with any moments of inertia and to any
temperature, It must be borne in mind that the actual band contour might
be modified due to hot bands, degradation or resonance, However only in
isolated examples is the distortion sufficient to cause ambiguity.

In table (4) are given thc values of the prinecipal moments of
inertia (4,B,C in a.m.u. AR), the reduced moment of inertia (Im a.me.A%)
and the parameters S, f)a.nd /.3 for the n~propyl and allyl halides. In the last
two columns are given the P-R separations (in em. ) of the parallel (//) and

of the perpendicular (1%) bands calculated from Gerhard and Dennison (23)
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assuming the molecules to be symmetric’ tops. In calculating the above, the

parameters given in figures ‘(22 and 23) were used,

(2) Pogition of hot bands.

(a) Methyl torsions. ‘

Since very few methyl torsion frequencies have yet been observed
in the far infrared, hot bands of methyl torsions are rare indeed., However
the theory given by Fateley and Miller (24) and summarised later in the
section dealing with "Barrier Information" may be used to predict the positlons
of the hot bands in a straightforward monner, (see later).

(b) Skeletel torsions,

The theory given by Fateley and Miller is strictly applicable
only to the case of a 3-fold symmetric top attached to an rui'xsynmetrical frame
Thus the solutions of the Mathiou equation listed by Herschbach (25) and
Stejskal and Gutowsky (26) should only bo applied to methyl torsions. Howe\}er
as a first approximation they may be applied to the case of an unsymretrical
top exhibiting a 3=fold potential upon rotation about the frame,

Graphs have been proparcd of Ab against+# (soc soction on Barrier
Information) by exﬁploying the data of Herschbach for.dvalues between 2-100
and Stejskal and Guto‘ﬁ’sky fordvaolues between 100-205. The graphs have been
plotted for 4 lovels, E levels and'unsplit' (2E+4)/3 levels and have been
extrapolated to higher A valucs. The specing between the curves for the
different transitions O ~>,1,' 12, 23 ete, can be seen from this graph to
become donstant forAvelues of 74150 or more, The.dbvalues of the n-propyl
and allyl halides are in excess of 200 and the position of the fifst hot
band (v= 12 transition) is predicted to benlscm"l from the 091 transition.
In the harmofric oseillator epproximation (large®) the hot bands lie on top

of the fundementnl. Henco the nhot bands of the gkeletal torsions of the
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n-propyl and allyl halides would not be expected to liec far enough removed
fron the fundamental to be resolvable,

(3) Lattice modes.

In a crystal the degrees of fresdom allotted to the rotation of
an isolated molecule aro expended in modeg of vibration about an
equilibrium orientation, just as tﬂ; translation of a free molecule is
transferred in tho solid state into modes of vibration about an cquilibrium
position. These forms of vibratory motion in a crystal are knowm as lattice
modes, The former arc known as rotational or torsional lattice vibrations
and usually occur in the range 30—2000mf1. Tho latter are known as
translational lattice vibrations and are usually woak, in the range below
30em™2,

Providing that the unit cellls space group is known, thon by
methods in Bhogavantam and Venkatarayudu (27) tho nmumber of translatory
and rotational lattice modes can be evaluated along with their Raman and
infrared activity: Horzberg (22).

Unfortunately there is no reported crystal structure of the
n-propyl or allyl halides in thc literature, and there is no merit in
guessing the crystal structure since the 1ow’frequency spectrum is quite
sensitive tolthe actual choice. However if any lattice modes appear in the

range of our spectrometer, they will be rotational in character due both

to their intensity and frequency position.



Table 2 : Low freguency assignment and results ¢ n-propyl halides

(Frequencies in cm™1)

|Assignment | FIORTDE CHIO , BROMIDE 5 TODIDE
T = trens | Riig" IRgas | IRgas matrid® R1iq® Rlig IRliq IRsol | IRgas RligP Rlig TR1iq IRsol| IRgas Rlig® Rliq IRlig IRsol
G = gauche . '
. ' L4
C-C-C 37 nei.| ned. 365 365 365 363 362 | nei. 312 313 313 312 | n.i. 286" 286 290 288
bend 492 ~472 | nei. neie 425 428 426 n.i. 402 402 LO8 nei. 390 388 396
C-C-X 266 276% 248; obs. 246™ 248 247 251 2203 203% 226 224, 225 2033 203" 203 203 205
262 237 208 193
bend 303
gg;rjg 28, 298 291 292 293 nei. 272 270 273 nei. 260 262 264
Methyl - 217  obs. 212 215 197 200 205
torsion 513
197 1-;% 211 obs. 192
183 .
0 |
- |Preletal 1’9‘7§ 132 127 W wo w7 | 127 11 151 1308| 127 131 133 16
torsion 8k
%z; Qf 121 121 126 115 113 1138; 116 121
Lattice 108 : 9l 82
modes 93 67¢ 66 67° 66
| 83
R = Raman IR = infrared lig. = liguid s0l. = s0lid g = glass formed
B = results of Ngkamura (17) C = Raman of solid (17) = line also observed in Remen of solid (17)
M = 2 mole % in CCl, matrix 4 = Ramem of liquid by Gﬁbeau (14) nei. = not investigated
obs. = obscured Q = Q branch 142 = first upper stage band.

w
-3



Table (3) : High frequency assigment snd results :

n~-Propyl halides.

All freguencies in cr.n'"|

T
|

Assigrment Chloride Bromide Iodide
Symmetry species TRsol R lig TR 1lig IR 1lig} IR sol R lig IR liqg IR lj.q IR sol .R 1ig IR liqg IR 1i
snd isomer BeS N+ B+& B+S Nt BsS B4S nt B+S
CH. deformation A'A"T {1460s 1460(%) W53s | 1460s 1456(4) W56s | W60s 1456(4)dp 14568
3 e 14,608 1,60s 1462 T 1460s
Ci1, scissors A'T 17 (7) Udls | Vk0s W35(7)ap 1437s31&29(5)p?
' . 1420m
G . Wh0s  135s U29(5)p? 1258  W25s
CHz deformation A'T 1375m 1384(1) 1376m 1384(1) 1372m 1378(2)p?
G 13578m _ 1378s _1378m __ 1379s 1375m _1379s
AT 2346m  1337(3) 1326m 1327(3)p? 1325w ; 1321m 1324(4)p 1321w
CHo wag G 1340m  1337m 1340w 1339w | _ 1340m - 1339m
A'T {12628 1255&4) 1262s 12558 1222s 1226(6)p ' 1185s 118729 P 1181s
G 1296(3b) 1306s  1302s 1286s  1280s 12704 1274s 12728
AT (1291w 1296(3b) 1288w 1283(5)p
CH, twist G 1255(4) 12628  1255s 1226(6)p 1228m  1222s 1195s 1188s
: \"T 11162m 1156w | 1146m 1152w | 11.30w? 1140w
G 1211(3) 1208w 1208w : 1196(2) 1200w 1199w
CHz i-p rock A'T 11105m  1103(3)p 1103m 1109( 2) 1099w | 1093m ’ 1085w
e 1088(1) 1076w 1079(2)?1085m 1081w 1072(3)  1077m
CHz o-p rock AT 1894s 896(5) p? 892s 896s | 892m 894m
G ’ 894 s 896s 888( L) p? 88Ls 886s 877(1)ap 875m  878m
A'T 11062m  1063(3) 1063m 10,0s 1037w | 1013m 1010m
Cc-C stretch .G ~ 1035m  1036m | _ 1032  103Im 1011m 1010m
A'T i1029m 1028(7)p . 1029m 1025m 1026(7)p 1025w | 1018m 1019(6)p 1017w
G!

'Eg{




Table (3) : continued A1l frequencies in cm™'

- Assigmment Chloride Bromide JTodide-
Symmetry species (IR sol R lig IR 1ig IR 1ig | IR sol R 1ig IR lig IR liqiIR sol R 1lig IR liq IR liq
and isomer
B+S N+ B+S _ B+S N+ B+S B+S N+ B+S
A"T | 860m 855m | 850m 827w 837w
CHo rock G 856(6)p 855s  855m 840(4)p 839s 840m 817(4)dp 816s 8lim
' A"T | 748s T4bw{  T40s 738w} 715s 725w
G 790(8)p 788s _ 787s 778(5)p 778s  TI1s| 763(5)p 763s _ 762s
C-X stretch A'T | 7168 726(7b)p 727s | 6k2s  694(9b) 648s; 5933  593(9b) 592m
: G 64L,9(10b)p 6458 64L9s | - 564(10b)p 563s 5628 503(10b)p 501s 50Im
C-C-C bend A'T ~ 365(8)p 363 | . 312(8)p 288(93
G 425(5) dp 426 402(5)p 390(8
C~C-X bend A'T 246(23 247 223(4) p? 203(5b)p
G 291(4)p 293 272(4b)p 260(3b)p
Methyl torsion A"T 5
G .
Skeletal torsion AMT 141(2b) 1,0 131521)) i 131(2b)
G 212(1b) 126 00( 1b) !
IR = Infrared R = Raman lig. = liguid sol = solid P = polarised dp = depolarised
o-p= out of plane i-p= in plane s = strong m = medium w = weak b = broad
gh = shoulder X = halogen T, = trans G = gauche
B+S = Brown and Sheppard (8) N = Frequencies by Nakamura (17), polarisation data by Kohlmusda or

Radinger and Wittek (18 or 19)
A'(A") = symmetric (asymmetric) with respect to plane of symmetry.

qgt



Table (4

see text for explanation
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Moleculey A | B c .l S {-p|8 |/ 17

Trans

n=PrF | 18,63} 1344¢93] 143498] 94590{~0.981] 643} 6 |14 broad

n=-PrCl | 19.63]211.85!221.91] 134051|=0.994} 9.8{10 |12 broad

N-PrBr | 20,121 307 ¢ 14| 317468] 14,699! =0.995|14,2{14 |10 broad

n-PrI | 20+65| 39083 401.90| 16.001]=0.999{17.7| 18 9 broad
|Gauche 2

n=PrF | 34.99| 99.65|118.36{ 9.208!-0.841! 2.0 2 |21 36

n=~PrCl | 44,11(146.36]173.06| 12:879| =0.874] 244{ 3 118 31

nePrBr | 47611211721 241,58| 15.286]=0927| 3e4; 3.5|17 27

nePrI | 50.321271.60| 303,90 17061 =0:950] 445! 4¢5(16 23
Trans : :
allyl Br | 17.41|284.64]298.88] 10.247] =099 1544|116 9 broad
allyl I | 18477|357.42| 373.02{ 10.696]~0.997 {1841} 18 8 broad
P=-Gauche o
2allyl C1l | 23¢98{179.20| 184.71] 104271} ~0.990| 65| 645/ 1245 ‘broad
allyl Br| 2644226300/ 27070{ 11,696/ ~0.996] 9.0 9 |1045 broad
allyl I | 284511330e32] 339289{ 124510| =~0.997 {1046]11 9.5 broad
C~Gauche ‘
allyl Cl| 36,68]137.67 162419] 2.159! =0.896| 2.9} 3 |16 31
allyl Br| 40:29]205.58 233,23 10.543! «0:4946| 42| 445113 25
allyl I | 42499{262.25[292¢15{ 114336[=0s961| 542 5¢5{11e5 23
Cis ' ,
allyl Cl| 40.30[116473 153487 64228|=0.774] 241 245| 18 32
allyl Br| 43.48{177.52 217484] 6.578|~0.888| 343} 345/ 15 26
allyl I | 45.92{228.99 2714741 6.824] ~0s925! 41| 4,5/ 13 23
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STRUCTURAL PARAMETERS for the

n- PROPYL HALIDES. CH3CH2CH x-.

X \ - C-Co11534 K
\ | G CE1B34A

3
// o C—H=1094 4.
A,

Y

4 \ cGes110° 30
Y c—H, CCX=111°
- H - .other angles =

109° 28

i

| F ¢ Br T
CCX(A) 1379 1775 194 218
»‘Data from: | |
- HIROTA J.C.P 37 283(1962).

MORINO JCP 28 175(1958)
| Interatomlc Dlstances(1958)



FIG.. 23. o S 41
 STRUCTURAL P/—\RAMETERS for the

CALLYL HALIDES. CHZCH-CH,X.

 H, = C—H-=109A
. o— & GC=133A
WY N\ cleseo

| e ngl-l#(ﬁ):’iZO"’
s CCX=10¢" 28
 CCHs=120
- other angles 109 28

- C=X(A) 1825 2:00 218
CrC,(A) 1470 131 157

Data from SUTTON etal.
" TES. 51 1341(1955).
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INTERPRETATION OF SPECTRA - n~PROPYL FLUORIDE

Microwave intensity measuremcnts suggest that the gauche isomer
is more stable than the trans isomer by 0.47 ¥ 0,31 Keals/mole (13). Thus the
approximate ismeric composition in the gas phase will be approximately 85%
gauche, The dipole moments of the two isomers have been evaiuated by the
Stark effect (28) and the Tesults ji (gauche) = 1.90D and A (trans) = 2,05D
(both almost along the C ~ F axis) indicate that in liquid n-propyl fluoride
a very similar isomefic composition will exist,

The only published spectral information in the "infréred" region
for ne-propyl fluoride apart from the unpublished work of Sage & Klemperer (14)
is the Raman study by Goubeau (15) who also obteinsd the spectrum of etﬁyl
fluoride, Smith et al., (16) also studied ethyl fluoride in gas and liquid
pheses by both infrored and Raman techniques and obtained a good correlation.,
However Goubeau's results for ethyl fluoride are not consistent with those of
Smith and hence too much emphasis must not be placed on the £igures published
by Goubeau (15) for either compound.

The assignment of the skeletal bending frequencies is given in -
table (5) along with the repults of & normal co-ordinate treatment performed

by Hirota (29) in which the methyl group was taken as a point mass of 15,

TABLE (5)
7 (cm?l) | 2 ¢ -¢ = ¢ bend c-c~xX bend
I 276 | 277.5
. TRANS nd.| - | 3%(0) 384 [262 |} 263.5 { 266(c) | 283
o 321 _
GAUCHE | 4721 430} 492(2) | 461 |307 309 { - 301
L - T 29
This{ (13)] . (14) (28)This | (13) )] (28)
work{ Sage | Gougoau Hirotafjwork | Sage Goubeau { Hirota
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The ¢ =¢c - ¢ bend of the gauche isomer was observed in the near
infrared but no reliable contour could be obtained at the low frequency end
of the Grubb Parsons spectromaster., The band assigned to the ¢ -¢ -x bend
of the gauche isomer has a PQR strucfure with P-R scparation of 28em™+

Band contour considerations (23) predict the band to be a superposition of

a perallel band of o symmetric top with strong Q branch and a P-R separation
of 22em™t and a perpendicular band of a symmetric top with a P-R Spacing of
36em™L,

The band assigﬁed to the ¢ = ¢ = x bend of the trans forn has a
doublet (B type) structure with & separation of 14.(:111"'l in excellent agreement
with the figure predicted by theory (23).

The methyl torsion of the trans isomer is a pure C type band
while that of the gauche iscmer is a hybrid of types 4, B and C. According
to approximate bend envelope congiderations the gauche band would be expected
to show sharp features while the tran%form will have a broad single maximum,
Since the gauche form is 0.47 I 0,31 Keals/mole more stable than the tranéform
one would expect the methyl torsion of the gauche form to be stronger than
that of the trans. Hirota!s microwave work (13) predicts the methyl torsions

1

of the gauche and trans forms to be 210cm — and 2130w+ respectively. The

band obgerved in the far infrared in this region is assigned to the gauche

methyl torsion with the Q brench centred at 212.7cm ™~ end the R branch at

222.2cmf1 (i,c. & P-R spacing of ~Jl9cm"l compared with the theoretical 22cmfl)
The peak at 197.2cm71 is too sharp to be the P branch (which would be expected
to oceur at nJ203cm-lrwhere unfortunately a strong water hand cccurs) and is

too fer removed to be easily reconciled with the microwave limits of 213 i

6ol as the trans methyl torsion, This peak is assigned to the first “hot

bend" (1~ 2 trensition), its frequency ogreeing very closely with that
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calculated (l97.4cmfl) using the theory of symmetric tops attached to an

asympetris frame (24).- The position of the 2-»3 trensition is calculated
to be 180.1cmf1; the weak absorption at 183cn™L might be agsociated with
this transition.

The strength of the band centred at 139cm."1 suggests a gauche
origin, It is assigned as the gauche skeletal torsion @ branch with P and

R branches et 127 and L8cm~! (the separation being 2lem™*

compared with the
theoretical 22cm ). The positions of the skeletal torsions predicted from
microwave intensity work are 160cm™t for the gauche isomer and 98cm™2. for

the trans form., The very wesk absorptions at 110, 97, 84cm-l are tentatively
assigned to the trans methyl torsion, these frequencies being much too far

removed fron the fundamental to be considered as hot bands of the gauche
skeletal torsion (Vis2 = 134en™l),
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n—PROPYL, CHLORIDE,

Microwave intansity.measuremsnts (12) indicate very little
energy difference between the iscmers, so that the ges will be approximately
2/3 gauche, A similar isomeric composition would be expected in the liquid
(30). The asgignment of the skeletal bending frequéncies (table 2) is the
some zs that proposed by Brown and Sheppard (8) on the basis of the Raman
spectrum (18). The bands essigned to the skeletal bending of the trans
isomer, which are weaker than their gauche counterparts, alone remain in
the golid.

Considering the t}ggs:c—qu bending mode: the band assigned to
this mode has a B type contour in the gas at 237, 248cm',3 the P-R separation
of 1lemr being in exaellen£ agreement with theory (see table 5). In the
liquid in this frequeng;zgﬁgre is weak sbsorption at 23lem™ as well as
strong absorption at 247cmfl suggesting possibly that there are two
fundementals in this range. Since at least one is duc to the trans isomer
and the skeletal bending will be the strongest trens band in this region,

1

the agsignment of 247cm — to the trans c-ce~x bend can be made with confidence

and is further strengthened by the presence of an intense‘hand at 25lcm.'"l in

the solid. The presence of o shoulder ataf 237cm'l

on the strong band at
251cm.-1 in the solid state spectrum is probably consistent with the pregence
of the week éhoulder at 231cmf1 in the liquid, Unfortunately the spectrum
of the matrix isolated chloride is obscured in this regiun by the atteruation
of the metrix, A tentative assigmment of the band around 235cm™ in the
1iquid and solid is to the trans methyl torsion.

The band at 21lem > in tho gas with a showlder on the high

frequency side at 217em™t is eonsidored to be compesed of the methyl torsions

of both the geuche and trans forms.



.46
Neither peak can be the hot band of the other sinse calculation (24) yields

o shift of some lAcmfl from the fundemental. Band contour consideratioms (22)
predict that the methyl torsion of the gauche form will be a hybrid band and
have a pronounced Q branch while that of the trans lsomer will be a pure C
type band and have a noticeable Q branch. By consideration of the relative
stebility of the trans isomer in going from chloride to icddde,the proposed
assignment of the two methyl torsions is. the higher frequency to the trans
igsomer and the lower ﬁo the gouche. The barrier calculated for the gauche
methyl forsion is in'agreement with that obtained frem microwave intensities
(12).

This gome work predicts the two skeletal torsiomal frequencies
to be 115 % 30cm™ for the trans form and 100 % 400m'l for the gauche, & band
contour cnalysis indicates that the skeletal torsion of the gauche isomer will
be a hybrid band while that of the trans isomer will be a pure C type band:
both bands will have noticeable central Q branches (22) and a P-R separatipn

of ~ l?.cm'l.

' The far infrared spectrum of the gas in this region shows peaks

-1

at 121cr™t and 132em™ with o high frequency shoulder at 139ex™t which is

probably the R branch associated with the 132cm51 Q branch. The liquid

spectrum shows a broad band centred at l40cmfl

with a pronounced low frequency
shoulder at lzécm"l. The solid state spectrum exhibits a strong band at
147cm71 and a very weak band at lZécmfl which is assigned to the gauche
gskeletal torsion and which would presumably disappear if the solid were
completely trans, Thus the 147cm71 band in the solid is confidently asgsigned
to the trans skeletal torsion which follows through to ZLZ‘,Ocm"l in the liquid

and lecmfl in the ges. The gauche skeletal torsion is assigned to the

lZlcmfl band in the gas, possing to 126cm™L in tho liquid.
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It is evident from o consideration of the higher frequency

| spectra of the chloride, bromide and lodide that the stability of the trans
isomer is increasing towards the iodide. Also from measurements of the
cnergy difference between the trans and geuche isomers (6, 9, 10) the trans
form appears to be favoured in going from vapour to liquid. The above
assigmment of the higher of the two skeletal torsion frequencies to the
trans isomer and the lower to the gauche was made on this basis.

The bands observed at 108, 93, and Bchfl in the solid can only
be plausibly ascribed to lattice modes. They are too far removed and too
intense to be associated with the trans skeletal torsion and there are no

bands observed in the liquid or vapour spectra below'V'llocmfl.

It is of interest to note that both forms of n-propyl chloride
were trapped in the carbon tetrachloride matrix, the skeletal bendings and

gskeletal torsions of both isomerg being observed,
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n—~PROPYL BROMIDE,

Near infrared intensity measurements (6) suggest approximately
equal energies for the two isomers. The assignment of the four skeletal
bending modes is straightforward, the gauche bands disappearing in the solid,
This assignment again agrees with that given by Brown and Shoppard (8) add
based on the Reman spectre (18), The trens c-c-x bending mode has 2 B type
coﬁtour in the gas phase with a P~R separation of 120m™+ agreeing closely
with 13cm > in the fluoride and llem™r in the chloride. The absence of any
double meximum in the condensed phases removes the pogsibility of a second
fundemental lying in this range. It is noticeable thet the trans bands in
both gas and liquid are relatively more intpnse than in the chloride,
indicating increased stability of this form, The assigmment of the torsional
vibrations follows along similar lines to that of the chloride and again
represents a revision of the previous assignment (8). The theoretical band
contours of the methyl and skeletal torsidns will be pure C type for the
trons isomer and hybrid for the gauche isomer, Both bands will thus have a
triplet structure with a noticecble Q branch, In the gas phase spectirum

there are two sharp peaks at 1‘9’7cm"l

and 192em™Y, the intensities being
elmost equal, The lower frequency is not the 1-32 transition of the higher
frequency since calculation yields a shift of some 14cm."l whether the

197cm ~* bend was tho gauche or trans methyl torsion. By comparing the
relative intensities of the two methyl torsions with the relative stabllity
of the trans form throughout the series g —»I, the band ot l92cm71 in the
gag is assigned to the gauche form, The trans methyl torsion, assigned as
197cn™t in the gas, is considered to occur as a week shoulder at 205en™ in

the liquid in fair agreement with the ffequency reported in the Raman (18) ,
but is thought NOT to be represented by the medium weak absorption at "
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184cm71 in the solid, ILittle work has been done on the effect of phase on

mothyl torsions but it is thought more likely that they increase in the solid
in an analagous manner to gkeletal torsions.

The presence of two bands in the liquid in the skeletal torsion
frequency range indicates that this mode of both trans and gauche forms is
present, In the gas phase these bands appear to overlap (as in the chloride)
but similar considerations as in the chloride indicate that the gas phase
frequenciss of 127cmf1 and 115cm71, corresponding to 131cm'l and lchmfl in
the liquid, are to be assigned to the skeletal torsions of the trans and
geuche forms respectively,

The stroﬁg bands at 130cmt end 113cr ~ in the 'solid! state
gpectrur are congidered to be the trans and gauche skeletal torsiouns.

These frequencies are almost exactly the same as thosc observed in the
liquid and since the other members of the series exhibit an apprecisble
increass of the trans skeletal torsion in the solid, it is suggested that
e liquid-like glass waes formed (in this particuler run) instead of a
crystaelline golid.

In a different series of runs the "true" solid shows two low
frequency bands at 94cmfl and éécmnl, the latter agreeing well with the
frequency reported from the Raman‘of the solid. The only plausible
explanation is that these represent lattice modes since the vapour and liquid

phage spectra exhibit no bands below 110cu™L,
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n-PROPYL, TODIDE,

The assignment of the skeletal bending frequencies is slightly
less stralghtforward in the iodide due to the possible near coincidence of
the trans c-c-x bend and the gauchs methyl torsion. The three remaining
gkeletal bending frequencies are assigned immediately, in cenformity with
referance (8) and, as expected, tho traﬁs c-c-c bend alone of the three
remains in the seolid. The tendency through the series F-»I for the trans
form to become increasingly stable is again evident,

| The abgorption around 200em™! in the gas phase spectrum
undoubtedly contains both the trans ec-c-x bending and the ﬁethyl torsional
modes, By comparison with the other members of the series, the former would
be expected to show a B type contour of P-R separation ™ 12cm'l, while the
latter, being hybrids, will exhibit triplet contour with appreeiable Q branch
and a P-R spacing of between 16 and 240m'1. However due to the very low
vapour pressure of n-propyl icdide at room temperature (A/3cms Hg) even
70cmg path of the gas docs not absorb more than ~s 15% so that the dauche and
trans methyl torsions, which are expected to be wesker than the trans c-c=x
bend, will not show up appreciably especially if hidden under the stronger
band.,

The doublet at 193-2030mf1 is assigned to the trans c-c-x
bending and since the higher frequency peak is considerably stronger than
the 1owef, one or both of the methyl torsions might possibly be centred at
2030m'1.AThe trans skeletal bending centred at 198cr™t in the gas, becomes
the strong band at 203cm’1 in the liquid and carrics through to 205cm'1 in
the solid. By comparison with the chloride and bromide the methyl topsions

would be expected to be too weak to be observed in the liquid,
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The only plausible assignment of the weak absorption at 19Ocm."l

in the solid would be to the trans methyl torsion. However since the
resulting three fold barrier V4 = 1.89 Keals/mole is rether low when
compared with the othér members of the serles the asslgnment is thought
best left open,

The skeletal torsion modes of the two isomers appear to overlap
in the ges phase. The band contours of both bands will be similar in
having a triplet structure with appreclable Q branches. The bands at
127em™! and 116em™ in the gas become 133em™r and 12lex™F in the liquid.
The single band in the solid in this regior (at l47cm'1) is confidently
assigned to the skeletal torsion of the trans isarer,

This band falls 1n the 2KCl region in which the filtering has

besn shown to be excellent and therefore the possibility of la?émfl

being
the second order of the strong band ab 288ex T (also in the solid) is
considered negligible, By comparison with the spectra of the chloride and
bromide the most probable assignment is the higher frequency to the trans
isomer and the lower to the gauche,

The Raman spéctrum of s0lid n-propyl iodide (18) established a
band at 67cn™t, The present far infrared work confirms this bend at 66em™

eand also reports a band at 82em™t

, both of which are censidered to be lattice

vibrations of the crystal for reasons given under the chloride or bromide,
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n=PROPYL HALIDES - INTERPRETATION OF HIGHER FREQUANCY SPECTRA.

For the purposes of interprcting the higher frequency spectra
the n-propyl halidés will be discussed together, rather than separately,
since the main purpose of this rcsearch is not the neaf infrared region.

The actual high frequency essigmment of n-propyl chloride,
bromide and iodide is given in table (3) along with the experimental data
obtained from Ramen and infrared studies, The assigmment is sssentially
that ‘due to Brown and Sheppard (8) ﬁhich is based on a comparison of n~butane
(31, 32) end the ethylene dihalides (33, .34). These authors only eXamined
the liquid and solid phases and hence in the present work the vapour phese
spectra were also examined in order to complete the experimental datea.

Due to the large number of abgorption maxims generally observed
in the ges phasc spectrum, the actual frequencies observed in the gas phase
spectra of the chloride, bromide and iodide have not been tabulated, The
gas phase spectra are dlscussed later,

Table (3) invites the following comments:

(1) the c=xV Raman frequency of trans n-propyl bromide wes misquoted
as 69 (9b)p insteed of 649 (9b)p by Brown and Sheppard (8).

(11) the c—c-X<£lof trans mwpropyl bromide, quoted by Brown and
Sheppard from the results of Radinger (20) and Kohlrausch (19) to be possibly
polerised (p?) hes been shown to be definitely polarised.

(111) Raman polarisation studies by the above two authors indicated
fhat the c-c-cdfof gauche n-propyl chloride and the c—cﬁzé;of gauche n-propyl
lodide were both depolarised, However since on theorstical grounds these
results wére not as expected, a polarisction study on the lower ffequency
bands of the n-propyl halides was undertaken with the result that the above

two bands were found to be definitcly polarised.
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(iv) Brown and Sheppard considered the methyl torsion frequencies to
be unobserved and assigned the two lowest bands observed in the Raman spegtira
to the skeletal torsions of the two isomers and arbitrarily assigned the
lowest band to the trans isomer to conform with the behaviour of the other
skoletal deformation modes., As 1s stated elsecwhere the above is believed
to be in error and the assignrent given in table (2) is preferred.

Gas phase near infrared.

For the purposes of the discussion of the gas phase spectra the
fluoride will be discussed scparately from the other halides -since its
spectrun does not apparently resemble those of' the chloride, bremide and

jodide dus to the near coincidence of the c~c ¥ aznd c-F¥modes and the
1

extremsly intense and broad ébsorption around 1,000cm”
As is evident from table (3) meny correspénding fundamentels
of the two isomers arc almost ccineldent, Since in gensrzl 1n the gas phase
the band width is greater and rotational structure appears the band contour
resulting from a superposition of two or mere bands would bec rather complex
and non-informative. This is exactly the situation in the n-propyl halides
and band contours between 900 and 1,'700::1:1.":L arc too complicated to be usod
in assignment or to be correlated with the direction of change of molecular
electric moment during the vibration. Dus to the low vapour pressure of the
iodide the bands were not strong enoughrfor any definite conclusions to be
drawn regarding the band econtour, However in the chloride and bromide below
900cm71 most bands show a triplet structure with P~R scparations of l5cmfl
and 13cm-1 respectively., The only band in this region dus to the trans
isoper which is not superimpesed by a geuche hand is the e-xW; and this
only in the bromide where a doublet structure is observed with a P=R

separation of 10er™ 4n excellont agreement with theory (23).
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This mede in the chloride is superimposed on the CHy rock also

of the trans and tho resulting contour is complicated, 411 other bands in
this region (900q4000m~l) are due either to the gauche isomer or to both
isomers together, the P=R separations of 15 and 130mf1 being rather less

than those prodieted from theory (18 and lécm"l regpectively for the chloride
and bromide, )

n-propyl fluoride: the main feature of the near infrared spectrum

of gaseous propyl fluoride is the intense aﬁsorption_betwean 900—1100cmf1
containing the c-c ¥ and C—F‘:')} podes, This absorption is much more intense
than the ebsorptions at w1400 andn~s l‘zf'i’Ocm'l which undoubtedly contain the
GHB s&mmetric end as&mmetric deformations end the CH, bending,twisfing and
wagging modes and are the strongest absorptions in the other members of the
series,

The intense absorption around l,OOO«smml is characteristic of the
C~-F¥ of & momfluéﬁnatad alkane, | Despitc the gauche form being 6,47 ¥
0,31 Keals/mole more steble than the trans (13) the intensity of the CaFy
of the trans iscmer will be appreciable and furthermore thers wili be
extensive coupling in frequency end intensity between the two c-cVand c-FY
of each isomer, Thus the broad complex abéorption between 900411000m71
coptains six fundamentals, each having its own band envelope. The GH3
rocking modes would be expected to ecccura/ 9OOcm.-l by comparison with the
chloride,bronide and iodide and the medium étrength absorptions at 866 and
912cmfl can preobably be assigned to thesc modes. Weak abams at 760 end
1252cm-l would not be expected on a line through the other compbunds but
might result from fommi rosonance shifts. The Reman spectrum of the liquid
would be desircble, the rgduced number of sbzorption maxima greatly aiding

assigmment,
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ALLYL HALIDES: INTRODUCTION |

The principal object of this work was to provide further deta as
a guide to eluciéa‘ting the origin of the bé.rrier hindering internal rotation,
The mejority of the data thus far has been for molecules in which the single
tond is formed between two ap3 ‘hybridiged carbon atoms, In molecules with
ansp2 hybridised carbon atom at one end'of the torsion bond the question of
equilibrium configuration 1s extremely important in discussing the relative
importance of the dipole snd quadrupole off-axis charge distributions (35).

The allyl halides are among the simpleét molecules in which the

single bond is formed between ansp3 2

and an 8p* hybridised carbon atom, They
‘are also the unsaturated analogues of the first series studied (nfpropyl
halidés) and hence seemed appropriate compounds for a detailed spectroscopic .
investigation, _

The literature on the-;llyl helides is rather scant. An
electron diffraction study on the chloride, bromide and iedide (36) provided
a plausible set of molecular parameters with reasonable accuracy.‘SpectroF
scopic investigations are limited to three early Reman studies by Kohlreusch
and Stockmair (13;5), Bacher and Wagner (13%9) and Kahovee and Kohlrausch
(1;20) and a near infrared study by Thompson and Torkington (1625). However
no’polarisation data was given in any of the Raman studies and e plausiblé
agsigmment was not attempted even by the latter.

The question of which isomers are present and in what relative

proportions is most impowptant, The four most probable isomers are (o) trans -

(b) cis (e) trans-Gauche and (d) cis~Gauche, which haveé?values of 180°,0°,
1200, 60° respoctively where 0 is the angle between the c=c-c and c-c-x
planes (see figure 23).



56
To give a plausible potential barrier curve in which the potent-

A:'LSJ. minime are reasonably scparated theA isomeric pairings would be expected
as Trans with é:‘l.s‘nGauche or trans~Gauche with Cis,

Below are given the experimentolly determined (36) and
calculated values of the G3 - }ialogen distences for the various isomerg:s

Cy = X d::.sta.nce 1%

Experimental Trans t=Gauche c~Gaucho Cis

CHLORIDE | 3.7 * 0,02 3.99 3.730 3,145 2,808
BROMIDE 3. 88 7 0,02 4,18 3,905 3.295 2,90

! IODIDE

The figures in 'bhe table above indicate two possible situations:

éag 'V1007 t=Gauche andas Of Cis
(b) s 70% Trans anda 30% c~Gauche,

Sutton et el concluded that the welght of evidence of thelr
electron diffraction investigation (36) of the allyl halides favoured the
pregence of a single form with 8w 1209. The number of bands appearing in
the infrared spectrum of allyl iodide is clso consistent with the preéence
of a single isomer,

However the electron diffraction technique is not as accurate as
the errors quoted by Sutton and listed in the above table would lead us to
believe. Thus we have the possibility of the % Cis or % ceGouche being
somewhat different to these quoted above, and in the limit one would not be
~able to docide betweon (a) and (b) purely from electron diffraction results.

If o 'planar! isomer existed (i.e, TRANS fornm) then certain
vibrations would be asymmetric with respect t¢ the plane of symmetry‘ and
hence would be depolarised or have a depolarisation ra’ciof of 6/7 (=0,86).
These vibrations are the skeletal torsion (expectedas 100cm"1), the vinylCH,

tuist (v 1000cm™) and wag (v 900cm ), the =CH=CH~ 0,p.w28& {~ 500cm ™" 1)
and the methylone CH, bilst (~1300om™") and rock ( ~ 800cw™).
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The skelstel torsion mode wag too weak to be observed in the
- Raman but polarisation data on liquid allyl bromide in the range 200—17OOcmf1
rovealed that all bands were polarised with the posslble exception of a
single mode. '

This polarisation date along with the electrcn diffraction
results and the faect that only a few weak bands are observed in allyl
chloride due to a second isomer concludes that the most probable explenation
is the presence of a single major isomer which does not have a plane of
symmetry and is most probably the t-Gauche (or a close approximetion since
the exact angled cannot be determined from infrared spectral data.)

Very recentiy Sharipov and Pentin (41) have studied the question
of rotationzl isomerism in allyl bromide (and methallyl chloride) using
tempesrature effect on band intensity. Attempts to obtain a reprint were
unfortunately unsuccessful, so the full paper has not been consulted, They
conclude that in the case of allyl bromide there are two isomers’presentz
the 534w T band bolonging to one isomer and the 690cm™ band %o the other.
They also quote that the actual orientation angles.of the two isomers are
closer to 30° and 150° then the ideal values of 0° (cis) end 180° (trans).
If this were so then to correlete with the axperimenta;ly determined CB'BT
distance (36), the relative proporti&ns of the two isomers would heve to be
n 15% (30°) and ~ 85% (1500)..The relative strengths of the 534 and 690cmfl
bands in the infrared spectrum seem inconsistent with Pentin's view. In view
of the strength of the band due to the less abundant isomer it is rather
suprising that no more than the expected number of fundementals for a gingle

isomer arc observed in the frequency range below l700cmf1.
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Censidering the fact that I have not had a chance to study,
Pentin's paper and that I belleve a complete study of the allyl halides to be
e rather moreb gsearching test than the relatively inaccurates method of
intensity tempersture dependence I shall merely include the paper to complete
the literabture on the subject.

It might be noted here that the Raman polarisability data obtained
in this research 1s not inconsistent with Pentin's view vof two nop=planar
isomefs.

The proposed configuration of the allyl halides is quite in line
with the configurations of other molecules which have the torsion bond °
joining sp3 and sp2 hybridised carbon atoms i.e, acetaldehyde, acetyl fluoride
and acetyl chloride have a G-H bond eclipsing the C=0 bond rather than the
C-halogen bond. Also, mierswave work on isotopie propylene (42) shows that
the doublc bond eclipses a methyl hydrogen., This can be understood in terms
of forces between those parts of the glectron distribution which are not out
on the attached bonds eny conglderable distance if the net electron distribution
in a double bond is represented by two "banana® orbitals. The electron

distributions near the carbor atems would then be steggered.
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ALLYT, HALIDES — EXPERTMENTAL

Allyl chloride and bromide were supplicd as liquids by Messrs. Hopkins
& Williams
The literature values and experimental values of fractionated samples of

boiling point and refractive index are compared below:=-

(17) (17)

axptal. b.pt. lit. b.pt exptel,] 1it, D
allyl chloride 44° C 44, 46°C 1.4149  1.4154
‘bromide  69,5° C 71,3°C 14651  1.4654

Vapour phase chromatography showed no other component present
end the liquids were regarded as being D98% pure.
A11v) iodide was supplied as a dark red liquid by Megssrs. Hopkins & Williams
The vapour phasc chromatogram showed the iaresence of a ssacond component
(v 15%) which normal fractionation failed to remove (first fractienhpte
86/8800, main fraction 9800 pink). Near infra-red work showed that
distillation had removed wezk bands at 1083 ,1238,13090111-1. ‘However tho
spectrum-of the first-fraction showed & marked increasc in the intensity of
a band at 16920m"1.

The main fraction from fractionation was dried overnight over

KI and anhydrous I\Ta.zso4 and then distilled under an atmosphere of dry Ny

(173

gas. The vepour phase chromatogram of this distillate (b.pt 102°C -
- (Lit.b.pt 103°
showed that the impurity level had dropped from 15% to<27.

1

The near infre-red spectrun showed no sign of the band at 1692cm — which was

quite strong in the first fraction of normel distillation. The impurity was

probably an oxidation product since tho allvl halides are extremely reactive

(% unsat., aldehyde¥ o 1705~1680ca”y Bollamy (43)

1715-1690cm — )

o}
0

nun
N

unsat. acid Ve
|
Near infra-red spectra were obtained with a Grubb Parsons

Spectromaster covering the range 2 - 254
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- Low frequency pamen spectra, including polarisation data, were recorded

for freshly distilled allyl chloride and bromide samples on the Cary Model
81 Raman spectrophotameter at King's College London.(?ﬂmaiodide could not
be obtained colourless.) _

The far infra-red spectra C425—60cm71) were recorded using the
vocuum grating spectrometer constructed in the department.

Gageg were handled in the 7Ocm path length steinless steecl cell
depicted in figure (8), using either 1,000 gauge polythehe or 1,000 gauge
PIFE windows. The cell was filléd to the required pressure by vacuum line
procedures, Desglccant was also present in the gas cell.

At roomn temperature the liquidg diffused quickly through the
polythene sample bags. Thus most of the runs in the liquid phase wore
recorded on A/40% (v/v) solutiong” in nujol.' The background was then pure
mjol, A few runs were performed in which liquid nitrogen was‘used in the

dower cell (figure 9) to cool the sample somewhat in order to retard
diffusion,

Solid samples were obtained by using liquid nitrogen in the
dewar cell and evacuating the sample area, Due to the low freezing points
cf the chloride and bromide (-136°G and -11906) and the low conductivity
of the polythene, these liquids toock several hours continuocus cooling and

pumping before they froze, Care was teken to avold having bubbles in the

sample,
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RESULTS. '

These are presented in tableg (6~8) and sumarised in figures
(24=31). The position of maximum absorption is taken ag the band cen£re, thé
resulting error beinga1l or Zcmf} Spectral slit widths are not given in the
figures owing to the small frequency scale; However these are given in
" teble (1) in the results scction for the n-propyl halides.
INTERPRETATION OF RESULTS:

An electron diffraction study (36) and 2 near infrared investig-
ation (40) of the allyl halides both concluded that the weight of evidence
favoured a single isomer being present. The infrared spectrum was considerod
to arise from a singlc isomer, the excess bands being explained as overtones
or combinations.The electron diffraction study concluded that the single
isomer present was approximately the treans-Gauche in which the c-x bond is
swung ~60° from the trans position,

A recent investigation of allyl-bromide (4X)in which the -
temperature dependence of the intensity of infrared bands was studied,
concluded tho presence of two isomers,.

0f the above methods the electron diffraction and temperature
intensity studios are the least reliable and the presence of excess bands
in the near infrared spectra of the allyl halides, which cannot be inter-
proted as overtones or combinations indicates strongly the presence of two
isomers. Due both to the small number of excess bands and to their relative
low intensity, one of the isomers is prescnt in only small amount.

The near and far infrared spectra are interpreted on the basis
that the chloride is mainly one form, the bromide almost entirely one form,
while the iodide is apparently entirely in one form, Similarity of the

spectra and the fact that the second isomer disappears in going from chloride



Table 6 : Tow frequency assignment and results

: allyl halides (Frequencies in cn™)

|
(Assignment CHIORIDE BROMIDE IODIDE
a=trans—-gauche
b=second IR R R* IR IR | IR R R® IR IR { R®¥ IR IR
isomer gas liguid 1lig. lige solid|} gas liquid 1ig. 1ig. solid| lig. lig. solid
C = C-C a|~40L 408(3)p 410 406 406 =390 392(9)p 390 390N 396 | 375 381N 386
bend b
C=C~X | a 5283286(2@ 289 ggg“ 292 | gfgg 253(6)p 253 251N 266 | 226 229N 248
Pl ol aueans(L)p 23 2k 248 210(0) 210 210N 227
Skeletal al 127 120br 136 | 12 2; 120 B 141 ol ~IL0
torsion 1193 120 112
b 1252 1212 ) 1212
Lattice 83 98 79
modes ; 70 78 72 !
e {
IR = infrared R = Raman lig. = liquid
RX = Raman results of Kohlrausch {39) or Bacher (40) N = mujol solution
br = broad P = polarised.

e9



TARIE (7) : liguid Reman znd infrared results for the allyl halides

, . :
{Mode : ATIYIL CHIORIDE ; ALIYI BROMIDE ATIYT, TODIDE
Roman | Reman ! I.R. | I.R. Ramon | Reman | I.R. | I.R. Roman | I.R. I.R.
(&) (® ;(©) | (&) (4) ® | ©@ & (@ | (2)
1 1641% sg 16451 1639s Mlél{OélZ)p 1635(10) 1640 | 1634s | 1625(3) | 1640 1629 vs
2 Ud(1)] 1450, leggvs 148(1)  (40(1) | L5 1§ 1439vs WO | W35 vs
; sh
3 1412(5; 1410} 1410vs m:u(?gp mo6€6g 2410 | UOkvs ngl) W05 | 1403 vs
L4 1293(4) 1285i(1289w) | 1294(6)p |1294(6) | 1290 | 1290mwi 1284(1) 122:6L 1290 m
v , 12
5 128%m 1247 | 124m  1219(0 1200 s
6 1258(3)] 12501 1256ws| 12u4(7)p |1211(7) | 1208 | 1205v8 | 1150(5 1153 114 vs
7 1198(4)| 1197; 1199w 1194(7)p |2190(7) | 1192 ; 1190sh| 1180(0) | 1185 | K186 ws
1172i 1175vw
. 1245 ¢ 114 8vw ‘
8 1100(0)| 1098!1098w | 1080(0) |1060(0) | 1071 ! 1070m 1049 1046 s
1034(0)! 1040{ 10kvw, 1016 vw
9 988(0 983 986vs 99420) 98&,(0; 982 . 98Lvs 982 981 vs
10 93,(3)] 928! 93%0ws| 938(4)p | 936(4 922 | 923vs| 932(2) | 919 gn vs
. : 7h vw
11 830 894ms 862 { 866s 825 824 s
815(1)
' 762
12 1731(10)p 735(1% 735! 73hvs| 684(10)p{ 689(12)] 690 | 687vs| 663(5) | 672 668 vs
700! 688wgas 655 | 649vw : 606 vw
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TABIE (7) : continued

"t

ALIYL CHIORIDE ALLYL BROMIDE ALI¥T, IODIDE
' Mode
odey
1 Baman;rRaman I.R. I.R» Roman Raman I.R. I.R. Raman I.R. I.R.
(8 1 B 1 | (A) GO EOREK o 1 (4)
13 1585(4)p |590(6) | 594 | 5% ms | 531(10)p| 531(10) 535 s } 490(6) | 498 489 s
i 556 | 551 nw 538 vw
(2) 510(03 517%0% 511 {512 w 1.55(03 462?0) 457 vw
1y §408(3)p | 410(2 410 597{9 p | 3%(8) 390 375(6) 381
15 1287(2)p | 289(3 288 258(6)p | 253(7) 251 226(6) 228
(v) 12u3(0) t283(2 210(0) 210(0) i
16 | 123(6 {120 120(5) 120 115 j

(A) = This work

(B) = Kohlrausch (39)

(C) = Thompson and Torkington (42) (D) = Bacher (40)
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Table (8)

&ssigrment Acrolein Butene Propylene Vinyl Halides

CHO CHO €DO x Cl - Br I

A B B c D B F F G G G
C=C stretch 1625 1625 1621 1645 1649 1652 1652 1651 | 1610 1605 1593
C~C stretch 11158 913 877 (1068 920 920 920 887
C-X stretch ( 850 |- 724 615 535
C=C-C bend 327 340 - L37 398 345 309
"C-C=X" bend 564 564 562 320 L17 427 428 W
C-C torsion 157  158¢ 151° 282 - 1748 : :
V-CHz torsion 993 993 993 623 990 578 991 982 622 497 435
V-CHp wag 959 959 959 912 911 912 912 915 895 902 209
~CH=CH~wag 593 589 . 556 993 580 991 578 558 9,0 940 940
~CH=CH=bend 1275 1276 1275 1293 129, 1419 1298 1298 | 1280 1262 1229
V=CH, rock 912 1159 1153 1166 1172 1229 1172 1150 | 1030 1008 990
V-CH, scissors 20 122 1403 1,16 115 1298 1419 1431 | 1370 1377 1376
m-CH2 scissors 1450
n~CHo wag . 1307 -
m-CH, rock 788
m-CH, twist 1257
A = Harris _(453 B = Brend and Williamson (46) C = Sheppard (47)
D = Pitzer (48 E = Lord (49) F = Sverdlov (50)
»* = force constant calculation G = Thompson (51) ¢ = from combination band

e =

elect¥onic spectrum
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Table (8) : continued
Assigrment n~Propyl Halides Allyl Halides
c1 Br I c1 Br I
H H H
C=C stretch (1029 1026 1029) { 1639 1634 1629
(1062 1040 1013)
C~C stretch 41035 1032 1011)~ | 1098 1070 1046
C-X stretch ( 726 649 593; 734 687 668
' ( 649 564 503
C=C~C bend 410 390 381
"C=C=X" bend (246 223 203) 286 251 228
( 291 272 260)
C-C torsion ~ 0 130 ~s130 ~120 ~A120 0 adlld5
V CHo torsion 986 984 981
V CH, wag 930 923 917
~CGi=CH~ wag 590 535 489
~CH=CH= bend 1283 1290 1290
V CH, rock 1199 1190 1186
v CH2 scissors 1410 1404 1403
m CH, scissors dd, 1435 1429 V45 439 435
Ik L35 1429
m CH, wag 1255 1187 1289 1244 1200
1337 1321,
1296 127L
| 1337 1340
m CH, rock 748 715 894 866 824,
860 827
790 763
856 817
m CH, twist 1162 1130 | 1256 1205 1144
1296
1211 1195

1255

(€€) paeddeyg pur umoad = H
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t0 iodide indicateg that thig form is the same in each case and ig trans
or gimilar,

Low fregquency asgignment

For the purposc of discussion of the allyl halides, the low

_ , -1
frequency region will be taken as below 800cm , and is summarised below:=-

Mode Chloride Bromide Iodide

12 7345 6878 6678
688VHW 649V 606VW

13 5908 5358 4895
551 4L5TVW 538V
512W

kVA 4108 3908 - 3818

15 2883 . 2515 2288
244 2100

Frequencies in em

4s givon in the high frequency essignment sectien {later) modes 12,14 and
15 can confidently be assigned as c-x¥, c=c=c (? and c-c-xJ\ . Mode 13 has
been assigned to the ~CH = CH =~ o,p, wagging mode,

Regarding the outstanding bands quoted above:—
(a) the gerics 688, 649, 6060111-1 is very weok and is assigned as a '
combination of the two skeletal bending modes 14 and 15.
(b) the two weak but definite far infrared bands at 24,y 220cm T are
confidently assigned as the c—cexé?mode of a second, muich less abundant
isomer.
(¢) the real problem lies in the assignment of'the 551,5120m-1 bands in the
chloride, the 457cmfl band in the bromide and the SBSGm%l band in the iodide.

The strongost band in the B00-400cm™ rogion is the c-x Yof the
predominant isomer, It woudd thus be expected that if any band due to the
second isomer were to appear it would be the c-x¥ of that isomer, In allyl
chloride the 55lcm~1 bend {stronger than the 5120m+ band) might scem to be

too low in frequency to be assigned to a e-clYof a cis~type isomer in
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view of the c~-cly frequency of gauche n-propyl chloridc (649cmf1) and gauche

1-chloro-2hydroxyethane (6620mf1). However the only alternative is that the
c=cly*is obscured by the 590cm™* band, It is however unlikély that all the
second isomer bands lie éﬁder the gerics 590(cl) - 535(Br) =489 (I) and

since nothing emerges on one side on tfavarsing the series; it is more likely
that the c-xV/ of the second isomer is npot hidden,

Thus the most plausible assigrment is 55lcm"l (€1) and 457cm71
{Br) as the c-x¥of the second isomer and 5120m-l (61) as the ~CH=CH=op wag
of this isomer, ,

It is apparent from the strongths of these bands and té be
expected on steric growids that the abundance of the second isomer is
decreasing towards the iodide. The very week abscrption at 538cm“1 in the
iodide has however no stroﬁger, higher frequency counterparts in the bromide
or chloride and cannot be plausibly assigned. The possibility that any of the
bands denotcd as weak (w) in the previous table arc due to impurities is
extremely unlikely in the cases of the chloride and bromide since their
vapour phase chromatograms showed no tracc of any second component, There
1s the possibility thet in the iodide the woak absorption at 538em™ could
be due to an impurity since the vapour phasc chrometogram showed the presence
of a trace (as2%) of a second component,

Fer infrared spectre
| In view of the simpler nature of the spectrum of the iodide due
to its being apparently entirely in onc form, the order of the discussion

below represents a reversal of the traditional order: chloride, bromide then

iodide,
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A11v1 1o0dide: the far infrared spectrum of allyl iodide/mujol solution

congists of three strong bands at 381, 228 and 115cmf1, the former two
agreeing well with Raman intervals of 375cm™" and 226em respectively (40).
Three fundamentals are expected in this frequency range for each isomer and
thus the iodide éppears'to be entirely in one form. The assignment of tﬁe
" low frequency modes is given in taﬁle (6) and is clear cut. The strong band
at 3810mf1 (386cm.-l in the solid state spectrum) is assigned to the. c=cw=c
bending mode which occurs at 437cmfl in but-j-sne and the c-c-c bend of
n~propyl iodide (2880mf1). Similar interpolation assigns the 2280m—lband
(shifted up 20cm > in the solid) to the c-c-x bending mode. The remaining
band at ll5cm.~1 in mujol solution and 112cm+ in the liquid is assigned to
the c-c torgion ag this is the only mede expected'at such & low frequency.
In the solid this mode appears as an intense absorption centred at 14Ocm71°,
Also present in the—solid staté spectrum aré strong bands at 79cm.-1 and
720m71 which are coﬁsidered to be too far re&oved in frequency to be
asgociated with the torsi-onal mode and aré assigned to lattice vibrations.,
The liquid phase spectrum (of eech of the allyl halides) beloWrJIOOcm-l
shows increasing a.bsorptitn towards lower frequency but no bands are present
which could be analogues of the 79en™ and 720mt s01id state bands.
Allvl bromide: the presence of four bands in the far infrared spectrum of
the bromide when only three per isomer are expected confirns the existence
of & second isomer. The assignment of the lower modes is egain straight-
forward and is given ip table (6). The strong band at 390cm ™+ in nujol
‘solution and found et 392em " in the Raman gpectrum of the liquid is assigned
to the g=c~c bending mode of the predominant isomer, interpolating well with

the c=c~c bend of bute{~ene (4370(!1-1) end the c-c_cé“of n-propyl bromide
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(31201!1-1). A similer interpolation between the cmc-c bend of but-l-ene

(320cm-l) and the c-c¢-Br hend of n-propyl bromide (223cm_l) assigns the

c=c~x bend of the predominant isomer of allyl bromide to the band, found at

2510m™ in mujol solution and 253c™% in the liquid Raman spectrum. As with
the iodide the e=c-c bending frequency rises only slightly in passing to the
solid whereas the c-c~x bending frequency shows a considergble increase.

The relatively weak band at 210(:1:‘1'":L in nujol solubion (and qﬁite
definite at 210031-1 in the Raman of tw liquid) rises to 22‘7cm"1 in the golid,
behaving analagously with the 2513m"1 band, This band is hence assigned to
the c=c=x bend of the gecond isomer,

Considering fwow the gas phase, a detailed discussion of the band
contours of the allyl halides is deferred until a later section, but the
importent r_esults ray be stated here, A4ll bands of the trans-Gauche isomers
of the allyl helides would be expected to show a triplet structure, Hence
the apparent deublet structure found experimentally for most bands of allyl
halides is most unexpected. VWhat is even more surprising is the fact that
the P»R gpacing of Vall ‘the bands of a given allyl halide exhibiting this
doublet structure is almost constant, This is not $o be expected on
theoretical grounds. Returning for a moment te the liquid phase, the broad
band centred at lZOcm—l in nmujol solutien is almost certainly the c-;-c
torsional mode of the predominant isomer by comarison with the iodide,

In the gas phase spectrum this band appears as a doublet at
ll9cm-l and lBlcm"l; the apparant P~R separotion of 12cm~1 being rather close
to thet found for the c-c-x bending mode of the predominant isomer (253-
242"“1“1). It is considered that this torsional vibration band would, under
higher resolution than is regrettabi}* é*btainable with the present far infrared

épectrometer, show at least signs of a central Q branch in agreement with
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theory. ’

The possibility of 119cm ™" being an upper stage tand of 131en™t
is excluded by calculation- and the almost constant spacing ( ~120m.1) hetween
mexima of bands exhibiting this apparent doublet structure makes the
assignment of 119(’“;1 and 131C=m-1 to‘ the twe skeletal torsions unlikely.

In the solid state spectrum the torsional mede of the predomine
ant isomer is indubitably represented by the extremely intenée absorption
at Mlcm-l, L very weak absorption at 224cm-,l also in the solid might bé
in’nerpre‘bed elther as the e-c torsion of the second isomer or as a weak
ls.tticé mode, The intense absorptiocns at 98cm~l and '78cm-l in the golid
have no counterparts in the liquid state spectrum and are ascribed to lattice
viprations in line with the iodida. | .

£11y) chloride: in the chloride, as in the bromide, the presence of 2 -

second isomer is apparent from the far infrared spectrum and its présenca
ig not incompatible with sterie considerations sinee the chloride is more
favourable for the existence of ro’cationai isomers. The near infrared
spectrum of allyl chloride in the fregueney range z,.OO--‘E§OOcm',':L also provides
strong evidence indeed for the existence of more than one isemer.

The sgsigmmwent is once again straightforward and is made from

table (9).
TABLE (9) (Frequencies in cm-l)
But= j~ene 1 Allyl Chloride l n~Propyl Chloride.
=C=Q J 437 e=c—c d | 406 ' CmC=C d 365

C=C~C f 320 cmcx & 292 ecx 246
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Thé e=c-¢ bending mode falls in a difficult part of the spectrum

(for us) for determining the band contour but the c-c-x bending mode is
Jextremely intense in the gas phase and shows an spparent doublet structure
at 280, 288cm“l in line with the bromide, but as stated before not to be
expected on theoretical grounds, Here again high resolution studies of this
c-c-x bending mode would be highly desirable.

A weak shouwlder at 247cm on the low frequency side of this
intense gas phase absorption corresponds to & wealk gbsorption in the liquid
phase spectrum at 244th1 which was confirmed Ly a Ram'&n study, In the
solid state this band 1s quite pronounced zt 248012:-'1 and ig assignéd to the
c-c=x bend of the second isomer, |

At lower freguencies the broad band at 1200m~1 in the liquid is
egsigned to the skeletal torsional mede of the predominant isomer by
comparisen with the bromide and iodide,

In the gas phase as with the bromide the separa’nion(Scm“l) of the

apparent doublet contour of this torslonal mode is found experimentally to ~

4
4

be very cleose to that of the c~¢c~x bending mede of the predominant isomer,
Similar arguments as those put forward for the bremide render the assigrment
of 127cn™ and 119011?_ (in the gas) to the two skeletal torsions as unlikely.
Calculation eliminates the further possibility of lchm—l being the first hot
band of 127cm T,

In the solid the strong band at 136cm'-f" represents the c=¢
torsioﬁal mode of the predominant isomer whilst the very weak absorpticn at
1250m™L might arise from the same mode of the second isemer or be attributed
to e weak lattice mode.

Since the 1i1uic1 phase spectrum of allyl ciloride shows ’Q: hands

below NllOcm-l the intense solid state ahsorptmr\s at 83cm -1 and ~‘700m"1 are
considered to be due to latitice modes.
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Interpretation of higher freguency spectra,

&1L possible isomers of the allyl E_alides have the lowest
possible symmetry (point group Cy) except for the trans and cis configur—
ations which have a plane of S)mmetrsr (point group Cy), Thus all fundamen~
tal frequencies of any existing isomer will Ee active in the infrared and
Raman spectra (Ref.22 pp 105, 253),

The CH stretching frequencies ocecur between 2800-3000cm—l- the

more interesting region lies below l700cm"l where sixtbeen fundamentals are
expected to be observed, three in the far infrared region (below 400cm‘l).
In table (7) are given the experimentally determined infrared and Raman
frequencies along with intensities and polarisation data where measured,

The sixteen bands assigned to fundamental modes are numbered
1-216 on the left of the table, The assigmment has been made by considerat-
ion of the coineidences between the Raman and infrared €requencies, by a
corrclation of plausible variations as the mass of the halogen atom is
changed, by studying any intensity Vaiiationa and by taking into account the
known magnitudes and intensitles of vibration frequencies in other related
molecﬁles.

The array of sixtesn fundamentals used in this assignment is
- egssentially thc same as forwarded by Thompson and Torkington (40), They
howéver omitied modes 5 and 16 {of table 7) and included instead modes (a)
and (b). Their reason for omitting mode 16 was that they postulated that
such an improbably low frequency would have to involve a deformation of the
skeleton and hence should change appreciably as the .halog‘en wass changed,
However at that time (1945), little was known about torsion and a low

frequency mode af lOOcm"1 would be expected in these molecules and the

explanation for its relative constancy is that in the torsienal metion it
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is the vinyl end of the molecyle which moves while the halogen end being so

much heavier remains more nearly stationary, The statement (40) that their
array of fmldamen‘bals_ could explain satisfactorily, ﬁs overtones or
combinations, all the remaining frequencies found in the Raman and infrared
spectra cannot be accepted and for this reagon the »assignment given in the
present work (believed to be the first attempted assignment of the allyl
halides) is preferred.

In the followihg discussion concem_ing the actual assignment;
&ll frequencies refer to the predominant trans-Gauche isomer,

Medes 1,2,3,12,14,15 and 16, can te confidently assigned to the
fbllowing motions respectively:~
¢=¢ streteh, CH, 8cissors, Vf-CHZ seigsors, c~x stretch, c=c~c bend,c-c=x
bend and slcelétal torsion,

The three out of plane (o.p.) deformation modes of the vingl
group:Al-CH, torsion, AMCH, wag and -CH=CH o.p wag have not been definitely
assigned in propylene and but~fens as is evident from table (8). Sheppards
early work on but~f-ene (46) was the first attempt to assign the three. -
modes so later work is likely to be morc reliable. From table (8) it can
be seen that the three modes in question have te be alletted to two = |
frequencies around 900cm ™~ and one frequency around e

In asrolein, CH2 = CH.CDO, but-l-ene, propylenc and the vinyl
halides cach author has assigned the lower of the two 900cm"l bands to the
+CH, vag, The more recent work on acrolein, CH,=CH,CDO and propylene
(Sverdlov 49) favour the assigmment of ‘the other 9OOcm-':L band to the
/lf"cﬁz torsion and the 57Odm-1 Yo the =CH=CH~o.p. wWag.

Regerding the earlier work on bube~|=-ene and the vinyl halides,

as already mentioned, Sheppard's assignment of but=f-ene (46) was the
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first assigmment of a AF ~CH, torsion while Thompson's paper (40) on the

vinyl halides was more concerned with listing a plausible array of fundamen-
tals than with actually giving a degailed assignment. For these reasons the
nN-~CH, torsion,at=CH, wag and ~CHeCHwo,p. wagging modes in allyl chloride
have been assigned to the respectivé frequencies 986,930 and 59Ocm"1,

This is in egrecment with a very recent study of the solvent
effect on ther\l"—CH2 torsional and wagging modes of various molecules by
Cunliffe-~Jones (51) who essume that these modes ccour in allyl chloride at
985cm-l and 9300111-1 respectively. | |

The six memaining unassigned fundamentals will now be considered,
These are the c-c¥ ,l\.)‘GH2 rock, -CH=CH-7+bend, GH2 twist and GI-I2 rock.

Due to resonance the c-cy frequency in acrolein weuld be expected to be
eppreciably higher than the 9200!'1-1 in propylene, so the frequency of 9130111—1
" quoted by Brand and Williamson (45) is difficult to reconcile, and the 1158
on™t quoted by Herris (44) is more in line. From a comparigon of the c-c¥
frequency of butene-! and the n-propyl halides the c~cV frequency of the
allyl halides would be expécted to beav 10650111—1 and the series 1098, 1070,
10460~ 15 assigned to this mode,

The vinyl GH‘,2 rocking mode of the allyl halides would be expected .
to beas 1165cm'-1 by interpolation within the series propylenc, bu'bene—‘,
allyl halide and acrolein. The series 1199, 1190, 1186cm—1 ig assigned to
this mode in the allyl halides, the drop in frequency as the series (chm—l)
is traversed would te expected to be less than ’in the vinyl halides (4,0cm"l)
where the substituent is attached directly to the double‘ bond. This mode _is
very much lower, at 1030, 1008, 9900m~1, in the vinyl halides, but this is
not unreasonable in view of the consideratle drop in the c=c ¥ frequency from

211yl chloride (16390:11-]) to vinyl chloride (16locm°1).
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The méthylene CH, rocking mode would be expected -in the 800-900
em™t region by analogy with the n-propyl series,(vhere this mode is intense)
and butene-}., The series of strong bands at-8%4, 866_and 824cm—1 is
confidently assigned to this meode. a

The ~CH=CH~-i.p bending mode would be expected to occur,v'1285cmfl
again by interpolation within the series propylens, butene-! , allyl halide
_ andAacrolein. By cemparison of the spegtra of the n—propyl halides with
that of butene~4{, the CH2 wagging and CH2 twisting modes would be predicted
to occur around 13000mf1 and 1260cm™ respectively, Since these motions
are similar, one would expect the same relative frequency change in both
motions as the serieg is traversed. In the spectra of the 21lyl halides we
have three geries of bands occuring in this frequency range (1200—18000m-1):
(2) 1289,1290,1290cm™" (b) 1289,1244,1200cm™ and (¢) 1256,1205 1lijen >,
i.e, one constant series (a) and two series with a considerable decrezse in

frequency. Series (b) is assigned to the CH,_ wagging mede, series (¢) to

2
the CH, twisting mode and the constant frequency series (a) to the ~CH=CH~ -
ip bend, This laigr node iﬁ the vinyl series, drops in frequency somewhatb
frem the chloride to the igdide (1280,1262,1229cm-1) but as the halogen is
removed further from the vinyl group, this @odé would be expected to become

less sengitive to substitution,

Band contours of the allyl halidegs.

Under low resolution ths high frequency spectra of gaseous allyl
bromide and iodide indicate that the great mAjority of bands have a doublet

appearance with P#R geparations of 1lcm~l and lOcm-lréspectively in the

~ bremide and iedide. The chloride has more complex band envelopes but a P-R

specing ofw13cm"l is evident from several bands.



7

If the molecules are regarded as symmetric tops, then according
to Gerhard and Dennison (23) a parallel band should have a triplet structure
with PR separations of 12,10,9an-1 (chloride, bromide, iadide) while the
pervendicular bands should be bread gnd have no appreciatle @ branch.

If the molécules are not to be regarded as symmetric tops, then
all bands will be hybrids of types A,B, and C. Type A has an appreciable
central Q branéh, type B has no @ branch while type C has a Q branch, the
intensity of which increases with asymmetry. Thus most bands would be expected
to exhibit a triplet structure. |

. The experimentel P-R gpacing of the bands is seen to be in good
agreement with theory but the envelope is anomalous, Under hightresolutidn
the 590cmfl band in the chloride and corrésponding 535cm“1 band 1in the bromide
both show evidence of a § branch, The 687cm"1 band in the bromide however,
exhiblits no observable @ branch,

The apparent doublet appearance of the gas phase bands could be
due to (1) hot bands - unlikely since hot bands would not be expected 3{ound

(11),two isomers - again unlikelv since the deublet separa%?ggcg; )
: ig censtant throughout a given compeound.

(111) double potential minimum - the exact configuration of the allyl
halides cannot be determined from infrared spectroscopy, but if this configur-
atiqn is between the Trang and trans-Gauche formg then the potential energy
curve would exhibit a double minimum (similar to armonia) centred about the
Trang positioh. The quantim mechanical splitting of the energy levels is
smallest near the bottom of either minimum. i.e. the splitting cf the bands
would not be expected to be constant for a given compound (in NH3 the splitting
veries frem 0,66em™ to 35,7em™l), One weuld also predict the splitting teo

remein in the liquid since the motien is internal., However in view of the

constant splitting in each compound and the disappearance of the doubling in



| 78
pure liquid and dilute (3% moler) cyclohexane solution it is considered

unlikely thet the ampmalous band envelopes arise from this consideration.

The most probable explanation is that under high resolution the
tand contours would be triplet but under normal, low resolution distortion
has ceused the envelopes to appear as doublets. Several factors could cause
distortion of band contours -~ the ¢ = o stretch sometimes shows an apparent
A type contour instead of the expected B type.

Distortion would seem to be evidenced in the tand contour of the
e-c-x bending mode which has a doublet separation in the chloride (8cm71)v
less than in the bromide (11am-l) despite the rotationzl constent A being

greater in the chloride.



79
BARRIER INFORMATION.

METHYL TORSION.

The theory relating torsional energy levels and barrier heights
for a single rotor with an n-fold barrier has been given by Herschbach (25)
Its application to infrared torsional frequencies 1s summarised below,

The rotation of a methyl group relative to a reference framework
is opposed by a threefold potential barrier, which reduces to a torsional
oscillation if the barrier is sufficiently high, The torsional energy levels
w;ﬁld be degenerate if it were not for the tunnelling effect which splits them
into two sublevels, one of which is non~degenerate (4) 2nd the other doubly
degenerate (speciesE of the Cs group). The A sublevel is alternately lower
and higher than the corresponding E level, The splitting is greatest as the |
levels spproach the top of the barrier and well above the barrier the levels
go over into those for a freely roteting methyl group.

The model used is that of a rigid symmetric top éttached to a
 rigid framework, which may be completely asymmetric, The potential energy
hindering rotation may be expressed as a Fourier series:-

v (X) = V3 (| + cos3ef) + Vg () +cos6ek) + ete.
2 2 |

There ig souhd evidence {52) that the V¢ torm is two orders of
magnitude smaller than the Vé'term and thus terms after the V3 term are
neglected, When this poteptial is put into the wave equation for torsional
motion, Mathieu's equation results. The energy solutions for each torsional

quantum number W give two sublevels 4 and E, The torsional energy is

u

Evo-
byg

Foo= %/ W% T

2,25 Fb wwhere g~indicates eithgr A or E levels,

i

an eigenvalue of the Mathieu equation
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1-10( = reduced moment of inertia for internal rotation,

=T {!—I 22@_9_}(53)

Iuk = momeni'. of inertia of thc top about its own symmetry axis.

th
X,_ - direction cosine hetween the axis of the top and the. 3 principsl
~axis of the entire molecule.

I 4 = flbrincipul moment of inertia of entire molecule,

The obgerved infrared frequency gives the difference betwsen two
of the energy levels which is AEV 2425F Ab & Hence if the absorption
frgquency is known and there is enough structural data to determine F,Abv o
can be calculated, Fron Atz, Gz}: dimensionless parameter g con be deten_nined,
from tables of solutions for the Mathieu equation, T};e barrier héight ig then
given by ‘W3 = 2,25Fs,

Tables of balgr against s are given for s values between 2 -~ 100 in Herschbach's
Ntebles for the Internal rotation problem" (54). For s values between 100 = 205E
tables are given by Stejskal and Gutowsky (26) who however use o different |

terminology and this is explsained._below:

(a) Herschbachl!s S =16 (s +g 1g f‘“«)

9

(b) The figures appearing in S +§ ’s appendix A4 have to bd multiplied by
4/9 and added to S/2 in order to obtain Herschboch's bypys

(¢} 8 +§'s Ay vhlues are for evenAS3 their Ay values are for odd AS,

| Since continuous referecnce would be made to these tables it was
thought desirable to preparc graphs of Ab agoinst S for the fundamental and
firgt three upper stoge bands for the A and E sublevels and the 'u.nsﬁlit'

(2 + A) /3 levols. With these graphs it is a formality to evaluate barrier
height and hot band positions. If the A and E sublevels are so close together
for any particular torsional quantum number, then the separate infrared

transitions would not be expected to be resolved. In such cases we use the



81
tunsplit! (2E+4)/3 lovels - in practice this is the case for S values greater

than about seventy.

The barrier heights caleulated from this procedure depend for
accuracy upon the actunl frequency chosen for the torsionel vibraticn and upon
the ¥alue of F which reflects the accuracy to which bond lengths and engles
are known, In genersl the torsional vibration would be accurate to + 2em™t
for broad bands but the accuracy of F cen only be estimeted as between 2~10%,
The barrier heights would thus be in error byw 5%,

In order to determine the value of F we need to know the valus of

the reduced moment of inertia rle since the relationship between them is

F(cmnl) = h/87% +Te, Using accepted values of h,ff and-c
F (™) = 16,8524 T (a.m.u. Az)

In caloulating the reduced moment of inertiavJacthe molecules
fall into two classes (a) those with a plane of symmetry (i.e. trans n-PrX)
and (b) those without (i.e., gauche n-Pr¥).

(a) Molecules with a plane of symmetry (!'PLANAR! case).

With an arbitrary origin the centre of gravity was found, the
origin moved to it and the sums over all atomszmxz,z my2 mz, end ¥ mxy
calculated with respect to the centre of gravity. Transformation to new
axes X =x cos@+ y sin@, =ycos § - x sin@ was made such .that tan2f =
~REuxy/ (Emyz-xmz). Then the principal moments of inertia are given by
Ix = Z:myoz +sz02, Iy = meoz + Emzoz and IZ =Z'1mc02 +¥ my 2.

For the top the Ziexis was taken es the torsion axis and x¢ -
passed through the centre of gravity of the top. ('#was chqsen to keep the
same sense of axes ag those originally chosen), Referred to the tép axes the
following quantities were, celeplated

A='m xR+ y°)

B = ¥ mxz
C =% myz U

Z:nuc

n
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where the summations extend only over the etoms constituting the tope.

The direction cosine matrix 1 tp between the top and principal
exes can be written down in this ('planar!} case once the value of ® has

been evaluated, X X Z

The components RyesRosR, of the yvector, . 11{5! IYX IZX
from the centre of gravity of the molecule X ¥ 7
to the origin of coordihates of the top,on 11-,p =y 1 Y 1 7 ly
the prineipal axes can again be easily ( o o({’,) ‘| ,'le ‘-LYz 1Zz .
evaluated in this case.

The values ofﬁx, /3y and /3 z are then calculated, where

Xz Xx Xy 2y Yy
Axel 4 of B o ¢+ (e R.y_o( R,)
,/3y‘=ﬂKY?A —QKYKB -7 4 U(@(thh - °<ZY§X)
Ao X - &% v TRy - o)
The reduced moment of inertia for internal rofation is then given by

rig (or I) = A -2 532 3 |
L " 1 (M i; where M is the total mass of the

molecule, Ii arc the three principal moments of inertia of the entire molecule
and the summation extends over these axes (X,Y,%).

The above proccdure was followed to evaluate rIg for the skeletal
torsion aﬁd eventunlly a completely general computer programre was developed
to (a) check tho first few hand-calculated exawples and (b) to evaluate
further rI o‘values of various molecules., This progrmﬁne is reproduced in the
appendix, However to evaluate rIx valucs for the methyl torsion the formula
= T (- Y4 ) (52)
was used bhut since tﬁé direction cosines betwsen the top exis and principal

exes are obvious the calculations were parformed by desk machine,
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(b)__MNolecules with no plane of symmetry (SKEW case),

5 The centre of gravity having been found the origin was moved there

and the matrix elements Xy 3 calculated referred to the ceirbre' of gravity of

the molecule. i and j run from x4z and Ixy {for example) =&mxy whero the sum

is ‘taken over all atoms. |
The matrix equation I ~AE = O was then solved (where E is the unit

diagomlhmtrix) and‘ the roots when taken in pairs give the principal moments

of inertia, Each root was substituted back in turn into the simultansous’

equations

(e -2) W, + 1 2(141 3&

Iyx’.fl'f(lyy*-)d)?i Tys g f =0
and 3{ i and 2»[1 fou.nd in terms of ![i followed by normaligsation according
to (U0)? + G+ b)® -1,

This procedure was performed for 1 = X,y and z and the resulting
elements formed the direction cosine matrix between the original and prihcipal
axes Qop). Knowing the centre of gravity of the top the direction cosine
matrix betwecen the top and original exes (Zto) can be wrj:tten down by inspection.
The direction cosine matrix between‘ the top and principa]? axes is then given
by Ltp =1t020p«

The components (r ) of the vector from the centre of gravity of
the molecule to the origin of coordinates of the top, on the original aXes can
easily be calculated and then Rp ==2po. T, where (Rp) are the components of

this vector on the principal axes and'zpo is mercly the frahspose ofz OPe

The quantities 4,B,C and U (defined previously) were calculated,
folleowed by evaluation of/9x, ﬁy, Idz and finally rIef. -

The above procedure was carried through by desk mechine fozt; the

n=propyl halides and then a general computer programme for 'SKEW! moleculcs
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was developed along: similar lines to the procedure outlined above. Actuclly

& special library routine evaluates the eigenvalues and eigenvectors of any
reagonably sized square matrix (3x3 in this case) ~ these are the principal
moments of inertia: and thelop metrix elements respectively., This progroamre
is reproduced elsewhere along with that for the 'PLANAR! molecules (see appx.)

For the casé of methyl torsion, the procedure used was exactly
similar to that for 'PLANAR' molecules exceptk that theltp matrix was
evalucted as lto.lop » The matrixl to is constant throughout the n~-propyl
gerles and is caslly evaluated but thelop-matra‘x has to be obtained by
computer.

The results for the reduccd and principal moments of inertia ofthe
various configurations of the n-propyl gnd allyl halides are given in table
(10). 4s already pointed out, in celculeting the positions of hot bands tho
theory outlined in the préceding pages can only be strictly applisd to the

‘case of methyl torsion but as a first approximation it may be extended to cover
skeletal torsion, Listed in table (11) are the hot band positions for both
methyl and skeletal torsions; calculated from the theory just given,

It is poséible to calculate a torsional force constan? ;( t= 411'2
92 Im which in thelrmonic oscillator approximation is related to a three-
fold berrier parameter Vg by the reletion 2‘{ {' 9V and hence assuming standard
valucg for the physical constants involved vy (Kcals/mole) = 1,89 yz(cm Ye
I, (amu 4 ) Now from the theory previcusly outlined Vg = 2, 25Fs (cx™) =

6.44Fs (Keals/mole) where F is in om ~L and remembering that F.(cm™t ) = 16.85

0,2 2 : .
/I (ams "A%) then Sy, 0~ 0-0495V2/F . In the cage of the skeletal torsions
the vaelucs of S are above the range covercd by my graphs (2-205) and the values

quoted in table (11) are so-called "Harmonie oseillator S values" designated

Sy, and calculated from the above equation. The corrésponding velues of Ab 12
have been extrapolated from the graphs.



Table Q0)

Calculated Moments of Inertia

Moi:ggii and Principal Reduced
Skeletal | Methyl
n~-Propyl T | 18463 134493 143,98 9.590 24761
Fluoride G| 34499 99465 118.36 9.208 3.059
n-Propyl T 19.63 211,85 221.91 13,051 24765
Chloride G| 44411  146.36 173,06 12,879 3131
n-Propyl T | 20,12  307.14, 317.68 14,699 24767
Bromide G| 47.61 211.72 241,58 15286 34161
n-Proyuyl T | 20.65 390483 401.90 16,001 2.772
~ Todide G| 50.32 271.60 303.89 17.061 34177
Allyl T | 16413 192431 205427 Qe lthi6
Chloride G | 23498 179.20 184.71 10.271
cG | 36468 137.67 162,19 9.159
C| 40,30 116473 153.87 6.228
Allyl 7| 17.41 28k.64 298.88 10.247
Bromide tG | 26442 263,00 270470 11,696
cG | 40.29 205.58 233423 10543
| C| 43.48 177.52 217.84 64578
Allyl T | 18477 . 357.42 373.02 104696
Todide G | 28.51  330.32 339.89 12.510
cG | 43.99 262.25 292.15 11.336
C i 45.92 228,99 271.74 64824

Results are in amu. Az and are calculated using the data given
in figures (22, 23).




Methyl

Table (1) : Positions of hot bands of skeletal and methyl torsions

i

* S values in brackets are harmonic oscillator values S = 0.0495 )/Z/FZ-

Corresponding 'b1_2 values are extrapolated.

H,O.

Molecule (n-Propyl Fluoride| n-Propyl Chloride | n-Propyl Bromide! n-Propyl Todide | t~Gauche Allyl
i Trans Gaunche | Trans Gauche | Trans Gauche! Trans Gauche | Chloride Bromidd
Imganm.xz) © 9,590 9,208 13.051 12,879  14.699 15.286; 16,001 17.061| 10.271 11.696
F_(cn?) 1.756  1.829] 1.290 1.309  1.147 1.102:  1.051 0.988 1.641 1440
A can~1) ~100 139 132 121 127 115 127 116 127 132
D4 25.31  33.8 45,5 41,0 49.2 L6 53.6  52.1 34 40.7
RES 174 (283) (518) (423) ((605)  (539) | (720)  (683) | (296)  (415)
b1 | 2he15  32.7 blialy 39.9 48.1 45,3 52,5 51.0 33.3  39.6
)71 0 can” 95 135 129 118 122 112 124 113 123 128
Imgamu.ﬁ )i 24761  3.059{ 2.765 3.13F  2.767 306l 2.772 3.177

T (™) 6.141  5.6101 6.095 5.384  6.091 5.332]  6.080 5.304

V(e )| 2127 2127 | 217 217 197 197 2037  203?

S 68.0 80.2 | 66.9 85.2 59.8 76.6 62.9 8l.0

Aby .o 1%4e20  15.65 | 14,08 16,20 | 13.15 15.25 | 13.56 15.75

A Do, 12,80  14.27 | 12.65 .86 | 11.65 13.85 | 12.11 1437

i‘ {cm 11 196.1  197.4 | 193.0 196,0 | 180.,2 182.9 | 185.47 188,07

5o5(an™1)| 176.8  180.1 | 173.3 180.0 | 159.7 166.0 | 165.77 171,57

98



Table (12

Methyl V3 barrier paraueters
Molecule (F em™t |V cm~l S Vs kcals/mole
n-Propyl |T| 6.14 | 212 68 2469
Fluoride| G| 5e51 213 80.2 2490
nw=Propyl |T| 6095 217 (211) 71 (67) 2.78 (2+63)
Chloride|G| 5.384 | 211 (217) | 85 (89) | 2.96  (3.09)
n-Propyl |T| 64091 | 197  (192) | 60  (5645] 2,36  (2.22)
Bromide {G| 54382 | 192  (197) | 7645 (75) | 2465  (2460)
n~-Propyl |T| 6.086 | 2037 63 1 2.47%
Table 13)
Skeletal V3 barrier parameters
I\,I cé - -—1 - "12
olecule | I amu.A Y cnm V3kcals/mole Kt x 10
. dynescm
n-Propyl [T 9590 |~100 1.82
Fluoride G 9.208 139 _ 3436 1.05
n-Propyl {T 13,051 | 132 (121) 429  (3461) L34
Chloride | 124879 | 121 (132) 3.57  (4.24) lell
n-Propyl |T 14.699 127 (115) 4.48  (3.68) 1.40
Todide G 15.286 115 (127) 3.82 (4465) 1.18
n~Propyl |H 16,001 | 127 (116) 4.89  (4:07) 1452
Todide |{¢ 17.061 116 (127) 4,34  (5.20) 1.35
t~Gauche 10271 120 2080 0.87
allyl ‘
chloride
t-Gauche 11.696 120 3418 099
allyl
bromide —
t-Gauche 12,510 115 3013 0.97
allyl : .
lodide

T = trans isomer. G = gauche isomer,
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DISCUSSION,

e 4 oo e e W

Introduction, In principle the energy of any molecular configuration
is calculable from a quantum mecﬁanical treatment and arises from the
electrostatic interactions of the electrons and nuclei., In practice the
mathematical complexity of such a treatment is so great that -a rigoroﬁs
compubation is impractical. The seme tractable approximatiens which have heen
developed for the general problem of moleculer encrgies have been appliocd to
this provlem, but in view of the fact that the simpler tesk of predicting bond
dissociation energies is unsatisfactory, it is not too surprising that the
samc crude approximations fail to predict the much smaller energics differcnces
involved in barriers. ‘

Although extensive studies have been made on a large number of
molecules the reliability of the results leaves much to be desired. It is
_ therefore difficult to evolve any satisfactory theory of the origin of the
barriers or tc predict the magnitudes of the barriers and equilibrium
coﬁfiguraﬁion in any molecules not so far studied, A

| In the following discussion thé factors affecting the equilibrium
configurations and the magnitude of the barriers to internal rotation in
ethane~like and acetaldchyde~type molecules are reviewed.

A summary of the attempds to éxplﬂin the origin of the barriers
to internal rotation is given and a new theory, in terms of the electron
asymmetry, is forwarded te explain the effect of phasc (solvent) on the barrier
‘height in different types of cempounds.

BEquilibriux Configuration:

If the electron distribution in the two orbitals forming a double
‘bond may be ropresented as "bent! or "banana-shaped" as suggested by Pople (55)

then the equilibrium configurations so far well established indicate that the
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electron distributions near the atoms of the central bond tend to take up a

staggered orisntation. This accounts for the equilibrium configurations of
ethane-like molecules, CHBCOX type molocules in which the C=0 bond is eclipsed
by a methyl hydrogen and éonjugated double bond systems such as acrolein or
butadiene, although in this latter dase conjugation 1s an important factor.

Barrier Mapnitudes:

Regarding the factors influehcing the barrier height, electrostatic
and Van‘der Waalg interactions may both be important in melecules containing |
two or more strongly polar or large groups but neither seem to be dominant in
many simpler molecules, Thus the barriers in ethane, methyl silane and methyl
germane (2.90, 1.70, 1,2, Kecals/mole respectively) fall off more slowly than
predicted from Van der Waals forces whilst on the electrostatic approach they
require bonds with unexpectedly high dipoles.

Considering molecules with only hydrogen atoms off the central
bond: Libby has shown that the lack of sensitivity of the barrier heigh£ in
" athane (56) to isotoplc substitution is a strong ergument that steric repulsion
between hydrogeng is not the prineipel cause of the barrier, Similar behaviour
has been observed for CHy NH, (57)/CD3ND2 (58), for CHBOH/CDBGD (59) and for
the isotopic acetaldehydes (60).

Karplus and Parr (61) considering only nuclear-nuclear repulsion
energiesA&Enn, have shown thet for molecules with only hydrogens off the
torsion axis the calculated barriers arc consistently greator than the
experimental barriers by a factor of 5/3, The offsetting ofrthisﬁsEnn term
is considered to be due to tho sum of an electron-clectron and an electron-
nuclear interection term:QE, +4E_ ,

Consgidering now molecules with other substituents off the torsion

axis: the effect of substitubing other atoms for hydrogen in ethane~like or
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acetaldehyde~-typc molecules gseems to be quitc small as lonz a&s substitution

is confined to one erd of the centrel bond. Thus the barriers of the campounds

CHBCHZX (%=H,F¥,C1Br,CN) lie in the range 32003'-400 cals/mole while thosc- of the
compounds CH,COK (X=H,F,C1,Br,CN) 1ie in the range 1200+150 cals/mole. This
led Wilson (62) to conclude that at least where one of the groups concernsd
is a2 methyl group, the barriers te internal rotation must in some way be "an
inherent property of the axial bond itself and not due in any substantial
meagure te direct forces between the attached atoms or those parts of the
electron digtributions which are out on the attached bonds any considerable
aista.nce. " |

When large or polar atems zre present at both ends of the central
bond, the barrier is raised considerably in consequence of Van der Waals &nd/

or electrostatic m’ceractlons s 1.6, 12,4Kcals/mole in CCJ.BCH C1(35) and
3.92Kcals/mole in CF 30r (63).

However although the eifect of substitution at one end of the
central bond is quite sgmall it is also rather irregular. Thus substitution of

hydrogen by fluorine in methyl silane prosressively lovers the barrier;

whereag the samc substitution in ethane causes the barrier first to rise and
tl fall (CH CH_ 2875, CHCH I 06 CH C 180, CH C’* 0, CH ICF
hen fall ( Ll 5, L 33 3 HF 3180, 3 3040, 2T 3 4200,

CHF?CF3 ?, CFBCF33920 cels/mole respectively.)

With larger substituehts (say chlorine) the irregularity is still
evident: CH40H,Cl has a barrier of 3,56Keals/mole comparcd with CH5CHqend
CH40C13, both of which have a barrier of 2,90Kcals/mole.

Similar irregular effects are observed in acetaldehyde-type

molecules. The barrier heights for CH4CHO, CH.GOF, CH,COCL end CH,COCN are
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respectively 1,16, 1,04, 1.30 and 1.21Kcals/mole and are difficult te correlate.

Ward (64) hes investigated the barrier heights in the thfee series
CH,CHX, CFyCHX and CFépgéx.(x=H,F,C1,Br,z) to see if they threw any light
on the origin of the barriers to intérnal rotation but had te conclude that
sterié effects, either alone or in combination with polarizability differences
cannot eccount for the observed changes in the barrier heights of even
relatively simple halogen substituted molecudes.

The teble below summarises the V3 barrier parameters of the trans
n=propyl halides and the t-Gnuche allyl halides (studied in this research)

elong with those of some related compounds for comparisoni

v3 BARRIER PARAMETERS (KCALSMOLE.,)

_ CHy.CEy 2.87  (65) CHCH,.CHBr 4,48 (70)
CH,.CH,CH4 3.30 (66) CHBCHZ.CHZI 4 .89 (70)
CH, .CH,F 3.33  (67) CC14.CH,C1 12.4 (35)
CH3.0H201 »3.56 (68) CH2=CH.CH3 1.98 {71)
CHy.CHoBr 3,57  (68)  CHm=CH.CH,C1  2.80  (70)
CHB.CHZI 3.22 (69) CH,=CH.CH,Br 3,18 (70)
CICH,.CH,C1 4 (eale.) VCHz-cH.CHzl 3.13  (70)

CHjH,.CH0L 4429 (70)  CHCH.OCL,; 3,20 (35)

In line with what has been said in the above discussion it cen he
seen‘fronzthe_table that es long as substitution is confined to one end of the
torsion bond then the barrier pérameters are not greatly different from the
parent molecules, Van der Weals and electrostatic interactions are svident in
1,2 dichlorocethane and I,I,T,2 totrachloroethane and result frem substitution
at both ends of the central bond. Since no Van der Waals intersctions is
expectsed in either the treans configurations of the n-propyl halides er the

trans-Geuche ellyl halides, the relatively large barrier paremeter increase
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of these mclecules would geem to arise from electrostatic interactions,

However while the barrier parameter increases smoothly acrogs the
" n=propyl halides it is irregular for both the allyl and ethyl halides,
Sumrary:

—————— s s ¢

Thus 211l one can conclude is that unless Van der Waals or electro-
static interactions become important (as in CXBCHzY for example) then the
barrier heights of nany simple substituted melecules will not be greatly
different frem the parent molecula,

Finally it may be noted that the barrier parameters for internal

3

rotation about 2 torsion bond joining an sp” and an sp2 hybridised carbon atom

are significantly smaller than the parameters for internal votation when the
3

torsion bond unites two sp” hybridised carben atoms i.e. the V, values of the

3
allyl halides are smaller than the V3 values of their saturetcd analogues,
the n-propyl halides.

Origin of the barrier and the effect of phase {solvent),

The origin of the internal rotation barriers has long been an
elusive problem in chemistry and despite great recent experiméntal progress
theoretical explanations of the origin of the barrier have been diverse and
inclusive, A brief sumary of these attempts follows:

Eyring (71) attributed the effect to direct nuclear repulsions
but his caloulated barrier values were rmuch smaller (~#10%) than found
experirentally., Recent refinements of repulsive forces still do not gilve
reasoneble behaviour (Mason and Kreevoy 72, Van Dranen 73). Wilson (74) hes
steted strong arguments against direct fepulsion being the main source of the
barrier]

In many approaches to the problem, a localised orbital charge

distribution is assumed., A classical e¢lectrostetic model was employed by
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Lassetre and Dean (75) and Oosterhoff (76) who based their calculaticns on the

coulomb interactions among dipole and higher moments of the C-H bonding
electrons, Oosterhoff found that too ionic a C-H bond was required and since
the replacement of hydrogenvﬁy fluorine does notchange the barrier significantlj,
direct céu%pmb interacﬁion cannot be the main source of the barrier,

” Pauling (77), by introducing d and f orbitals into the localised
contributions of the C-H and C-C bonds, proposed that tho barrier was due to
exchange interactions of the electrons in the carbon orbitals of the C-H bonds.
However he neglected electron-nuclei interactions which would favour an
eclipsed configuration in disagreement with experiment (78).

Eyring (79) refined the localised contribution by the inclusion
of spin correlation amonz the bonds (deviation from perfect pairing). A
gimilar treatment has been forwarded by Harris and Harris (80). Karplus and
Parr (61) asswjed a2 delocalised cylindricelly s§ﬁetric charge distribution, ™

Of the variety of causes suggestcd above none have been
demonstrated to be dominant and so the protlem is stlll largely unanswered,

Regarding how the effect of phase (solvent), since the crystal
structure, and hence the forces operating, of the n-propyl and allyl halides
are not known, the crystalline phase will be omitted from this discussion
which will therefore only apply to vapbur and liquid (solvent).

For easy reference the values of the skeletal torsion frequencies
of the trans n-prdpyl and trans-Gauche allyl halides in liquid and vapour

phases are tabulated below:

cm-l trans n-propyl ttans—Gauche allyl
- chloride | bromide ! 1odide 1 chloride 4 bropide | jodide _
V vapour 132 127 § 127 123 126 | -
v, liquid 1o | o1 133 120 120 112
: 115 nujol
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The points to notice are the increase in the torsion frequencies
of the n~propyl helides in going from vapour to liquid and the corresponding
decrease in torsion frequencies of the allyl holides. Why the difference?,

Given below is an explanation which is in agreement with the above
exﬁerimental data.i

Electrostatic interactions of the bare protons in ethane give a
| barrier of anut 5Keals/mole (depending eritieally on the molecular parameters
employed), Now if the sum of the eleétron distributions in the C-H bonds on
one carbon atom was equivalent to cylindrical symmetry about the C-C axis
then the bare proton interaetion would represent the only eontribution to the
barrier provided the electron distribution is not distorted from eylindrical
symmetry during the torsional motion,

The decreose of the barrier to the experimental value of 2,87
Kcals/mole weuld then represent the tendency of the electrons to eoncentrate
along the classical tetrahedral bond directions and offset the’proton—proton
interactions, rather than be cylindrically symmetrical about the torsion axis,.

| The nature of solvent effects are not yet fuliy understood,
espectally in e pure liquid, but in comparison with vacuum all effocts of the
environment will reduce iﬁteractions ketween charges. Hence in the liquid
- phase the electron distribution will be less concentrated in the bond direct-
ions and the offsetting of the proton~proton interaections will decrease; The
barrier will thus rise towards the bare proton value,

The above argﬁment ig applicable to any ethane-liké moleculé (i.e
one in which the torsion bond and all adjacent_honds are saturated). If one
of the adjacent bonds is a double bornd (i.e, CH4~CH=CH,,, 0H3c:0x (X=H,F,C1)
and the allyl halides) then the observed eqﬁilibrium configuration is one in

which the deouble bond is eclipsed by a single bLond on the other carbon atom
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and furthermore is less energetically favoured thean the staggered configuration
if only the barc proton interactions are considered, Thus the departure from
cylindrical symmetry of the electron distribution is sufficient to faveur the
eclipsed form energeticaliy (this is not unreasenable since a bare proton
calculatién on acetaldehyde indicates the staggefsd form only 0.51Kcals/hole
more stable than the eclipscd)s. In the liquid phese the decreased esymmctry
of the electron distribution means that the factor stabilising the observed
eclipsed form becomes less important, Hence the decrease in torsion freguency
in the liquid is understandable in such molecules., /

The above "theory" when applied to meolecules with conjugated
double bonds about the torsicn axis (i.c. butadiene and benzaldehyde) predicts
the observed cenfiguration but the effect of solvent predicts that the barrier
should fall in conflict with experiment. However the solvent will promote
delocaligation of charge and impart rather more double tond character to the
torsion bond thaﬁ exists in the vapour. The observed rise in the potential
barricr in geing from vapour to liquid is therefore understandable.

| Furthermore the torsion frequency cf a givon compound (i,e.
acrolein), and hence the V3 parameter, will be higher the more polar the solven#.

Hence the behaviour of the three different types of molecule have
been accounted for in terms of the one factor, the asymmetry of the electron
distribution,

While the above erguments-are not the last word on the origin of
torgional barriers it is suggestéd that similar argﬁmehts would have to be

incorporated into any detailed theoxry.
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Given in the first part of the appendix are the general
computer programmes déveloped during this research for the determination
of the reduced moment of inertia, Im., for a planar or skew molecule,

In the second part of the appendix afe listed the actual
charts or "runs" for cach compound. Not every run actually performed is
listed since many runs were performed as checks on previous ones, In
every run listed the basic filter combination of black polythene‘and KBr
chopper was used. Given in the third column of the following tables are
the reststirahlen filters employed in each particular run, column two
gives the frequency range covered and column four the bands observed, if
any. The following s&mbols are used:

XQ = crystal quartz transmission filtef
Vac = vacuum BG = background
8 % strong w = weak vw = very weak

sh = shoulder

Also given in the second part of the appendix are the actual
spectra, for each compound, in diagrammatic form with % absorption
plotted againast a linear frequenoy-scale. (The various numbers represent
frequencies in cm-I.)

Spectral slit widths are too small to be easily represented in

these figures but can be obtained from table (I).



title

reduced moment for planar moLecuLe
chapter ° .

a»3o .-

. b“)so :
- C>30

d>3o
e93o
T>z0-

Lgezefl

h>50 -

L u?3o0

V>30
w>3o
X>30

Y230
T 2¥30
- M>30

1) read(n)
Ci=rladn o
_,fread(wi)w
o pead{xi) |

“read{yi) -
read(zi) -

S=1

repeat

: dn=o

T en=o

“Th=o
gh=o

i=1(1)n

al=wixi

bi=wliyi
ci=wizi

dn=al+dn :
en=bil+en - & o
Cfu=clefn o
gn=wi+gn

L repeat.

Cdn=dn/gn .

en er/gn"

>> centre of grav1ty of moLecuLe, totaL mass

‘newline:

'pPlht(dn)o 4
printien)o,; 4"
prlnt(fn)o 4
print(gnlo. 4 : FOTNR NN
>> -change orlgln to c. of g. of moLecuLe

i=r{1)n

gl=xi-dn- -~

Vi=yi-en-

Ni=zi-fn

- repeat .

1

- a2

>> in thls program Ce. of g. of top must be +ve on jo ax 163

.,.mr.,..h-c...c._m.-.,:.—w»7‘..‘»._..4. o e e

Lk
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. hi=e-d
>>  tana@

- rea
e=0
- f=o

nonuu

o 00O

( i?I(z)ﬁ S

l=wigigi.

©obl=wivivi . -
S cl=winini.
gi=wigivi

. d=ail+d

e=bi+e

F=ci+f

L oog=ul+g .
o .repeat . - . -~

- >> the sums CmXX, - myy,

- newline - S B

Cprint{d)o,

print{e)o,

o’

o’

4
4.
print{f)o, 4
print(g)o, 4

ha==-2g/h1

‘ h3 I+h2ho

na=gsartlng)

C0>> 0 cosgcosd, ~“olh¢Slﬂ@
S hs= o.5+o.5/h4
" hé=o.5-0.5/ha . -
. hy=dhs+ehé+gha /ha-;‘,
- he= eh5+dh6-ghg/h4
7 hg=h8+f -
0 wchro=hg+ T
.ﬂhxz hp+hs. S e e
y - tanz@, ;ix, iy, cdze o
~ nelene : AR e
‘pPlht(hz)o 4

orintiho)o. 4
DPlnt(hzo)o 4

K'Drlnm(hxx)o,4

read(r)

g =Q.. e
l—x(x)p
al=wixi-

' bi—w1y1*f'

ci=wizi -

. d=al+d -
e=bli+e

f=ci+f

Coog=wisg
= Pepeat
. d=d/g "

;,_e—e/g ol B

.mzz,

: mxyo ':",» l'

a3



newline:

pPlnT(f)o 4

a=o

b=o =

- C=0-

ior

prinfﬁa)o,4

Cprintiblo, 4.
print(clos4

hiz= ¢sqrt1h5)

o hrg =gsqrtlhe) -
S>> cosf, 151n¢
_f-nelene A
5;ipPinT§h12)o , 4
Coprint
Chrg=d=dn .
L hig=-en
o jumpa, o>he
.. h1o= hI3
p hI7=—hI3
. hid=h1g -
“hig=-hiz -
\.!jumps.hz>o o

2) hIé*-h:gf

. hig=h1g.
o hi8==h1g -
oo hig=hrg ‘
'*353) hzo= h12h14+h18h15
- har=highig+hizhig
o haz=ahiz=bhié+char’
. hags ah17—thz—Chzo IR R
. hayg= a cc/gﬂ hzzhzz/h9 hz3h23/hxo&»"

> ry, b

v[-nelehe -
' pPih¢4hzo)o,4:'
. privtlhzi)o, 4
-~ print{haa)o,4
CUprintlhazlo,s. o
l",pﬂlnL(h24)o,4 R
Ss=s4r o
- oread(k) <0
s jumpx;k}s _

':cend

close

COXXX

NS

S>> centre of grav1ty of top

Cprintld)oxxzyny, 4
- printie)o,s

- di=wiyiyi+wizizi

o el=wlyixi-wiyid
Cfl=wiyi
Ca=di+a oo

b=elit+b -

© c=fli+c

'ﬁrepeat
S>> «b
’nelene

hzg)o,4 o

- A gt 0 T
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‘momant for:

skew molecule-xz o =

- a,5

= ?PLJ{(&)O’4  tg;

.. ch=0

.,,Onl}L(b)ﬁ'.q‘“ |
nrlqt40)0 oo
Cpriptidie s
= I(x)t: o
fij=xj-a

g 3=y j-b
hj=zj-c¢ . = | COETT e e
repeat’ o o 0 - R EiN
QA¥i=0 S e N . . R
hil=0" L




- an=cij+an .
ha=d jEbH

vdﬂ =11 j+d%

- papeat

snewllng -
" printlan)o,4 -
"pplﬁt(bn)o 4
print{cn)e, 4
f*pplnt(dn)o 4

vp“lnt(fﬂ)o 4
TnEso
fye o.ooos: R L

aI:dﬂ’ o
. .B2=eH

ay=F1
as=ch

. hewbine
L X .
;,pwlntzuj)o

. “' V"e\»lle‘y—'}
. prlwt(VJ)O {fﬂ%f’:
Cpeprat T
‘n‘ﬁ°ubln° : L
 Print
l"u peal.

; J-—']\I g . :
-:’DPlnT VJ)O 4,
<~pead(r)
o an=o.

el=0 Sl e v L
fil=o T RN UE I ER R S SR N DU |
j=r(1)t o e s ab
cj=uifity o ST T T T
di=wjgjai

eg=njhjng. oo T

wi=witind S e e
fi=ujfing .- S S E L ST v A
gi=wigihi - o e

ch=g j+cn -

en=fj+en .
Ti=gj+tn

printéen)o, 4.

aoc=an -
asi‘bﬂ

jump dqwn (r9 s)ﬁﬁf;ff<””
j=1(1

repeat .

VJ)° 4 o

l' L lflv v




jEila) e
ag=y ]

bj—wj/j

. Ci=wjz].
32 =3 j+al

.'Z bJ'A)1
CH=Cj+cn
da=y e
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au-aﬂ/dﬂ’

S has=phasdn

ci=cu/dh
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3
i
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O

pipint(nn)o

D“Lﬁf(aﬂ)o

orintlxn) o, 4

'ifend

Cclose
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“printécn)o, 4
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D imeasan o
yn==b

o zf=-g
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Cdvro o

‘g>10

Cwrro o
. X>10

11) Pead(dﬂ) -‘éif;jz ;§i  {{ €1} ;f” f 5 2;‘, C S

read(ai)
. repeat
Ci=1(1)9 -
iread(bl)
.;repeat

-repeat o
Sodr= bICI+02C2+b3C3
~da=bgcitbscath6cy - s
S dg= bz I+b802+b903 o

k

4!Pead(w1)f] BRI
" peadixi)

.repeat

‘bn=o

i= 1(1)k o R SHANE BRI N (I S

- gpi=a3yitaszi B i TR R
Chisxdedn oo o T e T e
an= w1f1f1+w1glg1+am Sl e e s ¢

. ban=wiflihi+bn Ui e e T e T
-~ cn=wigihi+cn -

Srepeat- LT
printban)o,q o T LT

printlcen)o, 4
“printl{un)e,a

>ez-aIbS+a“b6Qi'l~
. eg=aibB+azbo .
.84 83b°+a4b3~,y;'
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(._
m

Chaptero IR b : ,,_A,,.; e v , :
a>*1o - ,;ifg’ , j‘ : Lo s ‘a8 ;

c>10

e>10 . .
f>10

h>10 .

>iof

l—-I(I)Lr

=1(1)7
%ead(c%)
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Pead

réad(yi)y = S

am=o UL s Lt e e
AT e o

Cﬂ"‘

fi=aryi+aazi S

un:wifi+uﬂ‘ '?’t‘. ;: _f ,;"“-T:t!$h :J :;‘._?f‘ o ..‘. ?
newline

ppint(bﬂ)o'4 m
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“as=asbs¥asb6

N end s
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.1 . =0e367 ' 1e.037- O T

: .rz‘j-o.367 —0.518 ' - 0eg90- il 0
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B 4« I el

eod= a5b8+a4b9--

gé= b4 o S T el
T eg=hb7y o o . :
,Anew!ine
Cg=alag)s -
(prlnt(eJ)0.4‘
- repeat g

neviLine -

D j=nmeln) :
printlejlo, 4 -
- repeat - e ' RE
,xv—aﬂe7-bne1—cne4+une6dz—une5d3«£ E
S yn=ane8-bnez—cres+unesdz~uneéds

7= a:eg-bne3-cne6+une5dz—une4dz L

"éread(un)

adlen) =~ v ::?f; '”H | .'vi,‘;;7

'-;read(fn)

read(gn)

V= an—unun/wﬂ—xnxn/eﬂ—ynyn/fa zﬂzn/gn L
' mnewline i o .
. print(xn)o, s
,prlnt(yn)o,4
cprint{zn)o, 4
printd v)o 4.
8=84r
“read(t)
‘ Jumpx tes

.

f0;4i105;;‘;d.50¢47 t'-O 86572 -:6'86s7é  - —=0.50047
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n~-PROPYL. FLUORIDE == GAS

CH.,.CH,.CH,F.

2

3 cms. ges pressure in 70 cm. path length cell,

Molecular sieve desiccant,

RUN

No.
2020
2021
2014

2034}

2016
2017
2015
2032
2018
2019
2013
2033
2026
2027
2012
2029
2030
2024
2025
2011
2028
2022
2023
2010
2031

a29

FREQUENCY | RESTSTRAHLEN| BANDS OBSERVED.| COMMENTS,

\rawon(en ") PruTERS. ™Dy —

270-210 ILiF 4642 | Second order,
11 " n n
" " Wet sample,
" " Vac BG.

370-230 2Na P 321, 307,294 (P,Q,R)
" " 276,262 (P,R)
w " Wet sample,
n i . Vac BG. ,

260-170 2NaCl 222,213,197,183} 213=0-1 (Q)

230-170 “ 222,213,197, 183 K

260-170 " et sample.
" " Vac BG.

200-120 2KC1 148,139,129 (P,q,R)
. " oo Repeat of 2026,
" " Wet sample. ‘
" " Vac BG.
" " Vac BGe.

150-I00 2KBr 146,139,130 2026 better.
n 11] 1" n it
" " Wel sample,
" " Vac BG.

150-80 KBr/XQ 148,139,127 (P,QyR)
n " 110,977,84? ?=weak.
" " Wet sample,
3 | v Vac BG.



n~-PROPYL CHLORIDE in a CCl, MATRIX.

830

Cryostat used. I or 2%1nolar4solution as indicated.
"TRUN | FREQUENCY |RESTSTRAHLEN | BANDS OBSERVED.! COMMENTS,
No. |RANGE(cm™ )  FILTERS. (en™T)
1286} 190~130 - 2KC1 clear. 1%
1287 " o Vac BG.
1284] 150-105 2KBr 135,121 %
1285 " " Vac BG.
1282 190-90 XRS5/%0, 156,127,115,109,97 I# I27=real.
1283] v " Vac BG. '
1461}200-120 2KC1 clear. vure 0014.
1462 " " Vac BG.
1459} 150-100 2KBr clear. | pure 0014.
1460 " " Vac BG.
1463| 180-80 KRS5/XQ 154,115,110,98 | pure 0014.
1464 J " Vac BG.
1465 370-230 INaF (316vs) 250 pure 0014.
1466 " " Vac BG.
T14671270-175 2NaCl 250 (218) pupe 0014.
1468] v " Vac BG. ] |
1454/ 370-230 INaF 365, 316, 298, 2477 2% ?=doubtful.
1455 " " Vac BG.
1456} 270-175 2NaCl 2477,234?,219 | 2% ?=doubiful.
1457 “ " Vac BG. |
1452]190-90 185/XQ 156,127,121,110{ 2% 127,I2I=real.
1453 n " Vac BG, Both formsltrapped.
1450{190-125 2KC1 153 2% not reél.
1449| I50-105 2KBr Vac BG. L
1447 u " confusing. 2%
1448) v " t 2%



a3l

n~-PROPYL CHLORIDE _~-~ GAS CH3.CH2.CH201.
70 om, path length cell.

22 cme. gas pressure and molecular sieve desiccant used

except where

stated otherwise.

RUN |FREQUENCY | RESTSTRAHLEN| BANDS OBSERVED.| COMMENTS.
No. IRANGE(em™ )| FILTERS. (em™ 1)
10271370~-230 2NaF 328 2417 P205 desiccant
1028 n " Vac BG. decomposed the

1 1029} 300-190 INaCl 247,228,207,187 halide giving

| 1030 " " Vac BG. HC1,
1024{190-90 IKBr 146,125,704 "

1 10264190-80 KRS5/%Q 104 83 "
1025 " " | not plotted. "
1045}370-230 | 2NaF 284 248,237 Caso4 desiccant.
1046 L " Vac BG. "
1047 " INaF ‘not plotted. "
1041 }300-190 INaCl 280,248,237,211,2I7sh *
1042] v " Vac BG. - "
1043{150-100 2KBr 134,122 TI40sh | "
1044 ™ " Vac BG. '
10481190-80 RS5/%0 142,120 1I0I unreliable.
1049| " Vac BG.
2557 |160-100 2KBr 121,732 139sh | I4cms. pressure.
2558 " " i n " n
2559 " " it i i Tems. pressure,
2560 " " neooou n 2cms, presgure.
2561 " " Vac BG.




a32

n-PROPYL, CHLORIDE ——— LIQUID CH ,ggztgg Cl,
RON | FABOUENCY | RESTSTRAHIEN| BANDS OBSIRVAD. |- COMAENTS.
No. |RANGE(om™1)  FInTERS, (em~ 1)
780b{ 450~340 ILiF 426 367
780¢ " " " n repent of T80b.
780a. " " BG, |
514 }370-230 2Na P detector cone out of position.
512 " " 294 248
51T i " BG.
517 $290-I90 INaCl 285 248 213 edge of reststrahlen.
515 it " BG‘. ,
516 " n sample evaporating.
522 1160-90 IXBr 136 124 1082 { ?=doubtful.
521 {160-105 " sample evaporating.
520 {160-90 " _ BG.
519 n IXC1 T41 124 I077? ?=doubtful.
518 " " BG.
525 |150-80 KRS5/CsT 136 127 109? ?=doubtful.
523 {150-60 " BG.
526 " " BG.
24271450-340 TLiF 425 363
24261 " o BG.
24281370-230 2NaF 363 293 247
2424 m on BG. ~
2429)1250-I70 2NaCl 250 2317 215 ?=doubtful.
2425 " " BG.
2433(160-100 2KBr 139 127
2430 " " BG.
2432 {160-95 IKBr 1489 140 127 ?=doubtful.
2431 " | BG.
2434 |150-70 KRS 5/%Q I4T 122
24 35 1 ] B4Y.
2350 {150-I100 2KBr 139 128
2351 " " BG.
24181 v - 139 I26 repeat of 2350,
2417 ] " BG.
2546 |150~90 KBr/X0 cell 140 126
2547 " " cyclohexane BG.
25481 n " 140 126
2551 i i cyclchexane BG.
2555 1370-230 2NaP 291 247 dilute nujol soln,
2556 n " nujol BG,




alil

n~PROPYL CHLORIDE =——— SOLID CH%.CH2.CH201-
RUN | FRTZQUENCY RESTSTRAHLEN | BANDS OBSERVED. | COMMENTS.
No. {RANGE(em™Y)| FILTERS. (en™1y
553 1360-230 | 2NaP 250 not frozen,
551 " I 296 248 | not frozen.
550 b " BG.
891 | 360-220 " unreliable.
890 L L BG,
895 |300-200 INaCl 246
894 " " BG.
889 |430-340 ILiP 367
888 " " BG,
893 | I80~-100 IXCc1 not frozen.,
892 " L BG.
885 | 300-200 NaCl 1 not frozen.
884 1" " BG.
887 | 160-T1I0 IKC1 not frozen,
8 | n K BG.
24541 375-225 2Na F 362 251 23772 also weak absns.
2448 " " 362 251 at 337,327?72
24491 375-280 " 363 ‘
2451] n 3G,
24531240-165 2NaCl 240 209w edge of reststrahlen.
2452 g BG,
2458| 200-120 2KC1 147
2457] 150~-105 2KBr I50 126w edge of reststrahlen,
2456 n n I50 I26w repeat of 2457.
2455| 150-90 IKBr I50 122 I07? ?=doubtful,
2459 120-60 KRS 5/X2 109 93 83
2460 M " BG.




n-PROPYL BROMIDE

- GAS CH

3.CH2

Tcms. gas pressure in TOcm. path length cell,

Molecular sieve desiccant,

ald4

.CHQBI‘.

RUN |FREQUENCY {RESTSTRAHLEN | BANDS OBSERVED. | COMMENTS.
No. IRangE(cm™Y)!  PILTERS, (en~T)
1872]245-180 2NaCl 220,208 197,192 best run,
1873f v i 222,209 197,192 Repeats of I872
1874] v n 218,207 197,192 at various|
1875 n n 218,207 197,192, stages of |
18176 " " 218,207 197,192 drying.
1870 " Vac BG.
1871 " " Vac BG.
1856 155~100 2KBr 127,117
1868} " 127,115 better run,
1867 M " Vac BG.
1869 n " Vac BG.
n-PROPYL TODIDE -—-- GAS ~ CH,.CH,.CH,I.

3cms. gas pressure in TOcm. path length cell,

Molecular sieve desiccant. ‘
RUN |FREQUENCY |RESTSTRAHLEN | BANDS OBSERVED. | COMMENTS,
No. |RANGE(om™T)! _FIiTERS. (o™ 1) ,
1860 {240-170 2NaC1l 203,193 doublet.
1861 m L Vac BG.
1863 |150-100 2KBr | 140,127,116,107?| ?=doubtful.
1862 " " 140,128,115
1864 " n . Vac BG.
1865 " Vac BG.




n-PROPYL BROMIDE —-— LIQUID

a35

‘ . CH, .CH,.CH,Br.

RUN | FREQUENCY }RESTSTRAHLEN | BANDS OBSERVED, | COMMENTS,

No, | RANCE (om™I)  PILTERS, (en )

738 | 450-350 ILiF 208

740 " L BG.

730 | 370~-230 2NaF 314 270

1731 "o " BG.

732 | 300-190 INaCl poor run,

733 " " B@.

134 i n 276 224 repeat of 732,
735 | 260-190 " . 224 "

736 | 300-I90 " BG.

742 | 160-105 IKBr 140? 129 II3 ?=doubtful.|
745 " " BG. ‘
743 " " sample evaporating.

746 | 190-I00 IKC1 1407 132 112 ?=doubtful,
751 om " BG. '
12711 v n 1487 132 1I6 ?=doubtful.}
748 " " 1487 I35 II6 "

727 1180-90 2KRS 5 Uselegge—m——

126 " " higher orders.

729 " " BG.

883 | 150-100 IXBr I3 111

881 " n BG.

880 " " 133 IIO0 repeat of 883,
878 y n BG. |
2436| 370-230 oNaF 313 273 better than 730.
2443 " BG.

2414] 150-100 2KBr 128 113 unreliable.
2412 o " BG.

2356] i 135 1I2 repeat of 2414,
2358 " BC. l
2549 150-90 KBr/XQ cell | confusing.

2551 " " cyclochexane BG,




n—PROPYL BROMIDE -——-— SOLID

CH, +CH, . CH,Brs

RUN |FREQUENCY | RESTSTRAHLEN [ BANDS OBSERVED.| COMMENTS,
No. |pANGE(om™Y)| FILTERS. (en™T)

897 |440-340 ILiF clear.

896 " " ‘BG.

201 }370-230 2Na P 312 273vw glass formed?
900 " " BG.

899 |300~190 INaCl 224

898 n n BG.

904 |190-60 2KRSS5 106? 942 66 ?=doubtful.}|
903 " " BG.

902 " " BG.

2440} 370-230 2NaF 312 273w 230

2436 " " 313 273 230 | liquid run.
2443 " " BG.

2439|260-170 2NaCl 225 184

24371240-180 " 223 liquid run.
2438] L BG.

2444]230-160 " BG.

24411150-105 2KBr 130 113 glass formed.
2446 " " BG,

24421120-70 KRS5/XQ IIT 96

2445 n " BG.

a36

edge of reststrahlen,




n-PROPYL IODIDE ——- LIQUID  CH,.CH,.CH,I.
RUN | FRENUENCY | RESTSTRAHLEN | BANDS OBSERVED.| COMMENTS,
No. | RANGE (em™ 1) FrLmERS. (m™Y) 1
767 | 450-350 ILiF 396
766 D ¢,
770 | 370-230 2NaF 290 264
769 " " 288 268 poor run,
768 " " BG.
772 | 310-230 | 1MaCl 290 266 repeat of TT3.
713 " " POOT TUR,
7714 o BG.
1536f 300-185 n 286 262 200
1535 " RG.
1859| 220-180 2NaCl 203
{ 1858 " " BG.
© 765 | 300-I90 INaC1 290 263 232w 196 poor run.
764 " " BG.
763 }180-90 IXC1 I31 confusing.
762 o o BG.
761 " IKBr 132 117
760 " " BG.
59 " " BG.
779 | I50-90 2KRS35 uscless,
(A " | ®c.
715 " " usecless,
718 " " BG,
2410| 150~105 2KBr 133 then a fault.
2408 " n poor and unreliable.
2407 " o BG.
2550{ 150-90 KBr/i0 cell 133 121
2551 " ' " cyclohexane BG.

a37



n~PROPYL

IODIDE -——— SOLID

CE .GHQ.CHQI.

RUN | FREQUENOY | RESTSTRAHLEN | BANDS OBgERVED. COMMENTS .
No. | RANGE(em™T)| FILTERS. (en™D)

993 | 440-350 ILiF 396 - not frozen.
992 " " BG.

G9I | 370-230. 2NaF 288 260 not frozen,
990 " L BG,

989 " " BG,

912 L " 208

911 " n BG.

914 |280~180 INaCl 203

913 | ™ ¥ BG.

918 | 19060 XRS5 147 82 66

917 " g BG.

2465| 370230 oNaF 288 262vw Both forms
24611 ¢ " BG, present?
2464} 260-170 oNaCl 205 190w better than
2462 " nooom

2466] 150-105 2KBr 146

2467} 120-70 KRS5/X0 1047 80 " ?=doubtful,
2463 ® " BG.

a38

914.



ALLYL CHLORIDE

———

GAS

CH2=CH.CH201.

a39

70cm. path length cell with polythene windows unless

gtated ctherwise.

Molecular sieve desiccant.

¥%=PTFE windows. *¥=6cms. ga8 pressure.

RUN |FREQUENCY |RESTSTRAHLEN | BANDS OBSZRVED.| COMMENTS,

‘Wo. |RANGE(cm™™)| FILTERS. | (em™ %)
1748} 370~230 2Nap 3I6vu, 288,280 244wvw * (wet).
1747 " " " noomoowm 3cms.(wet)1
1749 " " Vac BG.
1744y " unplotted.
1745) " " "
1746 " " "
1741 " . Vac BG--polythene BG—~PTFE BG.:

I50~I05 2KBr Water bands present.

175I]370-230 2NaF 316vw 288,280 244vw Icm. (wet) **
1750 " " Vac BG. st
1742 " " 316 285 244 I5cms, (wet) **
1743 " " Vac BG. ¥
I756|150-90 KBr/X0 132,127,113,104,1I00 *
1757 " " Vac BG.
1754 " " 13I,127,116,104,I00 * PTFR windows.,
1755 " " Vac BC. ’
1752 " " 131,127,120,704,I00 * PTFE windows.
1753 " n Vac BG.
1767|440-360 ILiF 404 broad I2cms.
1766 " " VacBG. ,
1760{370-230 2NaF 3T6vw 288,280 2/4vw 3cms.
T761 " " 3I6vw 288,280 240vw  *
1762 " " Vac BG.
17641150-110 2KBr 127,119 I2cms.
1765 u " 127,120 "
1763 " g Vac BG.

- 1759|150-90 KBr/XQ 129,120 I2cms.
1758 " "o Vac BG.




a0

ALLYL CHLORIDE —-- LIGUID or NUJOL SOLN. CH,=CH.CH,Cl.
. =hnujol solution. I=liquid,

RUN | FREQUENCY | RESTSTRAHLEN| BANDS OBSERVED,| COMMENTS.

No, |RANGE(cm ~)  PILTERS. (em™)y |

I7I9} 440-360 ILiF 410 N

1718 ¢ " BG,

I7I5{370-230 | 2NaF 288 244vw N v.thick. .
1714 it " BG,

I7Y7 n INa P 288 N thick.
1716] " " BG.

1740] 240-175 2NaCl clear N

1739 n " B, .

1738{190-120 2KC1 DPOOTr run, N

1737 f " BG.

1736} 150-110 2KBr wot. W

1734 ] n . BG'

1733]|150-90 CsI/X0 122 N unreliable.
1732 " " BG.

1729 i . KRSB/XQ confusing, N unreliable.
1728 " " BG.

1726{120-60 20s1 96 N 286/3

1727 " g BG.

1723|150-90 KBr/%o 136 7I8 7I3 99 | N confusing and
1725 n " 136 124 113 99 | N wunreliable,
1724 " " BG.

1722 i n BG.

24901 450-360 ILiF 406 L Njcooled.
2486 n n BG. ’

24881 370-230 2NaF 292 L Nycooled,
2487 i " BC.

24891240-~175 2NaCl clear. L Nzcooled.
2485 gl " BG.

24941190-150 2KC1 clear. L Nzcooled.
2491 " n BG.

2493{150-100 2KBr 1307 120 L ?=doubtful,
2492 " " BG.

2495|140-95 KBr/Xn 119 L repeat of I725.
2498 g " BG. !
2496 | 100-60 KRS5/%Q General absorption. L confusing.
2497 0 " BG. !

2552 | 150-90 KBr/XQ cell 120 L

2553 H " cyclohexane BG.



a4l

ALLYL CHLORIDE -——— SOLID CH.=CH.CH,.Cl. R
| RUN |FRENUENCY |RESTSTRAHLZN [ BANDS OBSERVAD.| COMMANTS.
' No, IRANGE(em™ ) Frimmrs, . (en” 1) N
2528| 440-350 ILiF 106
25271 370-230 oNa P 292 248w medium.
2533 " " 292 248s thick.
2533H270-230 oo 2/8s v.thick.
2529}260~170 2NaCl inconsistent.
2532 n n n
2531 " " BG.
2536} 190-120 2KC1 136 thick.
2539} 150~105 2KBr too thin.
2540 " "o BG.
2537{140-90 KBr/XQ General absorption——too thick,
2538 " " unreliable. '
2525 " " too thin, . repeat of 2538,
2534{105-60 KRS5/X0 - 83 70 thick,
2526 g " 84 69 thin.
2535|I150-90 IKBr not plotted.
ALLYL IODIDE -—--— SCLID _ CH,=CH.CH,I.
RUN |FREAUENCY [RESTSTRAHLEN BiDS OBSERVED, | COMNRNTS,
No. IRANGE(om 1)} FILTERS,  (en”hy
24701220-330 ILiF 386
2483 \ n In BG.
2484 " " BG.
2468|370-225 2Na F 248 235sh
2481 " " BG,
22691265-165 ]2NaCl 248 235sh
2482 " n BCGe
2472}190-120 2KC1 116 136
2480 1] " BG,
2471{150-100 2KBr IA4 135 12Iw
2479. " " BG.
24771 i n BG. electronics faulty.
2473}120-90 {KBr /X0 poor run,
2,761 ¢ " BG, }
2474]105-60 |xmr85/%0 79 12
2475 1" n BG.




ALLYL BROMIDE ~—-

GAS CcH

T0cm. path length cell,

2

aq2

=CH.CHZBr.

Molecular sisve desiccant.

RUN [FREQUENCY | RESTSTRAHLEN BANDS OBSERVED, | COMMENTS,

No. IrANGE(em™Y)l FILTERS. (en™) .

1932]450~350 2LiF bad interference.homs. pressurs,
1933] '- '- "

1934 ¢ " Vac BG.

1935f ® " Vac BC.

19381{370-230 2NaF 254,243.5 5cmS. Pressurc.
1939 " " 254,242 "

1940] " Vac BG.

1941 B " Vac BG.

1936{270-180 2NaCl 253,242 5cms. pressure.
I937y " " Vac BG.

1958{130-60 KRS5/XQ 119 and interference, I2cms. pressure.
1959] " " Vac BG.

1956}1150-90 KBr/X0 interference, I2cms. pressure.
1957 " Vac BG.

1955}190-120 2KC1 bad interference., I2cms, pressureJ
1953 " " " "

1954 " n Vac BG.

1950]150-100 2KBr bad intorference. I2cms. pressured
1951 " " " "

1952 n " Vac BG.

1964|370-230 2Na P 253,242 . 8cms . pressurc.
1963 " R 252,244 I2cms., pressure,
1965 n " DOOT Trun. 4jcms. pressure.,
1966 " " Vac BG.

1960} 450~350 2LiF 390 I2cms. pressure.
1961 v, n Vac BG.

1962 it it Vac BG,.

I967f270-I70 2NaCl 254,242 I2cms. pressure.
1968 i " Vac BG,

19441200~130 2KC1 clear, S5cms. Pressure.
1945 " " Vac BG. '




ALLYL

a4l

BROMIDE (GAS) ....continued...e

Surce.

RUN |FREQUENCY |RESTSTRAHLEN | BANDS OBSERVEDi,‘COMMENTS}

No. IRANGE(em™ )i FILTERS. (om™ )

1942{150-105 | 2KkBY 132,120 Scms. pressure,
1943} v " Vac BG.

1946]125-85 XBr/XQ 120 Scms. pressure.
1947 o L Vac BO.

1948{125-70 KRS5/%Q TII9 and interference. Scms. pres
1949f » " Vac BG.

23441190~125 2KCL , Poor and Tems. pressure.
2345 n n unreliable, n

2376] " Vac BG.

23411150-1C0 2KBr 133,119 Tems. pressure,
2342 " 4 133,120 n

2343 " " Vac BG,

2339{125-85 Br/XQ 119.5 Tems . pressure,
2340f L Vac BG.

23371130~60 KRSB/XQ I19.5 and interference. Toms. pressurec,.
2338 b " Vac BG,

2365{190-130 2KC1 - I34 6oms. pressure,
23641 0 Vac BG.

23672150~105 2KBr 134,120 fcms. pressurc.
23670 n i 138,122 PoOr Tun,

2366 " " Vac BG.

2369 1120~80 KBr/XQ confusing. 6eme. pressurc.
2368 i " ® Vac BG.

2371 |125-60 KRS5/%Q 119 and interference, 6cms. pressure,
2370 " i Vac BG.




244

ALLYL BROMIDE ——— LIQUID or NUJOL SOLN, CH2=CH.CH2Br.
N=nujol solution. L=liquid.
RUN {FREQUINCY RESTSTRAHLEN BANDS OBSERVED, { COMMENTS,
No. 'RANGE(cn~ )| prurERS, (en~ D)
1973 {440~340 2LiF 388 N
1975 " " 392 1N repeat of I973.
1974 n " BG,
1969}370-230 2Na 251 N
1970 i " BG.
1971 1260~190 2NaCl 251,224w sh,2I0w N
19721 " Bé. | |
1984 |140-90 KRS5/XQ 120 and absorption below 80cm ~. N
1985 it " BG.
1982 }125-85 " 119 997 N ?=doubtful,
1983 " LU BG,
2381 [190-120 2KC1 clear. L
2378 g " " BG, g
1978 {190~-130 " clear. iy
1979 f Y " BG. .
- 2386 }150-105 2KBr confusing, L
2383 " " BG. [
1976 " " . I20 { N poor run,
1977 ] " BG, |
1986 §105-60 2KRS5 8. {n -252/3
1988 " " BG.
ALLYL BROMIDE ——— SOLID CH,=CH.CH,.Br. .
RUN FREQUENCY RESTSTRAHLEN &N%S OBSE§VED, COMMENTS,
No. RaWeE(om™ ) FILTERS. (em~ 1) |
2499 1430-340 ILiF 396
2523 L " BG.
25171 |300-230 oNaF 266 258sh
25101 ® on 266 258sh repeat of 25171,
2500 {370-230 2Nal 266 too thick,
2522 u ] i na. ‘ ‘
2512 {265-160 2NaCl 265 227 edge of reststrahlen.
o524 " BG.
2513 |180-160 " clear.
2514 j190-120 2XC1 IAT
2521 " " BG.
2515 |I50-105 2KBr 14T I124vw
2520 " BG.
2516 $130-85 KBr/XQ I24vw 98
2519 " " BG.
2517 {105-65 KRS5/%Q 94 18
2518 n " BG.



ALLYL IODIDE ~-- LIQUID or NUJOL SOLN.

a45

CH,=CH.CH,I.
N=nujol solution, IL=liquid.

RUN |FREQUENCY ESTSTRAHLEN | BANDS OBSERVED.{ COMMENTS.

No. IRANGE(cm™ ')  PILTERS. (em” 1)

2006 |450-340 PLiF 38T N

2007 " " BG.

2004 ; " " interference, N

2005 " " BG.

20081205-175 ILiF 380/2 ¥ second order,

2009 " " RG,

2000 |370-230 2NaF 230 N

2001 " " BG.

2002 {270-170 2NaCl . 229 N

2003 " " 3G,

1995{190-120 2KC1 clear. N

1994 " " " N repeated I995.

1996 g " BG.

1997 {I150~105 . 2KBr ~ poor Tun. N reveated I1998.

1998 " n 1207 III ¥ I20 doubtful.

1999 f 1 BA,

1992 |1I15-90 XBr/X0 112 N edge of reststrahlen.

1993 n 1"t BG.

1987 |100~60 2KRS5 76 ¥ 229/3

1988 " " BG. i

1989 |150-75 KRS5/XQ 112 997 | ¥ ?=doubtful.

1990 " " 112 N

1991 n n BG.

2363 |150~95 KBr/xQ 115 R

2362 " " BG.

23951130-65 KRS5/XQ 115 N

2392 W n ‘ BG.

2380 {190-120 2KC1 clear. |y

2378 " " BG. :

2385 |150~105 2KBr DOOr TUN. | L repeated 2478,
2383 " " BG,

2478 " n 112 {1

2479 i n BG. .
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