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SUMMARY OF PROGRESS

Gerard P. Kuiper1 has pointed out that the Jovian atmospheres are expected

to contain HZ’ He, NZ’ HZO’ NH3, CH4, Ar and possibly SiH4. He has also listed
a number of other gases that should be considered because they are composed of
fairly abundant atomic species and have boiling points below 120°C [see Table 8,
pg. 349-350 of reference (1)]. He has also pointed out that until more is known
about the atmospheres of the planets, it is useful to keep a fairly large number
of possible constituents in mind in planning further spectroscopic work.

We have been studying the vibrational spectra from 4000 to 33 cm'1 of several
molecules which may be pfesent in the atmosphere of the Jovian planets. These
studies have been made to provide vibrational frequencies which can be used to:
(1) determine the compositions of the cloud covers of several of the planets;

(2) provide structural information under favorable circumstances; (3) provide
necessary data from which accurate thermodynamic data can be calculated; (4) and
furnish information as to the nature of the potential energy function of the
molecules and forces acting within them. »

Some of the molecules which we have studied can be produced photochemically
from methane, ammonia, and hydrogen sulfide which are thoughtto be constituents
of the planets with reducing atmospheres. Some of the compounds will polymerize
under ultraviolet radiation and drop out of the atmospheres. However, planets
-with a hot base, like that of Jupiter, may rebuild molecules destroyed photo-
chemically. Therefore, we have used these criteria in selecting the compounds
which we have studied. In our initial work on the vibrational spectra of molecules
of astrophysical interest we studied hydrazine2 and methy]amine.3 However, there
are several other small molecules which contain hydrogen, carbon and nitrogen
which also should be possible constituents of the reducing atmospheres and we

previously selected methy]hydnazine4, unsymmetrical dimethy1hydrazine5,

. .7 . 8 ‘
symmetrical dimethylhydrazines, propylene imine’, 1-pyrazoline”, and HNCS and
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DNCS.” In our continued study of nitrogen containing compounds, we have completed

our work on azomethane and azomethane-ds. A copf of the paper on this study as
submitted to the Journal of Chemical Physics can be found in Appendix I.
Closely related to these nitrogen containing compounds has been our work on

the carbonyl containing molecules. We have previously reported work on carbon

10 1 12, Y-butym]actane“s

]5, oxalyl

and oxamide18¢ We have not

trioxide =, trifluoromethyl peroxide

12 13

» ethylene carbonate

, glyoxa1]4, oxalyl bromide

biacetyl), thiooxamide 8

cyclopentanone =, oxalyl chloride

f]uoride16, 2,3 butanedione17 (

concluded any further work in this area during this reporting period; however,

studied are in progress on oxalylchlorofluoride and oxamic acid.

19

In a previous far infrared study °, we analyzed the spectrum of the ring-

puckering vibration of 1-pyrazoline and determined that the barrier to the planar

conformation was 113 cnf1 by using a potential function of the form:20
vk 2
V= ASX + (Bs - Dy + Ht)x . (1)
The As and Bs coefficients result from the angle strain, whereas the Dt and Ht

terms represent the torsional repulsions. The magnitude of the inversion barrier
in l-pyrazoline (113 cm']) was compared in a qualitative fashion with the 232 <:m'"“K
barrier previously determined for cyc1opentene.2] By assuming that the torsional
forces in the two rings were comparable, the barrier height difference was
attributed to an increase in angle strain at the a-positions of 1-pyrazoline.
It should be noted that it is the ring strain which tends to make the ring planar
and the puckering results so that the torsional interactions are minimized.

There is 1ittle doubt that the Dt term is essentially the same for both
1-pyrazoline and cyciopentene since it represents the CHZ-CH2 torsiona] force.
The Ht term, however, results from the torsional force about the CHZ-X bond

(where X = N for 1-pyrazoline and X = C for cyclopentene) and may differ for

each ring. One should be able to deduce the relative magnitude of H, in the
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respective cyclic systems by correlating it with the torsional barriers in
analogous open chain molecules. For example, the methyl torsional barrier in
propylene should permit a reasonable estimate of Ht for cyclopentene, whereas
the barrier in azomethane will provide similar information for T-pyrazoline.

Microwave investigations of propy]ene22

have shown that the CH3 rotational
barrier is 1.98 kcal/mole; however, there is no published data relating to the
torsional barrier in azomethane. For this reason, the present study of CHBNNCH3
and CD3NNCD3 was initiated.

There have been two previous vibrational studies of azomethane23’24 but these
are quite incomplete and there was no mention of the interesting torsional
vibrations. Additionally, the earlier investigations were made without the
benefit of isotopic substitution; consequently, there is some uncertainty in the
proposed vibrational assignments. For example, West and Ki'Ih‘ngsworth23 suggest
that a Raman line at 1442 cm'] results from the N==N stretching motion rather
than a CH3 deformational mode. Such a description does not appear to be con-
sistent with what is now known about the N==N moiety] since the "group frequency"
appears to be 1555 t 30 cm-1. A definitive assignment of this vibration should be
possible by simultaneously studying the spectrum of CD3NNCD . Dipole moment and

3
25,28 jndicate that the methyl groups in azomethane

electron diffraction studies
are trans and the earlier vibrational data suggests mutual exclusion,

The infrared and Raman spectra of CH3NNCH3 and CD3NNCD3 have been examined
in detail. A vibrational assignment is suggested for the 24 fundamental modes
which is consistent with the molecule having C2h symmetry. The spectra on the
polycrystalline samples provide evidence that there are at least four molecules
per unit cell since a number of the bands were observed to be split into doublets.
The crystal also appears to have a center of symmetry since mutual exclusion is
clearly operative. The b_ and a, torsional fundamentals were observed at 223

g
and 222 cm'], respectively, for the normal molecule. From the 1«0 frequencies
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of the a, torsion in solid CH3NNCH3 and CD3NNCD3 internal rotational barriers
of 2.69 and 2.60 kcal/mole were calculated, respectively. The Thermodynamic

properties have been calculated for gaseous CH3NNCH3 and are presented in Table 1,
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Future Work (NGR-41-002-033)

We are continuing our investigation of the vibrational spectra of small
molecules which may be possible constituents of the Jovian atmospheres. The
data will be used to calculate thrmodynamic properties, force constants, and
other useful molecularproperties when possible. At present work is continuing
on oxalylchlorofluoride and oxamic acid in our study of molecules containing
carbonyl. Work is also progressing on dimethylphosphine and dimethylamine, both
of which fits the criteria as a possible constituent of the Jovian atmospheres.
We have also initiated studies on nitric oxide dimer (NZOZ) and perfluoro-

nitrosomethane (CF3N0) which also satisfy this criteria.
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Table 1

Thermodynamic Calculations for Azomethane*

S =(F-Ho)/T (H-Ho)/T Cp
Temperature = 298.150°K
Translational 38.093476 33.125551 4,967925 4.967925
Rotational 22.202630 19.222880 2.979750 2.980755
Vibrational 3.690686 1.191163 2.499523 6.843150
Total & Internal Rotation 69.801660 56.319998 13.480492 19.262215
Temperature = 400.000°K
Translational 39.553389 34.585464 4.,967925 4.967925
Rotational 23.098572 20.098572 2.980006 2.980755
Vibrational 6.274002 2.146672 4.127329 10.990044
Total & Internal Rotation 76.019464 60.558517 15.459778 23,210729
Temperature = 500,000°K
Translational 40.661950 35.694025 4,967925 4,967925
Rotational 23.743714 20.763558 2.980155 2.980755
Vibrational 9.161831 3.256785 5.905046 14.982991
Total & Internal Rotation 81.597353 64.219871 17.37614 26.845160
Temperature = 600.000°K )
Translational 41.,567709 36.599784 4,967925 4.967925
Rotational 24.,287170 21.306914 2.980255 2.980755
Vibrational 12.214797 4.494108 7.720690 18.532801
Total & Internal Rotation 86.779879 67.556201 19.222508 30.052406
" Temperature = 700.000°K
Translational ' 42.333519 37.365593 4,967925 4.967925
Rotational 24.746655 21.766328 2.980327 2.980755
Vibrational 15.308115 5.818053 9.490062 21.603715
Total & Internal Rotation 81.625698 70.648642 20,975888 32.844702



Table 1. (continued)

Thermodynamic Calculations for Azomethane*

S -(F-Ho)/T (H-Ho)/T Cp

Temperature = 800.000°K

Translational C 42.,996892 38.028967 4,967925 4.967925
Rotational 25.144680 22.164299 2.980380 2.980755
Vibrational 18.370001 7.196256 11.173745 24,249779
Total & Internal Rotation 96.170902" - 73.563960 22.605773 35.262694
Temperature = 900.000°K

Translational 43,582029 38.614104 4.967925 4,967925
Rotational 25.495762 22.515340 2.980422 2.,980755
Vibrational 21.361244 8.604737 12.756508 26.531238
Total & Internal Rotation 100.454852 76.308249 24.145432 37.365777
Temperature = 1000.000°K

Translational | 44,105453 39.137527 4,967925 4,967925
Rotational 25.809816 22,829360 2.980455 2.980755
Vibrational 24,261008 10.026193 14.234815 28.499582
Total & Internal Rotation 104.481505 78.936133 25.544660 39.199986

* 13 » - " o a
These calculations were made using gas phase frequencies and assuming all vibrations

~to be harmonic except the methyl torsions. S g
geometry: r(N==N) = 1.247A, r(C—N) = 1.482A, r(C—H) = 1.105A, and &£CN

Assuming the following molecular

N
the moments of inertia IA = 121.5, IB = 115.7, IC = 12.3 and Ired = 2.51 (AMUJA® were
calculated and used in these calculations presented.

= 112.3%



Appendix 1
Vibrational Spectra and Structure of Azomethane and Azomethane-—d6

ABSTRACT: The infrared spectra of gaseous and polycrystalline CH3NNCH3 and

CD3NNCD3 have been recorded from 33 to 4000 cm']. The corresponding Raman
1

@

spectra of the liquid and solid samples have been measured from 100 to 4000 cm”
The vibrational data provide definitive verification of a trans structure with
C2h symmetry. A vibrational assignment is proposed for the 24 fundamental modes
based upon the observed band contours, isotopic shift ratios, and group frequency
correlations. The a, and bg torsional modes were assigned to bands at 222 and
223 cm"], respectively, and the internal rotational barrier of the methyl group
was calculated to be approximately 2.7 kcal/mole. A number of the internal
fundamentals were observed to be split into doublets in the spectra of the solids
which suggests that there are at least four molecules per unit cell in azomethane.

The inversion center is apparently retained in the crystal since the rule of

mutual exclusion was found to be operative.




INTRODUCTION

1
In a previous far infrared study”™, we znalyzed tbe Qp&CEER% of

ring-puckering v1bration of l-pyrazoline and determined that the ba

to the planar conformation was 113 cm ! by using a p@tanti&l Funced
the formz:
== i I - b W 1
v ASA + (ﬁs Dt + Ht)x . (1)

The As and Bs coefficients result from the angle strain, whereas the

Dt and Ht terms represent the torsional repulsions. The mag mxi e of

-} . o
the inversion barrier in l-pyrazoline (113 cm ') was compared in.a qual

fashion with the 232 cm ! barrier previously determined for eyl

penteneB. By assuming that the torsional forces in the two rings s

comparable, the barrier height difference was attributed to an inc

in angle strain at the a-positions of l-pyrazoline. It should be ne

that it is the ring strain which tends to make the ring planar and t

puckering results so that the torsional interactions are‘mimimiw@%@\

There is little doubt that the Dt term is essentially the same
both l-pyrazoline and cyclopentene since it repregents the Cﬁgwﬂ&g
torsional force. The Ht term, however, results from thé tﬁr&iw&éé
force about the CHy-X bond (where X=N for l-pyrazoline and X=C @»,
cyclopentene) and may differ for each ring. On@ should be &hl& §§
deduce the relative magnitude of H in the respective cyelic gyetems
by correlating it with the torsional barriers in analogous open @h&ﬁ&‘
molecules. For example, the methyl torsicnal barrier in pr@pyi&a;
should permit a reasonable estimate of h for cyclopenteﬁe wh&w&gﬁ
the barrier in azomethane will provide similar information for I-

! e . . . 4 ‘
Pyrazoline. Microwave investigations of propylene. have shown' that

the CH; rotational barrier is 1.98 kcal/mole; however, there is no
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pubiished data relating to the torsional barrier in azomethane. For

this reason, the present'study of CH3NNCH; and CD3NNCD4 was initiated.
here have been two previous vibrational studies of azomethane™ *
but these are quite incomplete and there was nd mention of the inter—
eésting torsional vibrations. Additionally, the earlier investigations
were made without the benefit of isotopic substitution: consequently
there is some uncertainty in the proposed vibrational assignm@n§$5 For
example, West and KillingsworthS Suggest that a Raman line at 1447 om b
results frow the N=y stretching motion rather than a CHy deformatienal

mode. Such a description does not appear to be consistent with what

ot

5
&

. . . , , ;
now known about the =N molety” since the "group frequency" appears to
be 1555 % 30 e}, A definitive assignment of this vibration should be
possible by simultaneously studying the spectrum of CDaNNCD3. Dipole

- . . 7,8, '
moment and electron diffraction studies’’ indicate that the methyl

groups in azomethane are trans and the earlier vibrational data suggests

el

mutual exclusion.

EXPERIMENTAL

The samples of CH3NNCH3 and CDSNNCD3 were obtained commérc%a?%y

(Merck, Sharp, and Dohme of Canada, Ltd., Montreal, Canada)

by trap-to-trap vacuum distillation. The main contaminate was 602 &§§
the purification was followed by the relative intensity of the infrared
band at 672 cm™ . V

The mid-infrared spectra weve recorded on a Perkin-Elmer Mode]

621 spectrophotometer. The instrument housing was purged with dry
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alr to remove atmospheric water vapor. The spectrophotometer was
o

b

calibrated by using standard gases in the higher-frequency region
whereas the low&rmfrequéncy re;gionlO was calibrated with aimoép%@fﬁmk
water vapor. A 20 cm cell equipped with CsI windows was utilized
to record the spectra of the gaseous samples (see Fig. 1). The
Spectra of the polycrystalline samples were obtained by slowly
subliming the compounds onto a (s support maintained at liquid
nitrogen temperature (see Fig. 2).

The far-infrared spectra were recorded on a Beckman IR~11’
infrared spectrophotometer from 33 to 500 cm ! and the instrum@mt

. . 10 .
was calibrated with water vapor bands™ . A 10 m multipath call equipe

ped with polyethylene windows was emp loyed in the study of the gaseous
samples, whereas a cold cell which utilized a silicon support was used n%kafQ
in the study of the solid materials (see Fig. 3). The silicon plate
was maintained at liquid nitrogen temperature and the samples were S '<;' ,}
Tepeatedly annealed. |
The Paman Spéctra were recorded on a Cary Mod?l 81 Raman'sy%cﬁrmw
photometer equipped with a spectra-Plhiysics Model 125 He-Ne laser for
excitation. The instrument was calibrated with the emissien‘linﬁs
from 2 neon lamp over the spectral range 0-4000 cm ', and the fre-

quencies for all sharp lines are expected to be accurate to *+ 7 em Ay

g

For the Tow temperature solid study, samples were deposited at -170°C onto

the face of a movable brass piston mounted in a cold cell similar to th

one described by Carlson!| (see Fig. 4). The Raman spectra of the Hqui
phases were obtained from samples sealed in capillary tubes and maintained
at room temperature (see Fig. 5). Polarization data were obtained from

the Tiquid samples on a Spex Ramanlog utilizing ninety degree scattering.
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RESULTS AND DISCUSSIGN

it is likely that azomethane has Cy symmetry since previous

i [
[#}

studiesS’;’" have indicated that the methyl groups are Erans to ome ancther,
Thus, the molecule is e#pected to have an inversion center and the prin-
ciple of mutual exclusion should be operative. A comparison of the
infrared and Rawan frequencies (see Tables 1 and 11) reveals no

coincident frequencics for the skeletal modes and it is concluded thar

the molecule does indeed have a center of inversion and be

Coy, voint group. Under Cpp symmetry the fundamental vibrations of

CH3NNCl g belong to the following irreducible representations:
£

e A H ) P
Sau + 4b o+ 7bu. The gerade (g) and ungerade {(u) subscripts specify
t & ‘ . )
which of the normal modes are Raman or infrared active, respectively.
Fheoretically, the hvdrogen motions should give rise to 18 of the -

fundamentals modes (5a + éau + 4b7 + 5b ) whereas the remaining 6
f u -

or
<o

2

vibrations resuit frow motions of the skeletal framework (3a + Zh + E%t}
g i )
o order to tine the theoretical Teller-Redlich produce |

rule ratios for vibrational assigoment purposes, it is necessary
to calculate the moments of inertia. A recént eleetron diffraction
study has provided the necessary structural parameters and Table IIT
sumparizes Laose quantities as well as the resulting moments of inertis

for both "d," and "d." azomethane. The axis of the Targest moment of

0 6

I . is conicident with the CZ axis, whereas the remaining two axes are

CS
perpendicular to the C2 axis and Tie in the CNNC plane. The axigyﬁf least

fe )

moment of inertia, IA’ passes through all three skeletal bonds, and I, ﬁ&§$@§ ;n?‘

through onTy the N=N bond. Vibrations of the 2, symmetry spéci@s should
rise to C-type bands, whereas A-B hybrids are expected for the modes of ﬁ@
symmetry. The Raman effect, the Tines resulting from the 8 and‘bg modes
should be polarized and depolarized, respectively. Therefore, the ass %gﬁmﬁﬁi
has been based upon infrared band contours and Raman depolarization y@%&&ﬁﬁ

as well as isotopic shift ratios and characteristic group frequencies, The
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expected gas phase contours and depolarization values for the vibrations
of azomethane have been summarized in Table IV. The normal vibrations

will be discussed in the following order: (1) CH, stretching modes, (2) CH

Lak

bending modes, {(3) the skeleton modes, and (4) combinations and overtones.

The CH, torsional vibrations will be discussed separately in the final section.
METHYL STRETCHING VIBRATIONS

There are six CH3 stretching fundamentals to be assigned, of which %h?&ﬁ‘
are Raman active (Zag + 1bg) and three are infrared active (“Eau + 2%§}m‘ The: -
symmetric mode is expected to be strong in the Raman spectrum and of Tower

wavenumber than the asymmetric vibrations,12 Accordingly, the symmetric
! in the spectrum. -

stretching mode, vz(ag), is assigned to the line at 2916 cm
s,

of the liquid phase of the light compound which shifts to 2117 cm™
terated compound. The corresponding frequencies for the solid phase &W&Jg§§§j§§§‘f,

expected to have about the same frequency,12 and may well be‘dég@ﬂéwﬁiﬁkﬁﬁﬁﬁﬁk

there is probably Tittle coupling between the methyl groups. The Raman ﬁﬁ@ﬁﬁé@“*: 
exhibits Tines which can be assigned to both vibrations in a?lys&&tﬁ?& %k@&@ﬁfc"

that for the Tiquid phase of the light molecule in which case the Tines can

be vresolved. The broad line at 2977 cm'] in the spectrum of liquid ﬁﬁsﬁsuﬁk

is assigned to both vy and Vi this band splits in the spectrum of the sgéﬁékf;‘Ts*

], which can be assigned to 14

into two resolvable lines, 2982 and 2966 cm

and 2F respectively. For the deuterated molecule, the two vibrations give

rise to resolvable Tines in both liquid and solid phases. The bg m@ﬁ@ @&ﬁﬁ@@gv‘kk'ik

in the spectra of the Tiquid and solid phases, vﬁgggwi%$@§yg‘f7
AR
Similarly, the ag mode is assigned to the bands at 2227 and 2235 cm = in the

at 2250 and 2262 cm” !

spectra recorded at room and liquid nitrogen temperatures, respecéi#@%y@

- polarization data summarized in Table II are consistent with these asgéﬁﬁm@m%@gh
since the lines assigned to the symmetric stretches are stronglyfp@%a&%£®ﬁ &$§\1,fnt,
the broad bands assigned to the unresolved asymmetric stretching mé@ﬁg ﬁ&vé“

intermediate depolarization ratios.




The CHj stretching region in the infrared is often compiﬁc&&&d
by the presence of oveftones or combination bands of the methyl
deformations in Fermi resonance with the stretching fundaments. In
the case of azomethane, however, the overtones are only Raman active,
but combination bands involving gerade and ungerade modes are infrared
active. The a, mode is expected to give rise to a C~type band and the
bu fundamentals should give rise to A - B hybrids (see Table IV,  Since

one would expect the infrared and Raman frequencies for these CHy motlons

to correspond, we have assigned the two asymmetric modes to the band centered

about 2982 cm™ . The symmetric stretching mode can then be assigned to the . -

A-B hybrid band whose center is 2926 cm'1. The corresponding bands for the

polycrystalline samples and the assigned combination bands are summ&wégﬁé o b

in Table I. In the ”d6” molecule the strong band at 2239 cm4 has been
assigned to the two asymmetric vibrations, and the symmetric mode as%%g&@éL 

to the 2111 cm | band.

METHYL BENDING VIBRATIONS

The six methyl deformational modes in‘azomgthane belong to E%é i
following irreducible representations: Zag + lau + lbg + 2§u5 ?h@ﬁ@
fundamentals have well established group frequencieslz and, heﬁ@&x
require little discussion. For example, the asymmetric C-CHg deform-
ations are expected to be observed at 1450 + 20 ém“l, wheréaa the

 symmetric motion generally gives rise to a band at 1375 £ 5 em *,




@

' ST R
The two asymmetric modes are assigned to the bands at 1447 and ?43¢’ka in

the Raman spectrum of solid CH3NNCH3 and the symmetric mode is found at
1

1382 cm™|. These bands shift to 1057, 1044 and 1035 cm™ ! in the‘ggﬁﬁt?&m'ﬁﬁ the
| deuterated compound in the solid phase, respectively. Although, the gpéﬁiﬁ@ %%‘
the compounds in the liquid phase lacked sufficient resolution to obtain |
specific frequencies or depolarization ratios for each band, the C@ﬁﬁ@ﬁi'ﬁf‘

) : ) AU g NQMEV
the broad features corresponding to the unresolved lines are 1434 and 1042 cm '

for the light and heavy compounds, respectively. It is noted that lest and
1

‘Ki11ih§3wbrfh5 had previously assigned a band at 1442 cm™' to the Nﬁm”[~‘“““”’f“*f“”“

. , b g Al e i
stretching motion; however, such a description is not consistent w;th ﬁm&,,‘ ,

observed isotopic shifts. Thus, it can be concluded that the band at E%%? :
results from a methyl motion rather than from a skeletal mode since éﬁ;%§%‘ *”~f /

an isotopic shift ratio of 1.37.

Alcthough only two bands were observed in the 1450 c:m“l reglion

of the infrared spectrum of gaseous CH3;NNCHj3, all three defbrmatigaaé k
modes were observed in the spectrum of the solid. The fundamentale

of bu symnmetry have been assigned to the A- and B-type bands ceni@re&k’
at 1393 and 1445 cm !, respectively. The counterparts of these rwo
bands in solid CH3NNCliy were observed at 1386 and 1450 em !, The

third CHy deformation belongs to the 2, symmetry species and is

assigned to the band at 1433 cm ' (see Fig. 2). 1t is noted that each

of the deformational bands appeared to have a low frequency'shaulﬁ@r




as may be seen in Fig. 2 and the frequencies of the Shouidersiér&.
Summarized in Table I. he splitting of the deformational medes
is thought to result from in-phase and out—~af-phase motions‘iﬁ tﬁe
unit cell which would suggest that there are at least four molecules
Per unit cell., 1t appears that the inversion center is maint 1n¢&‘ 
in the erystal since 4o evidence could be found for the N=N stretching' 
PY o symmetric N-lN-0 bending modes in the low temperature infraréd"
pectrum, A sumrary of the observed infrared bands and their ccfw
esponding shifts with deuteration jg given - in Tables L and V,
The only methylmgroup vibrations remaining to be assigned in
this section are the four rocking fundamentals: iag + lau + lb,‘+yi
E%u, One might expect the assignment of these fundaménta;s to be
complicated somewhat since the two C-N stretching vibfatiené’are
expected to occur in approximately the sane frequency region. TIn
both the infrared and Raman spectra of CH3NNCH3, only twb»bandsbwéte‘
observed between 900-1100 en 1 (see Figs. 2 andyé), Initially,’itf
was thought that the f-type band centered at 1007 em ! resulted
from the bu (=N stretch and that the 916 em ! Raman line regulted
from the corresponding a, motion. However, the shift factors af,1;287
and 1.20, respectively indicates that these two modes involvg mainly
hydrogenic motions. Therefore, the respective bands in each spe ctrum :
have been assigned to the four CiH, rocking vibrations but these mades
are expected to be mixed considerably  with the skeletal motions.
T

he distinetion of the a, and bu vibrations was based upon the |

observed vapor-phase contours and these results are listed in Table I.




SKELETAL VIBFRATIONS |,

There are six fundamental modes in azomethane that result primasrily
from heavy atom motions and they span the following irreducible repre~
sentations: 3ag + lau + 2bu' Although the ag and bu vibrations must
involve only motions within the molecular plane, the a, mode will
invelve an out-of-plane deformation. The three ag fundamentals may be
described as a N=N stretching mode, a symmetric C-N stretching mode an
a symmetric CKN bending motion. Similarly, the two bu fundamentals will im=
volve an asymmwetric C~R stretching and CNN bending motions. Until recently
very little was kunown about the frequency of the -N=N- stretching vibx%tiwm~
and it was not certain whether this moiety would give rise to a chax&ai&ﬁw
istic group frequency. A number of recent studieslB“lS, however, have

established that the group frequency for the N=N linkage appears to be

= 5 g i . w . - oy
1530-1585 cm *. 1In azomethane the weak Raman line centered at 1574 cm °

in the spectra of the solid phase has been assigned to V3. Upon complete:

1

deuteration v, shifts to 1561 cm = which confirms the assignment toa

3 ;
skeletal vibration. The depolarization ratio is 0.6 for this band which

indicates that it is a symmetric mode. As noted earlier West and
K111ingsworth5 proposed a much lower frequency, but their assignment
was made without the benefit of isotopic substitution. Furthermore, in

a somewhat Tater study, Kahovec and Kohlrausch® also assigned the N=N

stretch to a line at 1574 cm'q.

The three skeletal bending fundamentals (la + 1aU + 1b ) can be
g u
=3

assigned on the basis of their relatively low frequencies and observed

shift ratios. The Raman line at 584 cw ! in CHsNICH g shifts to 531
em oin CD3NNCDy and has been assigned to the a bending fundamental.
{7

>

o e i 4o 3 %
The two infrared bending modes have been observed at 362 and 312 cm ! in

CH3NNCH3. The analogous bands in gaseous CH,NHCH3; were centered at 352
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and v 300 em ., The higher frequency band appears to have a distiner
E-type contour and has heen assigned to the bu synuetry species {geé
Table I). 1In solid CD3liCLy, the bu and a  bending fundamentals
shifted to 316 and 261 cm™!, respectively. It is noted that the
frequency shifts upon deuteration are approximately what one would

predict for these vibrations of the skeletal framework.

The two C-N stretching fundamentals may be assigned to rather weak bands -

in both the Raman and infrared spectra. In the Raman spectra of ﬁh@“%i§u§§ fﬁf

phases of the two molecules a band appears at 1176 and Hfﬁ‘éhcm"hg for %ﬁ@‘

and heavy compounds, respectively. Because of the TSOtOpe shift raéimg ﬁ%ﬁi‘,_ﬁ‘f"

position of this band and the depo?ar]zat1on rat1o of O 6, 1t is as %g ed to ffﬁ5ifj

the symmetric carbon- n1trogen stretch1ng mode, v6( g) Thws mode is no

observed in the spectra of the solid state of either compbund becauSQaﬁfyif‘~" 

the poor signal to noise ratio. The infrared active component, xﬂﬁim%

U’

B

&

of this carbon-nitrogen stretching vibration may be aSSTgﬂed to the we

band which shifts from 1300 to 1116 cm™ | in the spectra of solid £H3§§ %é; o
and CD3NNCD3, respectively. Although the large 1sdfopfc shift for this
band indicates that there is considerable mixing of the mode wwth the methy?

rock of the same species, v23(bu).

COMBINATIONS AND OVERTONES

There are several additional bands in the infrared and Raman spectra;

which are assigned to combinations and overtones of the var1ous 1uﬁ'§ aﬁﬁf

The Raman spectra are particulerly rich in these features since al i1 aqavﬁ

:_are Raman active, Tables I and II show the ass1gnments of t?@s& ket a‘

The strong bands that are in the same region of the spectra as the ﬁmﬁ and

C-D stretching modes are rather interesting since considerable Fermi resonance.
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o

with the fundamentals must be taking place. For instance,kfhe %%néﬂa%'2@§?:ii
in the Raman spectra of liquid CH3NNCH3 is assigned to the f€$$% S
overtone of vg- This overtone must be strongly mixed with vy through Fg%m%V“;
resonance in order that it have such high intensity. The same‘must a@SQJb@T

true for the line at 2091 which can be assigned to vy vg.

TORSIONAL VIBRATIONS

The torsional oscillations arc expected to be the vibrations of

lowest tnergy in azomethane., The two wotions transform according to

the bg and a, Syimetry species and are respectively Raman and infrarsd
. . 16 . S
active. In cig-2~butene the two torsional fundamentals were split

by approximately 45 cm !, however, no such splitting is anticipated

for azomethane because the two Cl, groups are trans to one ancther.

The far-infrared spectra of gaseous CH3NNCH3 was examined at path

lengths up to 8.2 m and only a single, weak Q-branch was observed
below 300 cem 1, Although the weak band centered near 215 em ! s 4n Gl

the appropriate region for a CHy torsion, we are hesitant to draw such

@ conclusion at this time because it may actually be a result of a

~difference tone. The assignment of the torsional fundamenta?s s much more oo

certain in the spectra of solid CH NNCH and CD NNCD3, therefore% the b &%@?ﬂ f

height calculations have been based on the Tow temperature ana1y<esﬁk

. The far-infrared spectra of polycrystalline CH NNCH3 and CD NKCEE msy

be seen in Fig. 3. The two higher frequency bands in each spectrum
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®

have previously been attributed to skeletal bending fundamentals and

have been reproduced for the purpose of relative intensity comparisons,

The band centered at 222 cm ' in CH3NNCH3 (Fig. 3-A) is relatively
broad and appears to-be split into a doublet with components at 230
and 215 em !. In the spectrum of azomethane-dg, the corresponding band

is distinctly split into a doublet and the components are separated hy,

approximately 14 cm ! with the center being 166 em L. Theré‘ia little
doubt that the bands centered at 222 and 166 cm ! in the "dg" and “éﬁ”
molecules, respectively, result from the a, torsion since no other o
fundamental is expected at such a low frequency. Furthefmore} ﬁh&
observed shift ratio {vdg/vde) is 1.34 which certainly preclﬁéeay?@é 3
assignment of the band to a mode of external erigin“ 4
The Reman spectra of polycrystalline CH3NNCHj3 and CD3KNCD3 is
feproduced in Fig. 4. TFor the normal molecule a single line is ébsﬁﬁv§&k ni hf
at 223 cm ! which corresponds very well with the observed‘infrar@é‘§$@§  !
previously discussed. Upon deuteration, a distinct dodblét is ﬁ%ﬁ%ﬁv&§ “

for the bg torsion which is centered at 192 cm !, ;The doublet camp@F

nents have frequencies of 200 and 183 ch !, respec;ively, with the

lower frequency band being the more intense. It is notéd that the
isotopic shift ratio (223/192) for these lines is only 1.16;‘h0QQV@r§‘
this ratic is consistent with the T@ller-Rédlich"productvrule calou~
lations (see Table VI). The evaluation of the theoretical;r for the

bg symmetry species entails, in part, a product of the rgt10 of both .
the A and B principal moments of inertia which, of course, results im‘.;‘
the observéd decrease in the isotopic shift ratio for the Bgtaréﬁ&m&l
fundamental. The fact that both the a, and bg torsions afé split into.
doublets is additional evidence that there are at least four'mol&ﬁulﬁﬁ |

‘per unit cell in azomethane,
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It should be pointed out that the assignment of the torsional mode-dn . -
the Raman spectrum must be considered somewhat tentative since we 53@?£ not.
find a corresponding band in the Raman spectrum of the Tiquid. %@ %aga'ﬁ«V

found that the Tow frequencv torsional modes are characterized by a m&%&mv

of hot bands which cause considerable broadening in the spectrum of the

liquid and often makes their detection quite difficult in the fluid p% se

The 223 cm' Raman line could be a librational mode around the‘zg axis, 1 ;
"but the splitting in the spectra of the heavy compound Easts ceﬁsi§@r§b§é~ ‘w; 
doubt on such an assignment. Because of the tentative nature of the o
torsional assignment in the Raman spectrum, the far infrared data WQP@»@§§§,‘

for the barrier calculations.

In order to evaluate the magnitude of the internal rotatiomnal
) s et o . 17,18
barrier, we have utilized both the Mathieu equation and the

harmonic19 approximation. The spectral data indicates that there

is no interaction between the two rotors; therefore, the reduced

. 17
moment of inertia was calculated in the usual manner™ from the

assumed geometrical parameters listed in Table III. The observed

-

1«0 transition in azomethane can be related to the Mathieu equation

eigenvalue difference in the following fashion:
= 2.25 F
BEy o = 2.25 F &b, (2)

where F is the reduced moment of inertia comstant and Ab__ is the

eigenvalue difference. TFrom the observed torsional transition

frequency and the calculated value of T, it is possible to solve the
above equation for &b+ The eigenvalue difference is then related to

the potential barrier height in the following manner:

Vy = 2.25 F s, } (3)
where s is a dimensionless parameter of the Mathieu differential
equation. Values of s for different values of Abvc have been tabﬁl&tﬁ&‘;

elsewherelS. For CH3NNCH3 and CD3NNCDj3, F values of 6.71 and 3.74 cmmxg‘» o
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respectively, were calculated from the structural parameters listed in
.

Table TIT. Solution of the preceding expressions for azomethane and

azomethane-dg result in torsional barriers of 2.69 and 2.60 kcal/mole; «

respectively. It is noted that the band centers observed for the a,

torsional fundamental for each molecule were utilized in the above

barrier height determinations (i.e., 222 and 166 e b, respectively

it 1

for the "dg"' and "dg'" molecules).

Une can estimate the barrvier height on the basis of the harmonic
NS . ,
approximation simply frow the observed 1+0 frequency and the calcu-
lated value of F:
. - 2 ’
Vy = v/9F. (4)
In this expression v is the observed fundamental frequency and F has
previgusly been defined. Tor azowethane a harmonic barrier of 2.33
kcal/mole is deduced by using an F value of 6.71 cm 1. It is noted
that this value is sowewhat lower than that determined by the Mathieu
equation, but this is the usual result since the potential function has
been truncated after the second order term.
It is instructive to compare the torsional barrier determined for
azomethane with those previously found in similar systems. Fox example,
. c o ; . y ;.20 -
the value of V3 deduced for N-methyl methylenimine from a microwave .

investigation was 1.97 kcal/uole. Similarly the intermal rotational

£ R .
. . 4 ,
barrier in propylene was observed to be 1.98 kcal/mole by microwave

techniques. 1If cne allows for the usual 5-10% frequency shift upon.-

condensation, the barrier to internal rotation in CH3NNCH3

may still be slightly greater than those determined for the analogous

. s

molecules. However, the barrier to internal rotation in propylene in’itgx7
solid state has recently been determined to be 2.7 kcal/mole.2!  This ﬁg?écgﬁe‘
shows an unusually large shift in the torsional frequency upon soiid?fitatiaﬁ‘

from 180 to 225 em™ . It is quite possible that azomethane exhibits-the sam
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characteristic shift, since the molecules are’similar and the barriers for

the solid are identical. If this is the case, the assumption that the»H£f L,,_

terms in the potential functions of cyclopentene and T-pyrazoliné is a yeryi
good one and the difference in the quartic coefficient must arise main?y“’f'
from the B_ term in equation (1).% Therefore the smaller inversion barrier

for l-pyrazoline as compared to that of cyclopentene results maihlyvfrem,;;:‘

the greater ring strain at the o positions and not from a marked dﬁfferencéf}

in a torsional barrier about the C-N bond. Even if the shift in the tqrsigﬁ§??f’,f{

frequency WithVSOTidification of azomethane were not nearly as 1érge as;th%ﬁt ~
for propylene, the barriers about the C-N bond would not be sufficfentxy;‘f’
different from that of thermethyl group attachéd'to a carbon—carbdnkdqugjé;
bond to account for the significant difference in the pofentia1 funéfions‘

for cyclopentene and l-pyrazoline.
SUMMARY AND CONCLUSIONS

The infrared and Raman spectra of CH3NNCH3 and CD3NNCD3 have beeankx
examined in detail. A vibrational assignment is suggested for the 24
fundamental wodes which is consistent with the molecule having Cop
symmetry. The spectra on the polycrystalline samples provide evidénéa -
that there are at least four molecules per unit cell since a number of .

the bands were observed to be split into doublets. The crystal also

appesars to have a center of symmetry since mutual exclusiocn is clearly

operative., The b_ and a, torsional fundamentals were observed at 223
8

and 222 cm *, respectively, for the normal molecule. From the 1«0

frequencies of the a torsion in solid CH3NNCHj and CD3NNHCD3 internal a

rotational barriers of 2.69 and 2.60 kcal/mole were calculated, respecti?&jy
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Table 1
Infrared Sp&ctzai of Azomethane and Azomethane-dg
Azomethane Azowethane-dg
Infrared Band  Relative Infrared Relative Infrared Bénd Relative Infrared Relative Asgignment
gas Type | Intensity solid Intensity gas Type Intensity solid Intensity
(em ) (em 1) (em 1) {em 1)

2995 R ' 2247 (sh) W
2982 Q A-B Vs 2975 Vs 2239 ? Vs - 2232 VS V18
2972 p 2222 (sh) W :

2966 (sh) W 2178 ? VW 2175 VW : Vg
2935 R V , 2122 R ‘
2926 ctr A-B VS 2911 Vs 2111 ctr A-B 2107 W Vig°
2918 P ‘ 2108 P ‘
2866 R ; 2075 R : -
2836 ctr A-B M 2847 M 2068 ctr  A-B 2058 W vg t Voo
2851 p 2062 P 2046 (sh) W ‘
2754 R - ' | | o
2746 ctx B W 2744 W . voi + vy = 2768
2740 P o ) : . : , :

‘ : !
‘ 1055 (sh)
1455 R , 1450 ' ' ‘
1445 cty B s 1047 Q ? M 1046 -8 = V20
. : 1443 :

1438

1433 | | TR 1043 (sh) s V1o

1421 TSR S ' ; :
133 A oM - 1386 .M - 1029 (sh) 7 1039 (sh) Mo vy

W 133 1116
i %@
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Structural Parameters

Table III

and Calculated Moments of Inertisa for Azonstha

I.o

See reference 7.

r(C-N)
r(N=N)
r{C~H)

XCNN

CH3NNCH 3
(-3
(amu-A2)

12.3
115.7

121.5

i1

i

n

i

o
1.482 A
1.247 A
o
1.105 &

112.3°

CD3NNCDy
[+]
(amu-A2)

18.7
147.5

153.1




‘ Tabie 1y
Symmetry Species and Predicted Spectral Activity

for the Normal Vibrations of Azomethane.

Con

8a +5a +4b +7b
g u g u

Infrared Raman Species .
Active
Polarized B ag
Active
C-type band : N
Active
Depolarized : bg
Active .
A-B hybrid : o




Table V

Summary of the Fundamental Vibrations of Azomethan
in the Solid Phase '

Vibration Symmetry Species and Approximate CH4NNCH4
nurber Descripticn of the Normal Modes (em™ 1)
a
24 o5
1 CHy Asymmetric Stretch ’ 2966 , 223?
2 CHy Symmetrie Stretch o 2917 - 2117
3 N=N Stretch - 1574 i
4 CH3 Asymmetric Deformation . 1432 /
5 CHy Symmetric Deformation ‘ 1382,
6 C-N Stretch - 1176 '
7 CH»> Reck ) 816
8 CNN Bend - 584
a ‘ w7
u
9 CH3 Asymmetric Stretch 2966
10 CHz Asymmetric Deformation 1433
11 Chjy Rock Coo 1112
12 CNN Bend 31z
13 CHs Torsion , 222
b
g
14 CHy Asymmetric Stretch - . 2982
15 CH3; Asymmetric Deformation L 1447
16 CHs Rock . 1026 : s
17 CHj3 Torsion 223 192
b
u
18 CH3 Asymmetric Stretch ‘;2975 | 3§3§
19 CH3 Symmetric Stretch : : 2911 ‘ iUz
20 Clz Asymmetric Deformation ' ’ 1450 0
21 CHy Symmetric Deformation : - 1386
22 C-N Stretch - 1300
23 CH3 Rock . 1001
24 CNN Bend 362

) ,
Frequencies observed only in the liquid phase spectra.




Symmetry Class

Table VI

Teller-Redlich Product Rule

a_ 5.04
g

A 3.80

Dg 2.88

by 5.13

Frequencies from the spectra of the po1ycrysta111ne samp?es, withfl*
the exception of the symmetric C-N stretching which was observed
only in the Raman spectra of the liquid phase. : ' g

Theoretical

Obser§g§f~ﬁ
4,78
3.62
2.78

2.10




Figure 1.
Figure 2.
 Figure 3.

Figure 4.

Figure 5.

List of Figures .,

Infrared spectra of 20 torr of azomethane (A) and 30 torr of azo
(B). The samples were contained in 20 cm gas cells equipped wi
windows. ‘

Infrared spectra of polycrystalline azomethane (A) and azomethane
(B). The sampies were slowly sublimed onto a CsI support mainta
at 1iquid nitrogen temperature.

Far-infrared spectra of polycrystalline azomethane (A) and azon
(B). The samples were slowly sublimed onto a silicon support r
tained at Tiquid nitrogen temperature.

Raman spectra of polycrystalline azomethane (A) and azometh&n@wﬁﬁ (B).

Raman spectra of Tiquid azomethane (A) and azomethane~d, ().
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