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SUMMARY.

The infrared and near ultraviolet vapour spectra of three
isotopic forms HCCCHO, DCCCHO and HCCCDO of propynal {propiol-
aldehyde) have been examined under medium resolution, and the
3820 A ultraviolet band system of these three molecules has
been examined under high resolution.

On the basis of the infrared and high-resolution ultraviclet
measurements, supplemented by liguid-phass infrafed spectra., &
complete set of fundamental vibrational freguencies of the
ground electronic state is proposed, and the isotope erfects
are shown to be consistent with the Teller-Redlich product rule;
using the rotational constants found from the microwave spectrum.
The fundamental frenguencies associated with the stretehing of
the variocus bonds agree with those observed for related mole-
cules,; but the frequencies of deformation of the bond angles
present some uvnusuwal features., Information has also been
obtained on the interaction of the vibrational motions with
rotation about the axis of least inertia.

Four band systems have been found in the ultraviolet
spectrum to long waves c¢f 2000 A, and these are described and
their possible agsignments to electronic transitions are
discussed,

A detalled vibrational and pariial rotational analysis of
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the 3820 A band system 1s presented, leading tc a set of funda-
mental vibrational freqguencies of the excited state, which lacks
only one fundamental frequency for each isotope, although
seme.of the proposed values are tentative, The direction of the
electronic transition moment and the changes in the frequencies
of vibration of the formyl group show that this transition is the
analogue of the 3530 k traunsition of formaldehyde. However, it
is concluded that nothing has beon cobserved here which is incon-
gistent with the present exciled state being planar at equili-
brium, in sonitradistinction to the non-planarity found for
excited formaldehyde; but the evidenoe here presented is probably
insufficient to preciude the presence of a potentlal-energy
baryrier of at-most 100 em~? at the planar configuration.

In addition to the changes in the formyl frequencies,
drastic changes are found to take place, as a consequence of
the electronic excitation, in the freguencies cof vibrational
modes localised in the ethynyl group; the excitation cannot
therefore be Pegérded as lecalised within the formyl group.

A feature of the 3820 A system is the presence of bands
whosge vibronic transition moments lie along each of the three
principal axes of inertia. The possible meaning of this in
terms of vibronic interaction is discussed.

Perturbations of various types have been observed. Purely
vibrational interactions of Fermi type are common in the 3820 A
system; and some regular Coriolis perturbations of the sub~band

s#ructure have also been found. Two striking examples of
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irregular perturbations - one of them perhaps invelving predis-
sociation -~ in the sub-band structure of bands of HCCCDO are

described, and their possible causes are examined.



HOTE ON SYMBOLS.

Letters which denote mabrix quantities are underlinsd;
amall letters vepresent vectors or colﬁmn matrices, and capitals
represent sguare matrices. The symbel ~ placed above the

letﬁer signifies the transpose of the matrix.

The notation for the assignment of ultraviolet bands is

explained on p. 9L.

In the text, the position of ultraviolet bands is described
in the form "0+1300", which means that the band lies 1300 cm™
t0 high frequencies of the band which is assigned as the origin
of the band system (the "0 band"): the units (em™!) are usually

omitted in this expression.



CHAPTER T.
INTROTUGTION.

I.1. Electronic Snecira.

Those properties of a substance which are characteristic-
ally “chemical' depend upon the distribution of the electrons
in its molecules, and the manner in which that distribution
may be affected by the proximity of other molecules; so the

e various electronic configurations available

o
=

elucidation of
to a molecule and the energies of these configurations should
eventually give a deeper insight into its chemical properties.
The problem can be formulated in terms of guantumn mechanics,
since the forces involved are electric and magnetic ones which
are gufficiently well understood; however, in order to obtain
anything approaching a soiution of the resulting equations, it
is necessary to have recourse to quite drastic approximations
which considerably decrease the reliability of the results. In
these circumstances, it is desirable to make full use of the
infordiation on this topic which cau be obtalined experimentally;
this information can then serve as a test of past calculations
and ag a guide to future ones.

The wvarious electronic states of an atom or molecule are
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studied most readily by an examination of its ultraviolet and
visible absorption and emission spectra, which provide directly

the difference in energy between atomic or molecula?r eneriy

]

evels, this difference beingz egual to the energy of one photon
of the eleciromagnetic radiation absorbed or emitted. An
analysis of such a spectrum involves the deduction of the
individual energy levels between which transitions are observed,
and an explanation of the intensities of the various trangitiocns.

In this way a congsiderable body of empirical data on the
energy levels of atoms has been amassed; and the information
so derived has been of immense value to chemistry, as it formg
the basis of all theories of molecular binding and chemical
reactivity.

In the case of molecules, asg distinct from atoms, the
different energy levels do not all correspond to different
electronic states, because each electronic state carries

with it a msnifold of energy levels corregponding to vibration

o

of the nueclei in e potential field defined by the electirons
and to the rotation of the molecule gas a whole, Thus in the

a

molecular case a band cyvgtem in the spectrum, consisting of

large number of individual transitions, corresponds to one

o

glegironic transition.

It should be mentioned that an atom or molecule wny alsc
pogsess varying amounts of trangla nal energy which is, for
the present purpose, effectively unguantised; but changes in

the total linear momentum of atoms or molecules Cannot oGcuwr
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the absorption or emlssion of radiationy; so that no changes
in translational energy take place if the atom or molecule
remaings intact. I ionisation or digssociation ccecurs, the frag-
ments may have varying amounts of total translational energy
with the same total momentumn, so that translational transitioms
are possible and the spectrum is diffuse or "continuous™
because of the absence of guantissation.

The detailed analysis of s large number of band systems
due to diatomiec molecules have now been accomplished, and the
princinles involved in such an analyvais are well understocd.
The present nogition with rezavd to polyatomic molecules is =
lese happy one, since comparatively few band systems have been

fully analysed. This is due to a complicating factor which is
not present in atomic spectra and is not serious in distomla
gspectra: namely that a molecule in its different electronic
states may adopt different ejuilibrium configurations. The

)

full realisation of the importance of

E!

this fact has come only
within the last decade, although the possibility was first
mooted by iulliken in 1935 (L5) and the spectroscopic consequ-
ences of it for a triatomic molecule were worked out by him

in 1941 (46). Major changes in shape as well as in dimensions
upon @lectronic excitation have now been established in a

good proportion of the spectra so far analysed.

1.2, Molecular Eneraoyv Levels and Transitions.

The various energy levels available to a free molecule
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ave given in guantumn mechanics by the eigenvalues of the
Hamiltonian operator for the molecule, considered as a system
of electrons and nuclei moving -in a potential field due to

the Coulombic forces between tﬁe particles on account of their
charges and the magnetic forces between them on account of
their spins. In what follows we shall disregard the effects of
SPin.

It was shown by Born and Oppenheimer in 1927 (2) that, to

a'gsod approxination, the energy levels are sgseparable into
parts associsted with electronic, vibrational, rotational,

and translational motions, i.6.

=

- o L W
total = Pelec * EBvib * Prot t Bipans ¢

For the present purpose, the electronic energies Eg .,

are constants which have to be determined empirically. On the

other hand, the vibrstional energiles ¥ have been found by

vib

gxperience to be thoge characteristic of a siightly anharmonic

ogoillator with 30-6 (or 38--5 in the case of a linear molecule)
degrees of freedom, where N ig the number of atomg in the

&

1, ’

he rotational euergies E,, . are ihose

s

molecule. Likewise,

of a slightly non-rigid rotor. The translational energies
By pang ®ill not concern us. It should be borne in mind that

3

these conclugiong only form a general rule, based on the neglect

&3

EK. 3

of a large nusber of interacitions, one or more of which may
become important in =pecial circumstances.

'Y

g

1t

Yhen the system is in the state of energy E; ;. qs 1%

o

degeribed in wave mechanics by the corresponding energy eilgen-—
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runction YPoyqs ¥hich bas the property that [/ . . ? for

m

(-J o

gi%en set of couordinates of all the particles is the probabilily
distribution function for the occurrence of the configuration
described by that set of coordinates when the system is in the
given gtate. To the same approximation as before, this eigen-
function may be factorised into electroniec, vibrational,

rotational, and translational nparts, i.e.

s Lot gcaoe?v1beo€?%rans 9

o

al
the last of which will be disregarded henceforth.

A 3

thiege eigenfunctions of prime importance

L}

The property ol

i

. . . B s - . : . T
to speciroscopy is thal, covresponding to two states E?”an&'&:s

PNy

{0

there is defined an electric dipole itransition moment, g’g which

Fid

is equal to f yﬁb(‘ﬁenra)y’ﬁf » in vhich e  and rj are the
electric charge and the positicn vector (relative to the centwe
of mass) of the nth particle, the sum is over all particles n,
and the intezral is over all coordinates; and the transition
moment is such that the intensity of emission cr absorption

of electriec dipole radiation in a itrangition between ihese

K

- - I . . -
gtates is proportional to m' m'. In particular, if it can
be shown that, for a piven transition, m' = 0 . then that

transition will not appear in the specirvm and is said to be

A

forbidden. 4 statement as to vhether m' vanishes identically

L e

or not is called a gelection rule.

Using the psritial Ffactorisation =9~ alr . where
g - ac itsati Vf; total fevirot ? *
V., is the vibronic (i.e. combined electronic and vibrational)

eigenfunction, the transition moment is
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JRORV&

1 G d ey s FRPR. o ?
he position vecbors I

may now ne rereried ¢ an
Carteslon system k. directed along the principsl azesg of
inertia by means of the transformation p,= L p, where I ig
the matrix of the instantancous direction-cosines of the
inertial axes relative to space-fixed axes. ¥We then have

”* ‘p’ p t.
{qu/‘d = V!"\? &’Fnu‘?{{ f‘k};y Z egi:n)‘g \1 Uons

For any component of m' to be non-zero we must have at lesat

‘...wx

£ 0% e R .
cne acomponent of m = ?ﬂy%vgégengn)wzvdvév fHon-zero , and o
.o . " r )’/'v\ .
cuitable con ent of [ al” ero.  The
suitable component O J Vot é’r@ta‘ oy also ucnezero, The

firaet rvegulirement lesds to a vibkbronie gelscetion rulie, the

The L

accond 0 an associated robtational one.

S

The main consideration employed in deriving these

5
3 Sr e

3 <
SC LTI

7y

¥

%3

[¥3]

selection rules ig the utilisation of any symmetry po

»
4

by the asystem. It i1s usually trus that both the rigorous

»

Hamiltonian operator and the appreximate Hamilitonian opswat
devrived from it in the separation of the different %types of

~

motion are invariant under a set of gymmetry operaticons,
which Torm a group in the mathematical sense. Under the
action of these operations, each eigenfunction bebaves as
one of the "irreducible represenﬁaﬁions” or "symmetry species”

T

of the appropriate group, For ingbance, the complete Hamili-

onian ig invariant to the inversion of all

hroughk any centre, to rotations of the external axeg, aund

Lo the interchange of any pair of identical particles: the
vibronic Hamiltonian is invarient to all the geometrical
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symmetry operations of the equilibrium nuclear configurationy

o
& -

and the roiational miltonian is invariant to rotatiouns of

o
=
D

180° about each of principal axes of inertia, and possesses

higher symmetry if two or all three of the principal moments
of inertia are equal. In addition, the vabious components of
the matrices gé s & and r, each belong to a symmelry speciewm
of the appropriate group. The symmetry seleetions then take

the general form that if any component of the above integrals

[N
[£2]
fwd
O
o
&
e
8
H
<
3]
o]
feds
o]
o
B
=
a
B
o

the corvesponding component of the
the totally symmetric épecies of the
apprenf;ate group,; l.8. it must be unchanged by any symmeiry
cperation of the group.

For purely rotational transitions of the lowest vibronic
gtate, ag are obssrved in the microwave spectrum, we have
m equal to the permanent dipole moment of the molecule; thus

for a molecule %o exhibit a microwave spectrum it must

possegs a dipole moment.

If we restore the avproximate factorisation +h _=
‘ br sion You= Vo1echiin®
we have
L a¥ N i,
n = q 1 )ifaa hné: %" Eat, )qlbuizcti"“’ d; elee AT

VE

= g’g“;gf‘;f‘ ,‘, e )‘t'ig A elec ){ ;‘!w;, 'S'\nu;‘f'?fem} - {f’ cle.cﬂﬁ!ec zkc%{j “{ > “'""’"-\)I? bé"’"‘ ot
For trangitions between different vibrational levels of the

gsams electronic state we have ag a consequence of the ortho-
normal property of eigenfuncitions that

é‘\

by .;}* 7 % In / . -

J Vvip {vib pue1 = 0 and Jﬁ%elec%’elecd’elec T
g0 that m j\ V1b\g£ nwn)q¥v1ba‘nuel : this equation
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I

governs the intensities and selection rules in the pure

vibrational spectrum. On the other hand, for transitions

between vibrational levels of different electronic staies, we

§

F '? ” _ .
nav il i il =z wher N nd I L. 76 now
have | 8168%87683 elee 0., whereas Vieip 800 Y4y 8T€ 10T
necessarily orthonormel gince they are eigenfumctions of

gifferent vibrational operators; thus

- i 3¥ .
'z j;""i" ewrw :ciec Eecjz'\! "'{'\nla ‘:I’anb "i"nucig
The first factor on the righit-hand side is & constant for a

given electronic transition, and gives a purely elsctronis

selection rule. The second factor ig the Condon integral

A2

For the vibrational levelg involved, and aan be pou=zapo
,f

vip 19 totally symmetric, a gelestion rule
v L.

only if ‘g% bvﬁ

o
originally p?opoged by Herzberg and Teller (1933.29).

W and @% ? ggifisd acecording to il behaviol
gelec n vip BFe cla ied according el I X
with wrespect to the geometrical symmetry operations of ihe

wilibrivm nuclsar

O

gonfiguration, which corresponds %o &

minimum in the vibrational potential energy. Howsver, the,

considerations employed in deriving this resuli are egually

valid for a configuvation corresponding to a maximum in the

.,

potential energy. It sometimes happens that a molecule (e.g»
ammonia in its ground state) has a potentilal energy mazimumn
in a configufaiioa of higher symnetry than the eguilibrium

» 2.

hen invariant to the symmetry

ot

one. The vibronie Hemiltonisn is
operations of the more gymmeitrical ccnfiguration, and the

eigenfunctions can be classified sccordingly. This classific-
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ation is onliy convenient vhen the potential-energy maximum is
of low energy, as in the cases of unexcited ammonia or excited
formaldehyde (see II.2).

Because of the pnossibility of changes in shape accompanys
ing electrénic excitation, the groups appropriate To the
clagsification of the vibronic eigenfunctions of the two states
may be different. In this case we must consider the vibroni
Hamiltonian operators for the two electronic states together;
the group of symmetry operations whiech leave both operators

invariant is the group consisting of those gymmetry opmraticons

4
n

which are common to both groups, and the symmetry selecticn wile
are determined by the behaviour of the eigenfunctions with

respect to this commen group (46). In the same way, the

for]

robational selection rules are determined by the common
gsymmetry, as rotors, of the two states.

The relative intensities of the hands which are allowed

{ 0

by the Hermberg-Teller selection rule are governed by the values

ate Condon integrals, which are essentially

;_.r.

of the appropr
vibrational overlap integrals, and by a factor depending upon
the relative populations of the levels of the initial state,
vhich will be of the normal Boltzmann tyne for a system at

thermal ecuilibriun. Because of this latter factor the

o]

strongest bands originate from the ground vibrational leve

(;

of the initisl state. For bands with the same initial level,
those transitiong will be most intense which allow the greatest

overlap between the vibrgiional eigenfunctions. In particular
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if there is a significant change in molecular geometryg; the mosi

Lres

1}

intense transitions arising from the ground vibrational of the
initial state will be to higher vibrational levels of the

final state; and the particular vibrations of the final state
exeited in this way will be those vhich distort the nuclear
configuration of the final state into a configuration similar
to the equilibrium can uration of the initial state. This is
the extension to poliyatomic molecules of the principle origin-

ally enunciated for diatomic molecules by Franck (1925,21) =id
Gondon (1926 and 1923,

It can heppen, however, that electronic trensitions

which ave forbidden by symmeltry do give rise %o a band system

in which the individual bands all contravene the Herzberg-Teller
selection rule; all the observed vibronic transitions are

however allowed byrvibronic gymmetry. This oceurrence is due

he vibronic eigenfunctaon

C'-'

to the fact that the factorisation of 1
inte electronic and vibrational parts is only approximate,
and the intensity with vhich these forbidden systems appear
is 2 measure of the extent to vhich this approximation breaks
appeay

down. The vibronic bands ahichAaPe of the correct symmetry
%o acquire their intensity by electronic-vibrational inter-
action with allowed electronic levels, and their occurrence
in the specirum is usually associated with a nearby allowed
electronic transition

We may suppose that an improved approximation fto ggv is

constructed by taking a linear combination of the product
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whers o and & are coefficients chosen to minimise the snergy

v
& ¥ g7 - i S v e S > i J.A} af A P
of r. e are presuning that the transition Ygigqiyin”

\eleé%ﬁﬁb is elestronically forbidden or HerzbergsTeller

- Yy o el 3 g
forbidden, and that g1gq® Wsi1ee iF allowed. Then

H

Nti\ y A
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3y

Pl
%

o
(=}

i
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alloved transition gy s==¥iiee:

<«
The 2500A band system of benzene represents such &
forbidden electronic transition. The pure electronic transiiticu

K3

®Bpy <—%a,, is not permitited by the selection rules of the

point group Bg,s but the obgerved bands opws thelir intensiiy
to the interaction of ngW vibrational levelsg with the ine-
3 P & n - - LS 1.8 ’ ° e
plane polariged “E, = Aqm trangition which ig asgigned %o
the strong absorption at 18504 (59, 22). The corresponding

Y

gsystem of naphthalene, observed at 320059 is aliowed as a

long-axis peolarised 632 i eAg transition because of the ve-
ki

it is intrinsieally weak and

CJ,.
g

duced molecular symmeiry: bu

(‘/C

0y

the strongegt vibronic transitions are Hergberg-Teller for-

bidden ones resulting from interaction with the E;u”weﬂ

o
transition which is polarised along the short in-plane axis

A~

1

ocew®

).

8N
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CHAPTER II.

PREVIOUS RELATED ANALYSES.

The object of the present study is an ana #s of the
lowest singlet electronic transition of propynal, HC=C-CHC,
which is the simplest compound containing a carbonyl group

conjugated to a carbon-carbon multiple bond and indeed ovne cf

the simplest conjugated compounds. It is therefore convenie

to survey at this point the published analyses of band systeus
of compounds related to propynal. ¥e may consider Tirst the
progenitors of the two halves of the propynal mclecule, nameliy

acetylene. and formaldehyde.

]
(]
®
:‘.»
dD
(D
C"‘
I<o
{fomt
G)
l’}':i
1o

The lowegt band system so far observed for unperturbed
acetylene commencses weakly near 2500@ and continues with
steadily increasing intensity to E?DOAg where it is possibly
overlapped by a stironger system. This weak gystem was
analysed by Ingold and King (4953,32) and, under higher:

diongby Innes (1954,23), and was one of the first travg-

Rt

#3l
Fe
]
&
1)
&<
o
L

N

itions of a polyatomic moliecule to be understeood in detail.
The outstanding Teature of this spectrum is a long uppsr-state

progression in an interval of about 4000 cm., the sucosessive

members of which increase markedly in inten

S
jx¢)
ule

o
3
a



ratio of the intsnsities of the sixth o the first ie aboud

5000 o0 1. The magnitude of this frequency and its isgotople

S

%5 “ .
£+ o about 800 em. ' in C,D, show that it is a bending

T
LA

D]

[

frequency. This upper-gtate progression is matched by a lowsi-

gtate progression in aboub 600 em> ¥, dropping to 500 oms | in

b1

fundamental w&{ﬁﬁjg The oacurrence of odd members of a pro-
2 =]

gresgion in a %, Tundamental is prohiblited by the Hevgheng

E2A
state, but can be accomuodated by laxing the syumgtry

regityrictlons to thome of G?hp with respect %o which the "

The observed intouglty

Confirmation comesg from the J-type rotational strusiurse,
where P.Q and R branches are observed, but there is a combine
ation defect betwesen the @ and the Pand'R branches which is
too large to be explained on any other grounds than the K-

type splitting of an agymmetric top, which again requires a

nonmlineaf‘exciwed gtate. Moreover the migsing lines at the

that we are observing broadiy-gpaced E~type

O
[e]
D
=
t‘
]
[43]
@
[52]
i);-.x
O
=

ban
rotational structure, in which the ground-sgtate azial angular

-

momentum is due to vibration, and so the number of sub-ban

'3

i

~
N

pe
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wimentumy thug the smallegt momeny of

ghacve is gmall bul non-zZero, again

inersia of the
eliminating a linear state. Comparison of the inbensity
alternation in the J-structure of different sub-bands shows

that the bending must be iraps~ rather than gis~. The valus

of almost zero Tound for the inertial defect confirms a plansy

are of type C and so the band system m

transglbion, presumably singlet~singlet.

shows that the geometry of the excited

ke elestronic wave-Tunciion has a nodal in the
plane of the molecule. The system origin of Cois ig ab

= L2997.7 cm?gp and the oscillator strength is roughly

The lowest elecironic transition

:.4

1 expected

ede
bt

voives the promotion of zn electron from the bonding I,

molecular orbidtal to the . waJ;mbaﬂﬁ

'
%«-.1,_,,:_% .a:)
L PN ity S X
1) e A 4

"“
; -
T 3

31 ;\‘, : “"”"”“f‘ﬂ‘, fffg

The lowest singlet state resulting from the ... (i)

urgtion was caleulated by Ross



.

be 2.7 : this state becomes A, in the trang-bent molecule

e,

o~
H

Iy

and so it 1ig presumably the one observed here.

HEN

The transverse node in the ﬁé cerbital producrs a gtrain

which can be relisved by the bending of the molecule, the

anti-~bonding ﬁ% orbital being converted in the process into a Don«

bonding n orbital of lower energy. At the same tine the

bonding ﬂ% rbital ig also converted into an u orbiital, but one

PR

of higher energy : and chenges slso occur in the energy of the
o orbitals, corregponding to the altered hybridisation. The
geometry adopted by the molecule is the one which achieves

the begt compromvise between these variocus effects

5]

Tn the observed excited state the hybridisation change
is apparently complete, so that the in-plane components of

the sr,, and ﬂé orbitals are converited completely to non-bonding

2 orbitals. The C-C bond is best regarded as a threg-elsciron
bond: "5 L 2 .
o e o 5 o e P
1 ..-"l e, -~ ra - {:’"‘"‘"’"’;‘“" . ‘Jfl M‘“‘-a,‘_a ) W
¥l e 5 i
= A

The formal mesomerism confers the necessary symmetry, but
1ittie bonding power because of the small overlap. The
additional stability conferred on the molecule by bending

must be of the order of 5,000 to 10,000 cms’

11.2. Formaldenvide.

In describing the formaldehyde spectrum we shall use ths
definition of the Coy symbols employed by Herzberg in his

book (28,p. 300) and by some of the later workers, e.pg. Brand



1i.2

22

&

{(5). This differs from that Pespumended in the HMulliken repor:
(L7)e

The lowest 1nglet elsctronic trangition of formaldehyde
ig expected theorestically (gé) to he that inveolving promotion
of an electron from a non-bonding p orbital (b,) of the
oxygen atom to an anti—bohding 7T orbital (bg) of the carbonyl
bond. The resulting excit gﬁfw L it retains (Qn. symmetry, will
be of species eA2 and therefore the nure electronic twransit
will be forbidden.

Py

o transition

q~
8 asgigh

tedo
et

The abgorption system to wnich th
extends from about 35304 to 2300A, and is banded to 30004,
after which it becomes increasingly diffuse. A fluorescence
syshem expending to long wavelengths from near BSBOA is also
observed, but there ig little appavent similarity betwsen Lhe

two gpectra and it was sometimes thought that two traunsitions

=

were involved.
The crucial step in the analysis was the recognition by
Welsh (1953,65) that this excited state may be non-planar,
for reacons similar to those advanced for the non-lineavity
of axcited acetylene. A4 detailed ezamination of the spectra

by Brand (1956,5) showed this to be the case, and high-

resolution measurements by Robingon and DiGiorgic {1958,.55)
confivmed Brand's findings.

The non-planarity of the sgquilibyium configuraticn may
be described ag due to the presence of a central maximum 1n

the potential-energy function for the out-of-plane vibratiocn,



and the configuration of maximum potential energy will have

QZV gyametry. Thus if the potential-energy barrier ig fairiy
iow, it ig still conveniént %o discuss the gpectrum in tevms
of Cs., species (see I.2). The same rasult follows (5) from

the . symmetry of the equilibrium configuration, iFf account
is Lakﬁn of the splitting of the usual inversion degeneracy

of a non- vlaﬂar molecule {cowmpave ammonia, 28,

ser bands of both abgsorpiion
ave of type By so that the upper levels which combine strongly
rith the lowest level of the ground state are of spesies I,.

The principal feature of the absorption spectrum ig a long

-':-

r:

progression in a freguency of 1180 omy’' whieh must, from lis

insensitivity to deuteration, be the carbonyl stretching

frequency; it feollows from the Franck-Condon principle thac
the lJength of thg C~0 bond is changing considerably. Tu

loes not form a progression bub is strongly

on and so , from itg gize, must GLErEs-

g‘,so

by deuteratb

pond to a hending vibration.
In the fluorescence spec-

trum however there are, in

3

addition to a progresssion in

the ground-state carbonyl

progressions o and £ in a
H

T

A, interval of 2300 emy




Ti.2 2l

vhichh is strongly sensitive to deuteration. The first member
of the ﬁﬁaef¢es coincideg with the type B apparent origin of
the absorption spectrium (AO)s and later members are shown by
the intensity alternation in the K-rotational siructure %o
have A4 or A, lower levels, vhereas the o series have B; or By
lower levels. Bxamination of the rotational structures of
these bands shows that all except the 1lc¥egt A level are
affected by a Coriclis robtational perturbation which had
previcusly been observed for the out-of-plane bending funda-

, -1

mental vf\bg) in the infra-red, and the interval 2300 om.
corrvesponds cleosely to ZVEQ Thus the o and;g progressions
have lower levels with odd and even numnbev¥s of guanta of xg
regpectively. The uppsr level of the o« series is then
reguired to be of species G?AQ and to lie 2L cm‘ff‘3 below
that of the (3 series. From the formation of progressions in

21% if follows from the Franck-Condon principlile that the

iy S S 2 N 3 . . D A w
e¢xsited gtate is non-planar.

&

Returning to the absorption spectrum, we find a weak

(et}
parallel bandﬁc@nne@ting ths

the upper level of the o series; since this is the band of

’

ibrationliess ground shtate wiih

<t

lewest frequency which is not "hot" we may assign it as the

4 .
gystem origin. A similar band 1lies 540 cems' higher, These

5

he exeited stabte can now be fitted into th

T
Tf

low levels o

anharmenic pattern of a2 vibration with a central barzisr in

Qf)
i

its potential energy (see I11.5):
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7 CH,0 CDL0
“a, Va, 0 0 cm? 0 em:?
. 7 a 49
B, B, i 127 69
v v s
© A, A, 2 530 387
&g , "'32 3 951 669

The 824 cmfﬁiinterval is the separation between the VG ‘and ﬁvé
levels. 3
Analysis of the rotational structure of the first membay
the e series (55) gives for the exzcited-state inertial
defect fy= I§ ~ IS - IP the value of =0.099 anm. AZ; this
negative value is furtber good evidence for & noa-planar
structure.

Calculations baged on the vibrational levels and the

rotational constants give the following approximate structure:

The origin lies at Yo = 28?99 emT? and the oscillator
gtrength is about f = ZxQO"kq The extra stability conferred
on the exciﬁed‘state by virtue of its bending is near 650 em -1
The reason why the zePoépoint level of the excited state,
which is shown GG be CJAP by its strong fluoreseence bands,
shovld give a weak parallel band in absorption is not fully
understood; an Ag-~A, traﬁsizi on is Torbidden by the Lo
solection rules, ané tha'coyresponding Ale-p’ transition in

Cg symmetry would be of type B. Possibilities which have
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been sugpested are {(41) that en electronic-rotational int
ion couples this state with an aAi one (52), and (2) at

trensgition is induced by the magretic dipole component of

¢lectromapnetic radiation (58,42): the first would give an

wugual

is

whereas the second folly allowed by the selecticn rulss

Dres. J.H.Callomon and ¥

must derive their inten

Ja 'f

o . ) -
“Bgﬁmeéﬁ transition, this

baing induced by the b2 through~plane

e

the cas

oo

is

of acetylene, the hybzid

gompliete.

5

in i nob

%]

zarbonyl bond ds approximetely a thres-electron bond:

54

intensgity distribution in the K-rotaticnal gtruchture,

e
Lra

H
omg
H
IT.3%. Comparison of the Acetvliene and Formsldehyde Analvsesg.
We seg that the effects in acetylene and formaldehyd

differ so much in degree that they are different in kind. Ths
large bending in acetylene produces a complelte breakdown of
the QWL selection rules, whereas in Fformaldehyies, ag a con-
sequence of the low barwier oppesing vibration through the



i1, 3 o7
nlanes there is no deviation Ffrom the Gy PULE S

The FformaldehyGe gpeatrum consishts of two componenis, a
shrongey type ﬁ:%hich is of a normal Hergberg-Teller forbidden

type; and a weaker type A one which plays the vole of a Herz-
berg-Teller allowed comgonenu, the vrelative intensities of the
two components are not directly related to each other because

the components appear by 4i f erent mecbanlsnsq (The fact that

the through-plane vibration induces the TForbidden el
not a congequence of the bending of the moleculs,. ) W

ach eomponent the »elabtive intensities are devermined Ly
Franck-Condon effecte; the Irequency differsnces between ithea
¥arious bands are totally symmetric intervalg, so thal the
Franck-Condon progressions in the non-totally symmebtric
vibration }%(bg) proceed in double gusnva. The abgence of a

L’.’b
u
s
(%]
£k
tn
ey
o
o
[©]
i“"
w
xS
0
<4
@
0N
frut
&3
T
)

the exs i this respect as though it were
planar. The vibrational evidence for bending thewefore regis
on anharmonicities and on Franck-Condon effects vather than on

- the breskdown of selection vules. This is likely %o be general

o . 2
0¥ gageg 14

a low potential-energy

bs extremely artificiasl to attempt to interprst the acetylens

gpectrum in terms of D 3 symnetry, becausge of the high barrier.
LR

ot
The purely rotational evidenece for bending in agebylenc

)



11.5 28

I

ig repregenied by the K-Lype doubling in the J-gtructure and
the presence of K-giructure, whereas for formaldehyds the only
decisive test is that using the inertial defect in the vibrat-
ionless gtate. Thesge testes will be general for linear molecules
and for out-of-plane bending of planar molecules respectively;
the K-type doubling test will also hold for symmetric top
molecules. But for non-planar agymmetric tops or for in-plane
bending of planar asymmetric tops a fairly complete strueture

analvsis will be reguired to esbablish changes in shape from

II.he Other Carbonyl Compounds.

A weak absorption with maximum intensity (€ =10 to 50

A

3

1itre mole™? gx7) in the 30004 region is a common feature of
ig (53,42) and is usually attributed o &

earbonyl compound

¥ . . +¥. .
ween axcitation. Unfordtunately no other spectrum of this

type has been studied in as great detail as the formaldehyde
system, so that the conelusions ave at present tentative. Vs

shall eonsid er a Tew of the sldshyde spsctra.

11.5, Acetaidehyde.

Obsarvations on the acetaldehyde abgorption with
Mpay= 29004 wera reviewed by Rao and Rao (1954,5l). who gave
a vibrational analygis. The principal Teaturs of the gysvenm

n interval of 1125 cmr', which is

-
%]

43

ion

]
(]
ie}
g-t
U.?

pragumed t0 be the excited-state sarbonyl I'veguency, by



analogy with formaldehyde. Heasurements by ITnnes and Giddings
(4961,34) of the btemperature sensitivities of the band intensit
show that the origin lies %0 considerably longey wavelengihs
than was suggested by Rao and Rac, and the progressions of 1425
ems ! can indeed be extendsd backwards by two or more guanta.

In confirmation, the new position proposed for the origin

(ca 28700 cm”“} lieg elose to the ongst of the observed fluor-
gseence. Comparigon of the new valus with the value of

28430 om found for formaldehyde shows that the energy o

3

ransition is 1lititle affected by methyl substitution.

¥rom the length of i

’:.:

1@ progressions in the carbonyl fregu-

LY

enecy, it follows by the

g

bond lengthens by about the same amount as does that of form-
aldehyde, nafhely 0. %0 A.
Additional vibrational intervals of the excited state ave

obgserved. In pavticular, one of 430 em? is provigionally

asgigned to the through-plane vivraition., asgsuming a anon-planar
configuration for the formyl group. However more evidence will

2

be reguired to establish the details of the excited-state
geometry. No rotational analysis of the bands has yet been

accomplished.

¥1.6. Formyl Fluovids.
The effect of replacement of one hydrogen atom of form-
eldehyde by fluorine is to shift the We—n 2bsorpiion to much

o]
shorter wavelengths, the maximum occurring now ait 21004 (&=

ranck-Condon principle that the carbonyl
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ot
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I

- s o . . 5
50 titre mole om 1)w This system was studied by Giddings and
Innes (19617 and 41962,24) using high resolution. They found a

=
-}

very long progression in 1100 em™ ' which was insensitive to
deulterium substitution and so could be assigned to the excited
state carbonyl stretching freguency, It follows frcm the
Ffaaek»condon principle that the length of the C-0 bond, which
is unusually shori (1018ﬂ) in the ground gtate; increases by
mach more than it does in formeldshyde. The vrotational analysis
gives 1.35 to 1.30 A for the excited carbenyl lengihi.

Giddings and Innes claimed from vibrational evidence that
the excited state is‘suff“ciently non--planar to exclude the

nversion doubling effects found in formaldehyde; but since

fede

there appears to be some doubt about the values of the frequencies

involved, this assignment must be regarded as tentative.

ITe 7. Gdyozal.

The conjugated dialdehyde glyoxal is also of inte?est in
relation to propynala Tne ginglet Pen system is found %o
extend from L550 to about 3700 59 and to consist of two com-
pcaéﬁta.of nearly egual intensity, the bands being either of
type C or hybrids of types A and B (mainly type 4), A vib-
mational analysis by Brand {(195L,L1) showed that the type C
component is the allowed one. representing an eAuqmeAg T Van ge
ition: while the Porbidden hybrid component is induced by the
b CH-wagging vibration, which is similar to the vibration

j
foe

active in the formaldehyde gpectrum. WNo vibrational evidence



1.7 o
for non-planarity of the excited state was Tound in either
absorption or fluorescence. Exsmination of the rotational
structure of the origin band under high Peselﬁtion by King
(1957,37) showed that it was consistent with a transition

between states of zero inertial defect and therefore presunably

planar.
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ITT. 1

CHAPTER IIT,

ENERGY LEVELS AND TRANSITIONS
OF AN
UNSYHMETRICAL PLANAR MOLECULE.

The molecule of propynal is expected from normal valency
considerations to be planar in its ground state. We shall
attempt to analyse its infra-red and ultraviolet spectra on
the basis of this structure, bearing in mind that some excited
electronic states may be non-planar, and that ihe non-planarity
will show itself in depavtures from the anticipated planaw

behaviour, although not necegsarily in departures from planar

gelegtion rulega.

ITT.49. Vibronig Svmmetyrieg and Ssleotion Rules.

The wvibronic Hamiltonian and the separated electronic and
rational Hamiltonians are invariant under the group of
geometrical symmetry opevations of the equilibrium configurat-
ion of the molecule (I.2): so the corresponding eigenfunctions
can be clasgified in terms of the symmetyry specles of that
group. The plane of the propynal molecule will be its only

element of symnetry since all the atoms are chemically, fawr

less symmetyically, non-ecuivalent. Thus the molecule belongs



to the point group QS with operations 1 and ¢ and symmetipry
species A and AY, as shown in Table 1; the species of the
translations (T) along and the rotations (R) about the principal

axes of inertia are also shown.

Table 1.

Cq T oAb T R
' 5 -
A 7 -1 To RgsRy,

The pressnce of at legst one iranslation in each symmetry
species means that no vibronic transition is forbidden by
symmetry. However, vibronic transitions of the ﬁypeSJ($9A{
and A‘e>A" have transition moments lying in the molecular plsne;

7 ‘s aa oo B
vhereag A <¥A transitions have momenys perpendicular to the

plane. The rotational selection rules differ in the two
sases (I1T.48).
ITI.2. ¥odes of Vibrabion.

Since the molecule has six stoms and is non-linear,
there are twelve independent displacement coordinates
requived to specify the modes of vibration. These goordinates
can readily be shown to have the symmetry repressntation
947 - 3A7 ., Nwumbering the atoms as shown in Fig. 4, we can

convenienitly choosge thege goovdinates as follm

aa



Fig. 4.

X coordinates:—

bond-stretching : Sr(C4H;), &r(CzHy), 8r(CyCa), 8r(CyC3),
6?(030);

in-plane bending : 88(H161CZ)9 SB(OZGSHi), 89(016203), 86(02830)0

& coordinates:—

H
. A A )
oub~of-plane bending @ Se(Hﬁcch), 59(010203), SQ(C?ng/O )

The normal coordinates will be linear combinations of
these displacements. It is convenient for descriptive purposes
to regard each normal coordinate as being formed largely from
one of these basic coordinates, but although this is often

true it is not necessarily So.

TIT1.3. Vibraticnal Term Values.

The vibrational term values of & slightly anharmonic
oseillator with twelve degrees of freedom are given to a

good approximaticn (g§99a2103 by

'm. 1
G(V4eVogaceyTyn) = Eysp/he ~'$¢wl(v + &) +w'“ g;xlj\v i+ ?)(v4¢ 1)
where ; is the zero-order freguence and v, the vibrational



TTY. 5 Al

wuantum number For the 1% normal mode, and the R BLE

anhavrmonic coefficients. Each v, can take the integral values

0s1025..05 the lowegt level being the zero-point level
[

.rn

1,,.3 = Vg Zawe= V.?2 0 with G’(O OguumuO) = ?_Zml + _s:; j}j‘ ij‘ it
= :5
is more convenient empirically to refer all the vibrational

levels to the zero-point level by using

GO(V‘QQVZE"““‘SV'?E) 2= G’(V»}vvzqu‘eusv Q) it C(O Ogoca 50)

o S N .
= ;’;““}:%vi L szlijv-j_'ﬁlj
s+ E

TTH) £ 1 ;"Q = - - l‘q‘s? s 5

Were t,xﬁ‘l = ‘3\;‘1 -+ ;;%;X1;°

For a harmonic oscillator in which the instantaneous

electric dipole moment is linear in the displacement cocordinates

it can be shown that the selection rule Av =11 holds in th

<D

pure vibrational spectrum (28,p.260). Although this rule is
strictly valid only in the ideal casey, it meansg that overtone

infra~rad

O

and combination bands will be weak or absent in the
spectyum, s0 that we are concerned primarily with the {unda-
=Ty v.=0 for j#i, which have

‘}}i = Go(cggge "o 9‘?'93&&90) ={¢3:? -+ Xiim

ITT.Lke Fermi Resonance.

The vibrational term values given above are obtained by

treating the anbarmonic terms in the potential energy as a

IJ&

verturbation of the harmonic potential, snd adding the lavrgest

firet- and second-order contributiong to the harmonic term
values. However, this treatment will not be walid for levels
vhich ave nearly degenerate in the harmonic spproximation. In

[
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this latter case we must use degenerate perturbation theory in

o

order to evaluate the anharmonic term values. It is Tound
that an uwnusuvally large mixing of the harmonic basgis funstions
oceurs, so that each level partakes of the character of the
other. In this way overitone and combination bsndg, which are
usually weak in the infra-red spechrun, may gain intensity at
the expense of a fundamental of nearly the same freguency; they

will also be displaced in frequency. This effect is known as

Permi resondlce.

I-Je

nee all the termg of the potential energy expression are
totally symmedric, a necessary reguirement for Fermi resonance
to ocecur is that the interacting levels have the same viaratiou-
al gymmetry.

Suppose we are considering a Fermi resonance beitwesn n
levels whose harmonic basis funciions are }@;éf R Y
Transitions from some other level ﬁg(usually the zZero-point
level) to gﬁ are assumed to be allowed; transitions to the
others are forbidden. Suppose further that H is the complete
vibrational Hamiltonian.

Then the matrix HEq = j;ﬁ%{gﬁﬁf has non-zero off-
diagonal elements associated with the Fermi resonance. To

ohtain ithe we agonstruct linear combin-




(I Y
185 déj = 51327 , vhere the E, will be the observed enevgis
s A ) - e 7 Q ) e P
TVl s F o oala = .l o Al A w0 2 2
en s a LYW, = S F 8, LA = S Sl moafa,
B0 B39V The BTk = OV BV
Y -
(] f ol xr 10t 3

Thus Hrl =

of the levels. ©Striectly speaking, they are first-order

perturbed, but the effects of the Fermi resonance are not

] . Thern STHC o= 5% 5 F. = W Thug
dnecluded in them. Then ﬁfikk “ﬂ%*ﬁfaik 1 g ~‘%7Ji «  Thus

the swvm of the energies is not aifected by the Fermi regonance.

iﬁ 5% N 3 oo} F :\
he transition memeni for Yy is jVAudsdrs Fla,  f4paiie
The traneition moment for Yy<—Vg 15 JYodyytr ‘ﬁ“aisjfaf‘?a‘
where i is the instantaneous electric dipole moment. Becausges
¢
of the forbiddenness of w3@w?» less j = 1, the last equation
becomes fﬁ’{@“&f= as S, where uS, = i 4idr .  Thus the
JHRHTLOTE B0 W foq = MV 4
) X g 5 -~
intensity of W< is proportional to aiaaie{gaqﬁoq}y The
£, Fal -

total intansity Tor the perturbed levels 1&} ig therefore nrou-

facted by the Permi

Finelly, from the results that Z’Tf',‘ = Fa,.ak B, and

that the intensity for the “jq isvel is proporticnal 6o a;.ds,4.

it follows that the unperturbed level HJ, is given by the

=

eipghted mean of the perturbed levels, the weighting factors
being the intensities Ffor the individual perturbed leveis. Tt
should be noted that the more general propogition, that the

intengity-weighted mean energy is warlffected by the Fermi

regonance, is not true i¥ more than one of the wperturbed
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has non~vanisuing intensity.
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117.5. Double-linimum Poltential.

Largef~departures from harnonic behaviour will occur it any
of the vibratiocnal modes is seriously anharmonic. This will he
particularly trae if therg:£WQ minima in the potential energy
function corresponding to any coordinate, with a fairly low
maximum between them. A double-minimum potential well of &his
type has been Tound in ammonia and ammonia-like molecules (28,
P<224%); in Ffommamide {3i2), in trimethylene oxide (9,36), and
in the lowest exeited states (singlet and triplet) of form-

aldehyde (see I1.2).

' 4V
Por a slightly anharmonic ;
; f
oseillator the successive \ A
\ v
guanta are nearly equal and \ . /{
b} o i T é“
change smoothly wuth rea g~ \ f
\\ :,‘;
ing guantum number. On th /
g g cum numosr ouie \ /‘\ i
ky 7 o )g‘_
other hand, the guvanta of a \A / \ ‘/
i T
double-minimum vibration are \\ / X
alternately small and large, N/ N/~ e
5 >
the greatest alternation
Fig. 2.
being observed in the lowest
quanta. For a gufficiently high central maximum the small

v !,

guanta for low guantim numbers are almosi zero, and the levels

are effectively doubly degencerate with a spacing between

m

s

sucegsgive double levels egu

o the harmonic Treguency fov



g limb of the potential well by its . oz the gquantum
number increases, the small gquanta be-.me larger and the large
ones smailer, until their magnitudes »onverpge for energies
well above the potential maximum. This behaviour is shown
diagrammatically in Pig. 2, where the symbols + and - denote
respectively symmetry and antisymmetry of the eigenfumnctions
about the central maximum, assuming the potential function
to be symmetric about its maximunl

The detailed pattern of the encrzy levels depends on the
form assumed for the potential function. A convenient way of
introducing the central maximum is 7o add to the normalf
harmonic potential a Gaussian function {9,16,61), giving
Vo= hcv(%gz +vxe“§€.) for the mode involved, where Vv is the
limiting harmonic wave-number for large v, and o and ﬁ are
parameters; the variable g is g dimenzionless normal coord-

14y

inate and is equal to y™§ in the veiatlon of Wilson, Decius

=

and Cross (68,p.37). The potential has a central maximum
cnly if Zmﬁj>1 ;@ andfﬁ determine regpectively the height and
breadth of the central hump. The matriz elements of the
Hamiltonian corresponding to V, t¢ a basis of harmonic

ogeillator eigenfunctions, can readily be evaluvated. The

AN
o
s
=)
o
i
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Por low values of of, the diagonal elements will give gocd

approximations to the energy levels.

IT1.6. Rotational Symmetries and Selection Rules.

The principal axes of inertia of a molecude are convent-
ionally labelled a, b, ¢ in such 2 way that the momenisz of
inertia sbout these azxes fall in the ovder Ig{ Ibé;IGo

For a planar molecule one principal axis must for
reasons of symmetry be perpendicular to the molecular pla
and this is the c-axis, on account of the relation Ig = 1
which neglects only the contribution from the electrons.
Furthermore in propynal the heavy nuclei (carbon, oxygen) lie
roughly in a straight line, about which the mement will be
small, so that this will be the a-axis. Ceonseguently I _&lT,=1,.
Thus the molecule will be an asymmetrie top (I # Ty £ I,),
but will approximate teo a prolate symretric top (I, # In = I,).

The gymmetry of the total Hamiltonian operator with
regpect to all possible rotations of the external axes leads
to a claggification in terms of J, the quantum number of the
total angular momentum, the magnitude of the latter being
AT(3+)n/2% : T can take the values 0,152,... o The level J
is {23+1)-Fold depgenerate with respect to orientations of
angular momentum vector relative to the external axes; and

the angular momentum vector cam alsc assume (2J+41) orientaiions

relative to the internal axes, which in the case of an asymi-



iil. 6 I
stric top all correspond to different energies. J is subject
to the following seleciion rule:

AT = F = 37 = 0, 4 (except T=0 4> J=0 ).

The rotational Hamiltonisns of the two types of symmetric
top, prolate (I £ Iy = I,) and oblate (Iy = Iy # I5), ave
invariant under the point group Dy Whose symnetry operations
are : rotation through any angle about the unigque or figure
axis; and rotation through # about any axis perpendicular to
the figure azxis This leads to a symmetry classification in
terms of K, the cuanbtum number of the component of angular
momentum about the Ffigure axis, the latter having the
magnitude Kh/2x : X can take the values 0,1,25....d , the
levels with X # 0 being doubly degenerate.

As gtated in I.2; the rotational selection vules depend

rection-cosines L. It can be shown

A FRpR
Lilel e

the

',..s;

on the matrix of d
three components of each column of L behave gimilarly with
regpecst o rotations aboul the inertial axes, wheregs the
gifferent colums may behave differently; we may therefore
indicate the behaviour of the components of L by means of the
components of m which they multiply when ithe matrix mmultiplic-
ation lis performed., The rajuirement that @géﬁ;%ﬁot be totally
aymmeteic then leads to the gelection rules

# 0

m; # 0

AKX = O

28

AL = 11

ea

vhere AK = K = K7 and m, and m, repressnt respectively the

component of m parallel to and one of the pair of compwnents
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perpendicular to the figure axis.

The agymmetyic top has the lower symmetry Do, the oper-

ationg of which comprise rotaltions of ® about the thiee azes
of -inertia; the species of D, are A,Bg;Bp,Be {Mulliken not-
"ation: see 28,p.52). The symmetry properties of the cocmponents

of L give the following selection rules :

my # 0 i A<r By, BpeBg
rﬂ.b ;é 0 H A <t _B.b 9 Bagi..:;,Bc

m, # 0 : A==B

o By 9By

If we imapine a top continuously transformed from the

prolate symmetric limit through asymmetric intermed: s

ate

futo

n

the oblate symmetric limit, it is found that a given asymnetric

f‘/A
3

top level can be uniguely characterised by the valiues of X,

namely X, and Kqs OF the levels with which it correlates in

3

i

31

gﬁ

velyv: ho the

2

=

eve

wo

the prolate and oblate limits respec!

values of X, and ¥, only have significance as quanium number:

G

of angulayr momentum in the Limiting cases. The asymmetric

top selection rulss are then eguivalent to:
. AEK; even and AK, odd

o8d and J?s.Kc odd

as
e
=

odd and AK, even .

For a slightly asymmetyic prolate top like propynal. the
strong rotational trangitions are thogse which are simultanecusly
alloweéd by the asymmetric top and the prolate symmetric top

selection rules,
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hﬁ. L = J '-7 m&.

ot 3 ~§" ﬁ
i IQ

where Jé ST ]I are the C'Myunenbﬁ of the total ansular momentun
about the principal axes of inertia and Tgedy.I, are the
principal moments of inertia. The slight non-rigidity of

molecules may be allowed for by using effective moments of

’»_)
et

e

inertia for the vavrious vibrational levels aand hy roduc

Cr"'

small guartic terms in the angular momenta, these ferms bein
associated with centrifugal distortion.

The rotational term values Fy(J,K) = En.g /he for the
vibrational level V of a vibrating prolate symmetric top are
then given, to a zoocd approximation, by the egquation

Fy(T,K) = Byl (3+1) + (& y-By)B° - DJI 2(3+1)2 = DI (F+1)E% -

where Ay and By are effective pgtationsl constants and Dy, Dry

and DK agre small genteiiugal cosfficients. The dependence of
the rotational constants unon the vibraticnal quantum numbers

is well representeld by Ay = A ~=z:q§(?i+§ and

By = Beln2§as§(vi+%} in which the «-g are small vibration-
ES

rotation interaction constants. The constants Ae and Be ara

then related to the moments in the equilibrium configuratihon
by Ae = h/Sx“@Ig and B, = h/Bﬁ cigm The eguations

Ay = Aﬁ,a»%:@évi and By = Bp - m% i are more convenient
empirically.

The rotational term valuss FV(JF o ) o= Enoy /he of an

o A0
a ¢




agymmetria top cannot be gtated explicitliy, but for given 1

Fo

they are, to the same approximation as above, the éigenvalues

of the matrix F; with non-zero slements

S ;(—‘\_ E “( J ( A ‘ﬁ Ir2 2( D) J(j'q\}’h‘)- e 1) Tf;:i-
\;{\ _Ji_xlj = VJ f"‘,) + v V-) 5 - ) = Dygd (J+1JE7 = Dpll

i
K {FJ @2‘7 {-—(anc\,) - %JJ(JM) + Ry LK“-&(KIQ)QR'J?(J,Kt‘E)
K|F SIETLY = R£(3,K21)€(T,KE3)
where £(J,n) = {{?(J+?)~(nm1)ﬁjiﬁ(J+1)»n(n+1i{%ég and X

can take the values —J;=d+d1ss.040-%1,d. The significance of

/‘m

fote

Cy is similar to that of Ay and By and'§V:%(3v+Cv); 55335 and

RG are additional centrifugal coefficients,

Neglecting the centrifugal corrections, the term values
may be represented by Wang'’s equation
Fyld KK, ) = BVJ(M) (AV«-EV w(ap; K, b)g-

where w(J :b) depends on the asymmeiry parometer

KoKo '

CareB a
b = 5‘73!“""‘;{;" and is obtaingble From tables for the warious EC!E.AS
Ay-B .
. VY p N o
{_.6&)0 An alternative treatmsnt uses Ray’'s asgymmetry parvametegr
2By by =Ge  3bHi o .
K = - = (00, AL .
A, =Cy ol \Ehls QL)

¥
For a nesr-aymmetric prolate top the off-diagonal elemenis
of the matrix Fy are small and its eigenvalues are approximate.
e

ly the symmetric top term values with By replaced by'ﬁve This

approximetion is best when J is small and K, is large, l.e.

when the angular momentum vector lies nearly along the a-axis.

I117.8s Coriolis Coupling.

3]

Sericus departures from the eguations of the previous

section occur when the molzeule possesses internal znguler
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momentum, as a congequence of the Coriolisg coupnling of the

d»

angular momentsa We consider here the cage of vibrational

angulaxr monmentun.

e

A vibration-rotation Hamilitonian which allows for the
Coriolls interaction but neglects all other vibration-

rotation interactions is )
Pl 2
oo ey () CEAR AT 02 L aPalyn
Hyipopot = élxmﬁfmJ 4 ,iIB e S zéf(Pi F L3t e"vI0T)
where Jh, 1, Il sve the components of total angular momentum;

ol

'

Thy i, W, are the comporents of vibrational angular momentum;

T5s1ys T, are the principal moments of inertia (assumed constant

for all vibrational levels): and Q; is the ith normal eoord-

inate with conjugate momentum Py and harmonic wave-number %iJ
The vibrational angilar momentum is given by

I x%;%;éilePly etc. The Coriolis coupling coefficient (i,

depends on the transformation from Cartesian displacementis

[«

¢ real normal coordinates, and 1ls given by

where bgp,6, are the Cartesian displacements from eguilibrium,
i
in the inertial-axis system, of the r'2 atom, of mass Mpo

-~

Thig definition af ¢

!o

>8, . . .
Ly 8grees with that of Nielsen (49) and
£ Boyd anéd Longuet-Higgins {3}, but is opposgite in sign o
2o T,

that of Wilson, Deeius and Cross {68,p.368); the use of

Jacobians is due to Boyd and Longuet-Higgineg.

The Coriolis coeffigients ave weal, with ¥Z%1éé§? and
{3y = =¥ %) according to the selection rule of Jabm (J0),

'%1 can only be non-gzero if the preoduct of the symnetry specias
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of @, and Q- containg the species of a rotation aboub the
Fade bl

a--axis.
The vibration-rotation Hamiltonian congists of the
Hamiltonians of a rigid rotor and a harmonic oscillator with
PP ) o .T{?{'@ ?l"a' 5 2 -
the addition of terms of the type -2 4 72, The second of
Jo 214
these s purely vibrational, and contributes to the vibrstion-

al energies small terms of the order of magnitude of the

rotational constants; we shall regard these ag already incom-

i=h

porated in the vibrational energies. The first type of term
produces & coupling ©f vibration and rotation which we shall
congider in more detail. Ve only deal with coupling aboutl
the a-axis, which affects the K-rotational structure of a
prolate gymmetric or near-symmetric top.

Tt can be shown (for example, using the tables of 68,
p.368) that the only non~-gero matrix elements of w£§§te a

mg

basis of rigid-gsymnetric-top harmonic-oscillator wave-function

<V?'95¢: ,,-‘V*EP‘E PR gvlwa & G"i’n;q}\ HY iu)jzj‘g% gv‘%’” nggé y 'i?'l «4 e ;9?2'1;;9'{3}#}

:.?'==-<V1geo kage.ea yV"g f"%goe p‘?n;J"g,i{s Fﬂn Ev_iybﬂ&vk.!.'ﬁgo&sﬂflga(,?; Q:T
2, i} ——>f,~n5._§z A
ihcgkl(vk-&’#} (vlm}z 1<;:; +(3’i§ }AK

and

a). _;‘
4‘

SRR

- ! 7 4
(vfzgu';z;Vk‘ suoﬁvi“f‘fyongvﬂlsdgp %“Nw“?_‘_.?;é{.i%Vaggungsvkgo"9‘1"90&3»‘3;'&1;;{‘\, s
H i g

Lo
§m<v% voesViseasTyseosVpyid K g Mt’f&:‘;ﬁi FyoeosTptisess¥ytip,e ¥y
a - L LoV pal T2
= ih@@%i(ik+1}d(v1+§}33{%¢wmg%?;A;s
§ - ‘ LAYy AP
Ehe difference in energy beitween the diasgonal elements con-

-

o 3 N — [ > 3 ,
nected by these matrix elements is in the first cags

T
?} o oo
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and in the secend case helyy+vy).

If the effects of the Coriolis interaction are treated
by second-order perturbation theory, these matrix elements
provide energy corrections proportional to X% and so they
contribute to the effective rotational consatant Avo However
the second-order corrections contain the above energy diff-
erences in the dencminator; =0 when vy=sY, the corrections
due %o the Tirgt type of matriz element will be large and
the second-order treatment will not be valid. The correchtions
due to the second type of matrix element will only be large
when the vibration freguencies themselves are very low; for
the sake of simplicity we ignore them in the present ssse,
although they could bs allowed for by using effective rotat-
ional constants.

When vyp=vy we are forced to employ degenerats psriurb-
ation theory. We shall assume that the off-diagonal elements
due to asymmetry of the rotor (see III.7) are negligible.

Fundamental Levels.

There will be matrix elemnents of the first type conneciing
the fundamental levels Vi and Vs agsuming of course that
(%7 # 0. For given J and X, the vibration-potation term
values, Beferred to the zero-point level as origin, are the
eigenvalues of

' T ?{I,K) 1ZK —5

~12K v + F(5,E) |

. ot
pe 5 a Srve, 2 ‘i’%}
M PR o ZE u‘& H Ao
wher z E" ki (vg} "f"(*‘m
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Ir %“”1;“‘1% >\§zz:§, second-erder perturbation thesory gives
these ecigenvalues as “\k«E‘(J K)+4 3;\2 and Yq+l (d,K u.;}{ where
?ﬁ,,s\}k@‘&la

However, when =¥y, we must use the correct eigenvaluea,

namely .
Yoo = F(Vy#Y1) + P(I,K) 4 38,
and Vp= () + F(T,K) - 34,

vhere Ag = 52 + LZ%K% and A, is taken to be positive; thus
gj‘;a:g&,l and % > %. Note that the energy levels do not
depend upon the aign of %%lo

Sappose now that 'gﬁk and }?‘1 are the harmonic oscillator
wavefunwtions For the levels vy and Y9 SO that the unperiurbed
vibraticn-rotation wavefunctions are «{/‘k'gfi,ot (J,%) and
Y1 ¥ppetdsK)s Then the vibration-rotation wavefunctions fur
the levels v and v; are {:a}if%‘g"k w debply )9 ﬂ%({gﬂ{) and
(.ﬂwbwy +oagWy {7,K) regpectively, in which a, = f”:‘:ﬁaﬁj’:\ﬁ

|y K¥3/ Voot S8 £ 7794,

and by = {@.’Sﬂ. “}’& (the positive square roots being itaken) and
o is +1 or -{ according as Eﬂ%}, iz >0 or <0, Thus we oan
define effective vibrational wavefunctions
Ve = axl ~ dobgdy and  Ya = -lebygly + agyy for the levels
W, and 75(“ the vibration-rotation coupling being shown b;v'
the dependencs of the coe ff‘ cients uwpon K

Tn ealeulating the intensities of the varicus rotation-
2l transitions, the rotational Punctions Y. (J,K) will
give the normal Hinl-Londeon factors in the intenslty

expression (28,pp.L22 érzd 426). Howsver the K-dependence of



iii. 8

the effective vibrational wavefunctions 7 and ﬁg will iead
to an additional K-dependence of the intengity. We will
guppose that gogﬁgﬁyly f&ﬁ with components Pakr ForsPek #

where O refers to the zerc-point lavel and u is the instani-

. . PR t
ansous electric dipole moment; and similarly <0} @5??} = fhqo

Then for parallel transitions (X< X) from the zevo-
point level, the intensity factors due to the effective
vibrational wavefunctions are:

PSR Vada™s 3% 22,2 L Bl i
Ol pal o) = agpgy + PRpay end E<0 Falfprl= 1 T * aﬁ}al"

Thus, since a% b%—x 1, the total intaensity is unaltered by

the coupling, but its distribution between the levels depends

' . L L.
upon K and becomes even as K-—vew (since ax—+(%)Z and b+{%)% ).

Assuming the a,b,c axes to be might-handed, the vihrat-

ional intensity factors for perpendicular transitions from
the zero-point K-1 level are {see 3 or ji}:

(53]

8
3 s i") b«;&\jﬁbl ;'L@‘ij e ciat{bﬁo ax

1 i 2 o, o 2 -
%\O g }‘(hmvi;/lcg g /\}{/‘; }g = a}ix‘?% kJ ju’-(g L
!.e"' & i afs S %f.: — % 2 -:2 » u2 3 , 4
iee\ #] g g& K J\'},@G z W é@jz’g: = Q—K{;;,«; b}i-,?_,bak:} 4 aKi\ ‘I-blﬁ";;lc 1 ',' - zaKbiﬂSG

Similariy, for perpendiculer transitions from the zero-point

K+1 level,
N 24,8 2,.,2 2 o w
Ko | py+ip }"* § af{powror) + BR(FBL+MEL) + 28,05 S
: xa~,'z”g 2N, L2022 oe 1 &
KO | pvipgf = bripprtion) * brlPpitPer) — PP o
I all these ejuations S denotes the guantity @(Mbkﬁﬂl Ploi

tobal intensity is again malitered

e

»; 2 2 £ .
Since ag + bK = 4, the
and is the game for AKX =34 transitions. However for the
levels separately the intensity is distribubed wnsymmetric-

-~

ally betwesen the AR=+1 and AK=<1 gub-bands, and since &, and
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bK are both positive the mode of distribution depends only
upon the sign of 8. If 8 >0; the level ¥, has stronger P-type
sub~bands (K<K+1) and weaker R-type sub-bands; while the
level % has stronger R-type sub-bands and weaker P-~type
sub-bands. If S< 0, the opposite intensity gelationships
hold., Thus it will bes pussible to determine the sign of S
from observations of the relative intensities.

Degenerate Vibrationsg.

We shall suppose that on account of symmetry v, and vl
are beoth equal to Yy, say. The distinction between b and ¢
as inertial axes vill no longer hold, but it is sufficient
that a;b,c remain a righit-handed set. We then choose Gy and
Qy to be the b- and c¢~components of the doubly degenerate

normal coordinate %9 so that i becomes i%o Then &= O,

Ay = uiia!AK and ay = = (% )‘ Thus
Y = + F(I,K) « QiéagAM . o= (% ) (q;nk ~ 1c%y) arad
Ve = \,;m + F(I,K) - 2)%5‘&1{ s Y= (3 )*(#k + iy ) (wio) .

Because of the choice of normal coordinates, fi c = fpy = 0
end becsuse of symmetny {f%kl = §Fcl‘ = Ppe Thus the
intensities of the R~ and P-gub-~bands to the level Y, are
proporticnal to F% - S and ﬁg + S respectively; in the same
ways, the intensities of the R- and P-sub-bands to the level
Y4 are proporticnal to F;_+ S and F; - S respectimely. S

4 3 —_ iR ¢
rnow has the value opp thqs 5O that %S!"ﬁnv Therefore,
depending upon the sign of S, one or other of the two sels

of transitions is forbidden; this selection ®ule is due to
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Teller and Tisza (63,62).

It is wnow necessayry to set up a sign convention. Since
the signs chosen for the normel coordinates are arbritary, the-
sign of i%l or in other words & is only determined by this
avrbitrary choice. For the degenerate case, Boyd and Longuet-

Higgins (3) fixed the relative signs of 9, and Qy {in our

“k
notation) by requiring that <Qk’Ql) tranaforms like %ubppb)g
with particular regard to sign; this immediately implles that
b ; 5 5 +% - - I

Vo and ﬁcl have the same sign, =0 that Pox = Feiﬁ Thus

S =om_, Whens the normal coordinates are chosen to gabisly

this convention we will denote the value of gav"© ohtained

Putting &'= +¢ or -9, we see that the level
Yy * F{T,K) ~ 2&%}&1{ » which way be % or v depending upon
¢, Torms only R-type sub-bands; aund the level
Vg + F(ILK) =+ ZﬂiﬁgAK Porms only P-type sub-bands., The R
sub-band origins are given by
vEP(R) = 9+ §a(4-2[Z8]) - B? » 2fa(1-(232]) - Bz_; K
where X7 = 0,4,25.0. : and the P sub-band origins by
352y =y + {a4-2[38]) - B} - 2{a(1-R8D) - B} "
Wher@ il 142935000 o Thus the two sets of sub-bands form
a continuous series with constant spacing Epf{~« *j) = B% °

o

Geperal Sign Convenbtion.

As an extension which includes Boyd and Longuet-f ggins's

gon¥ention as a particular cass we shall Fix the relative

signs of Q& and ©Q by in the general case in suech a way that




bi” 0. The cign of S therefore becomes that 280 o

which can therafore be aete?mlﬂed experim ally.

On th

[43]

other hand, if we wigh to specify the sign of Sf?Pé

according o the convention, the requirvement bscomes

L o B U «

Poifax ;clf%k;}o Thus between specifying the signs o
a - 2 . .

and ﬁ:iki we have to change the relative signs of Qp and Q-

It follows that the antisymmetry relation gkl s ~08. , which

holdg Ffor a Tixed cheoicewof normel scoordinates, becomes

) >3 SR S SRR s o Yo e
bﬁéiz = j{5d 3 this is our reason for distinguishing the
i«s satisfydng the convention., If it hed been trus that tha

antisymnetery velation persisted forlg;%i_g we would have
left with the problem of determining whether an observed sign

corresponded to ,Qi?j ov 1.
o

F’«:l

Non-Degenerate Vibrationg nual Intengity.

We shall have occcasion Lo consider {(see Vi.3) a case in

which v-a% 1 but on account of symmetry ng My = 0 : and
1t will be a goed approximation to take gibkg i S0
that as a conseguence of our gign convention we ha

i = Fa = J(3)-

w 72,
N . IR
Then, for K=-K-9 transitions, Ef@gﬁbméigw% § =

nd, for K-~EK+i trangitiong,

ke,

d
nearly egqual, the ratioc of the intensities of the strong and

weak gub-bands of given K arsg
Strong
ek

x°

o
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Overtone and Combination Levels.

There are slso matrix elements of Coriolis ¥ype comnecting
the levels 2V, kavl, end 2vy. For given J and K, the vibrat-

ion-rotation term values are given approximately by the eigen-

values of
1 -
2v+F(T,K) i227ZK 0
1 A
~-122ZK vkwlw(J,K) 227K
1
0 -1297K 2¥1+F(J5K)

These eigenvalues are found to be
 Vyib-rot = Vi + Y + F(JK) - 3AA ., where A can take
the values O, f2.
More generally, it appears that, for the set of levels
which have v, + vy =V, the vibration-rotation term values

are v = V(veevy) + F(5K) - $ADg

vib-r0t
where A can take the values V,Ve2,V=lig.se s=V+2y,~V. This hag

been established for V=1,2,3 , but hag not been proved in generali.
In the case of exact degeneracy, A becomes the guantum number

of vibraticnal angular momentum.
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CHAPTER IV,

MICROWAVE SPECTRUM = OF PROPYNAL,

The mierowave speetrum of propynal was Tirst observed by
Howe and Goldstein (19559§§} and later studied exhaustively by
Costain and Morton (4959,13): the latter workers obtained
gpectra of Fifteen isotopic forms, Including iscotopic weplace-
ment of sach atom in turn. Planapy propynal can only have purs
robational trangitions of typss A and B, since the permanent
inole momend must 1ie in the molecular plane (see I.2): and
only uhe ie types were cobserved. In additicn, the ineriial

defect of the zero-poinit level was fownd to be positive Tor

all the igotopes and to increase upon deuterium subsiiiubion
of each hydrogen atom. It was therefore concluded that the
molecfile wag planar in its elecironic ground state.

The rotaticnal constants found by Costaln and Mortcn for
the zero-point levels of the various hydrogen and deuterium
‘e i 12 . 16 . . -t L o
izotopew containing ~C and 0 are given in cm = in Table 2

{vsing & = 2.997929 X 10 am sec ). 1n addition the asymmetiy

3 agm

rtial defest O, {see 1
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The sgtructural parameters presented in Table 3 were b~

[©]
i

v

R

tained by Costain and Morton using ths meithéd of sub
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Py

coordinates; the egtimated uncertainty in the

+0.001 A and

- - '
in the angles 10 .

ie

ngths is

The 650261 angle is

Celeculation of
IIT.7) from these sonstanis shows
little departure from symmeirie top behaviour for

the effects of asymnetry are only serious for Ky = 0 or 1.

I

G

Table 2.
HCCGHO DCCCHO HCCGDO DCCCDO
A, 2, 26912 2,22715 1.72667 1070367
Bg 0.160985  0.148895  0.159825  0.447739
.G, 0.450091  0.139359 0146060 04135747
B, 0155538  0.14LL127  0.152942 0. 4L17h3
Ag=Bg | 2.11358 2, 08303 1. 57373 1056193
K ~0,9897 ~0. 9909 -0, 9826 0 9847
AlwR) 10,4718 0.4785 0. 1775 0. 1818
Table 3.
r{C,H,) 1.055 A Co , 1807 Numbering of atoms
r(7,05) 1,209 6.0,0, 178°24 | =nd inertial axes of
e(GaCy)  15LL5 C,6 123°17° | iight isotope : see
v(CxHg)  1.106 CCoHy 193°54 | Fige 1, p. 3.
v(C50) 1,215 alzh, 122719’

bent away from the oxygen atom.
asymmetric top rotaiicnal energies (see

hat the mclecule exhibits
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EXPERIMENTAL.

¥.1. Materials.
Propynal was prepared accoxding to the method of Organic
Syntheses (3956931 s woich is essentially that originalily used
by Wille and Saffer (13950,65). To prepsrgyl aleohel (56 g.)
dissclved in a mixture of concentrated sulphuric acid {68 mi.)

and water (220 ml.) wasg added dropwise a solution of chromium

-

trioxide (40% g.) in concentrated sulphuric acid {68 ml.) and
water (200 mi.), the vesgotion being carried out with stirring
and coocling in an ice-galt mixture, A stPeam of n
introduced into the mizxture theough a capillary and adravmn
through by mesns of a watey pump {ca 20 wmm.Hg) uwepv tihe pro-
pynal as it was formed into Awo traps In series; the first

trap was a large one cooled in a svlid carbon diaﬁide / methanl

p=

bhath and the second a smaller one coeooled im liguid air. Sailv

s

was added to the condencate of the first trap after varming

to room temperature, and the lower asguecus layer was removed,
The organic layer from vhe first trap was added to the con-
densate of the second trap and the mixture was dried over
anhydrous magnesium sulphate and disgtilled a8t atmospheric

s beads. The fraction

\
"_:

pressure through a B-inch column of gia
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of bepte 5L-56°C (13,7 g.= 25% yieiﬁ} was collected.

Propynal is a mobile colourless liguid which 1s rather
ungtable at room temperature, particularly when wet or when
expoged to light, and it readiliy forms a dark-brown solid
(presumably polymer) vhich dissolves easily in acetone. However
it can be stored indefiritely at -80°C.

Since the product from the distillation at atmospheri
pregsure was glightly discoloured, i% was purified by several
bulb-to~-bulb distillations in vacuo, end volatile impurities
(probably acetylene snd carbon dioxide) were vemoved by
prolonged pumping from a sample held at -80°C.

Ethynyl-deuvterated propynal, DCCCHO, was prepared by using
in the above method (reduced in scale) a sample of DCCCH,OD

prepared by exchanging normal prepargyl alcohol (2 g.) twice
with successive samples of G5, 8% Ds0D (5 z. each thme) contain-
ing a trace of anhydrvous sodium carbonate (3 mg.). The
propargyl alcohol was extracted {rom the first exchanfe by
continuous ether extraction, with the gareful exclusion of
normal water; and the ether was remeved by pumping. The
mizxture gzom the seceond exchange was put straight through the
oxidation procedure., The resulting propynal was estimmied Trom
its infra-rcd spectrum to be over 95% DCCCHO.

Since the propargyl-alcchol ozxidation is the only mathcd

reported as giving = reasonable yield of propynal, and since

o

the preparation of methylene-deuterated propargyl alcchol

ER3 LTS b*
woukd a falrly roundabout route, methods of preparing propynal
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in & manner gultable for a more divect introduction of formyl
deuterium were tried. However, Stephen reductidn of cyano-
acebtylene; contyrollied LiAlH} reduction of propiolie asid, and
pyroliysis of mixed calecium propiolate and calcium formate all
proved unsuccessf@l. Fimelily, Dr. C.C.Costain genercusly

gave us his sample of HCCCDO (13) which had been prepared from
HCDO (1) by condensing with acetylene to form HCCCHDOH and
oxidigsing the latter by the above method. The methylene H

wos selectively oxidised and the resulting propynal was found

to be HOCCDO of high isotopic purity (cver 984 ).

V., 2. Infra-ved Spectra

a=-red

"‘.Z

Iin

soeetra wers recorded on a Unicam SP100 specipo-
photometer operated as a NaCl prism—grating double monochromaior
oveyr the range 3600 to 650 ew”’ 2nd s a KBr prism monochromalos
From 700 to 400 em' Slit-widths from 4 to 5 em™! were employ-

.5 being used when good resolution of the

y

ed,; the narrower siit

o

K-gtructure was desired. The spectra were calibrated agaiust
spectwa of standard vapours (18.35)-

Propynal vapour pressures from 5 %o 150 mm. Hg in a 10-cm
cell wvere sufficient te develop all the important bands of the

2

spectrum. JIn addition, speetra of liquid propynal and its
golutions in carbon disulphide, diethyl ether, and n-hexzane
were recorded. The carhon digulphide and hexane solution
spectra closely resembled that of the vapour, whereas changes

due to hydrogen bonding were observed for the pure liguid and
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ity ether solution (7).

V.5%. Ultraviclet Spectra.

n

Measurements of the ultraviolet absorption of propynal
in the vapour state and in iso-octane solution, under low
esolution, have been reported by Howe and Goldstein (1958,31).
Our meagurements refer exclusively to the vapour phase, under
better regolutlon.
(i) Preliminary spectra were rvecorded with a Hifger medium
glass spectrograph above 3600 A {dispersion 9 A / mm. at 3800 Ey
resolving about 1 cm“i) and 2 Hilgey medium quartz spectrograph
(@ispersion 25 A / mm., at 3500 Eg resolving about § cm.“'/&)9
normelly using a slit-wodth of 20p. The background for the
glage spectrograph was provided by a tungstern Tilament lamp
and for the quartz by a bydrogen discharge lamp. The spectra
were calibrated with iron-ave spectra, and wavelengihs were
determined with 2 Pye comparator used in conjunciion with a
Hllger micreodensgitometer,

Path~-lengths of up to 5 m. of vapour saturated at 20 C
{pressure ca., 150 mm. Hg) were u:edg and were necessary for good
development of bands in the thO region; however, 10 cm. o©f
vapour at abould 20 mm. Hg pressure sufficed Tfor the strong
bands in the 3800 A asyabem.

The effectes of temperatures of up to 250°C on the intens-
ities of bands to long wawelengths of 3500 A was examined, using

an absorpbion cell wound with an electrical heating coil.
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Above 200°C decomposition or polymerisation of the vapour
became serious, afd the cell walls and windows were gradually
coaped with a brown tarry substance which could be readily
washed off with chloroform. For this reason,only temperatures
up to 200°C were normally used; these plates were calibrated
for optical density by meens of a Hotating sector.
(1i) High-resolution spectra of the 3800 A band system were
taken by Dr. J.H.Callomon in the second order of the 6G-metre
Ebert grating specirograph at University College, London (38},
regolving 0.1 om™ ! {(dispersion 0.2 A / mm, at 3800 ﬁ)w Theor-
etical slit-widths (usually about 50;@) were used throughout,
and the backgrownd continuum was provided by a Xenon dischargé.
Iron ave calibration wavelengths were taken from the M. I.7T.
tables (26) and corrected to vacuum by means of Edlen's tshles
(13)9 The wavelengths of spectral features were normally
determined from enlarged prints, but when the rotational
structure was well-developed they were measured from the
plates using the Pye comparatoP.

Path lengths up to 3 m. were used, with vapour pressures

up to 100 mm. Hg.



CHAPTER VI,

INFRA-RED SPECTRUM OF PROPYNAL,

Tables L;5 and 6 contain 1lists of the features observed
in the infra-red spectra of the molecules HCCCHO, DCCCHO and
HCCCDO respectively. 1In preparing these tables, peaks due o
rotational sub-band structure of the bands have been disregard-

ed.

VI.1. Band BEnvelopes.

For a molecule with the inertial constants of propynal
(see IV), the rotational structures of the vibrational bands
are thogse of a symmetric top, perturbed near the band origin
by the asymmetry. The only rotational structure resolvable
with our infra-red spectrometer is the perpendicular-type
sub-band structure (AKX =%1), which has a spacing of approx-
imately 2(A-B)=ch ems?!  However the envelope of the unresolved

.

gtructure can be used to determine the direction of the vibrat-

o
o

s

vansition moment m (I.2). Type A bands {m| a) lack

wme

tonal
perpendicular sub-band structure, but have a fairly sharp
central intensity maximum corresponding to unresolved Q branvhes
of the parallei structure (AK=0,A5=0); on either side of this

sharp maximum are broad wings of similar intensity due to the



P and R branches of the parallel sub~bands {(AX=0,AJ=%1).

Bands of type B (mf b) and type C (m|] ¢) iack the parallel
gtructure, go that it is possible to observe the effects of
agymuebry at the band centre. In type B bands the transitions
neay the centre are thrown outwards leaving a central minimum,
whereas in type C bands they ave drawn towards the centre,
producing a sharp central maximuwn. In sumnary, type A bands
have & sharp central maximum flanked by equally sirong or
stronger breoad maxima, and no sub-bsnd structure on the wingsg
type B bands have a central minimum lying between the broad
maxima of the P and R branches, and have sub~band structure on
the wings; and type C bands have a strong central maximum with
ghoulders due to the P and R branches, and have sub-band struct-
ure on the wings.

The only disgtinction which results from symmetry in
vEopynal is between type C bands {AkﬁAﬁ) and bands which are
hybrids of types A and B {A«4 ,f<a”), Most of the bands
arise from the zevro-point level which has symmetry species A

The separation between the P and R branches of the hybrid
bandg can be caleulated for a symmetric top according to the
formulae of Gerhard and Dennison (23). This gives, for the
normal isotope, Vp~vp = 16.9 cm“q; the mean of the observed
separations for twelve well-resolved bands was 18%4 em |

" Vhen the perpendicular sub-band structure was well
resolved, it was analyzed by using combination sums and

differences {see VIIL3 or 28.p.43L). The sub-bands were
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numbered so that the origin would be close to the band centre
ag determined from the band envelope. The origin and the

best value of (& = B') -~ (4"~ B") were then obtained from

the combination sums; less accurate values of (A"~ B ) and
(A"~ B”) separately were obtained from the combination @iff-
arences, where it was found necegsary to include the centri-

fugal term in Dge

Vibrational Analysis.

The fundamsrntals ol the normal isotope are numbered
according to the usual convention (28,p.271); the fundamentals
of the other igotopes abe numbered Lo correspond with the
numbering of the normal isotope. Except where explicitly
gtated otherwise, the following discussion vefers to the
normal isotope HCCCHO.

VI.2, Region O te LOO cmz !

Frequencles below LOO cm“1 are beyond the range of our
infra-red spectrometer and have to be obtained from other
SOUrGeS.

Howe and Goldstein (1955,30) observed satellites to their
rotational lines which they attributed to vibrationally excited
molecules, and from the temperature dependsnce of the intensities
1

they derived approzimate frequencies of 150%15 and 230%40 em™

for the two lowest fundamentals.

The low-frequency part &f the infra-red spectrim was
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1,

or us oy Professor W.C.Price and his colleagues av
King's College,lfndon. Unfortunately, owing to experimental
difficulties on account of the instability of propynai, s
was only able to observe broads bande centred at 200510 and
280310 cm:?

Freguencies of 226 and 264 cm.“1 were obsgerved in the Raman
spectrum by King and MHoule (1964,39) and on the basis of
gualitative msasurements of Raman depolarisation these wers

i

assigned to a” and a’ modes respectively.

The analysis of the high-vesoliution ultraviclet spectrum

{zee VIIL6 and 7) shows that these fundamentalis ave acilve

4'\

in forming hob bands. Howeve#f, the c¢bserved band structures

[l

, - "'a a 5
gshablish that the lower frequency, 205 ¢m , must be an &

= b CRPR, 3 - P bl I/
mode and the higher frequency, 261 cm , an &8 mode, i.e.

ol

the assignments are opposite 4o those of King and Moule.

From the analysis of the E-type vobtational structure in the

wltraviolat specirum, it is FToumd at these fundamentals
are coupled gquite strongly by Coriolis interaction (see III1.8

Py

and VIII.7) with rotation about the a-axis, the coupling
e e . {>a
goefficient being §§99ﬁg§m 0.6h. A pozs

the positions of the mexima cbserved by

ty asymmetry produced by the

z...
C"P

the imtensid
264 ¢cm i forme shrong & sub-bands and 20

. " ) — v, 2 - ~ B J ] . }
P sub-bends; thisz woulid imply that {9,421

&

These two low-Tregquency fundamentals

for the two deuberium lgotopes, an
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Table L. Vapour Infra.ved Spestrum of BCCCHO.

Peaks with an apparent Epax of >100, 10-~100, 1=-10 and <1

e

. o .
litre mole cm are labelled vs,s,m and w respectively.

b = broad band ; sh = sghouldsr

¢ = central minimum of type B band , C = centrsl maximum of

type C band

em™! Asigignment , em™ ! Assignment

606 P m 1169 w ?

6415 ¢ - Wia') _ 1240 C w v6+gz(p”>:@20u
ch 628 R 1288 P m
sh 650 ¢ v7(a’) 4298 ¢ 2v7(A’ )=1300

661 R vs ' 1306 R m

677 P s 1322 P m

695 C s vy (&) 1330 C m Vo (A =303

809 P m 1342 R m

818 ¢ Vg Yy (4" )=819 1382 Pm

826 R m 1389 9 m vﬁ(a’)

9%Z5 P s 01 R m

M5 e vg(a’) 1687 P vs

952 R vs 1697 e \)h(a/)
sh 980 v, ole”) ‘ 170h R vs

990 R m 1874 P

1143 P w 1877 ¢ 2ve(a" )=1387

1153 ¢ Vg ‘»%9(,@.’ )=1149 4889 R m

1160 R w 1941w ?
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Tabis L (continued).

om

1948
1959
1967
1991
2000
2013
b 2106
2669
2733
27h2
2753
28u9
2859
2870

WO o "owm oo WO

Mo

s

W

)]

é

g8 8 8

Aggignment

2v, (47 )=1962

v5+$é(Af)=2003

v3(af)
Yy, (87)=2678

2v5(A’ }=2778

vy(a’)

65

cm Agsignment

3060 @ w v2+v9(A’)=3o6g
sh 3076 P

308L ¢ vu+Y5(A’)=3086

3093 R w

3517 P s

3326 Q s v, {(a’)

3335 R s

3364 P m

3374 ¢ 2vh(A’)=339g

33841 R m

Table 5. Vapour Infra-red Spectrum of DCCCHO.

Symbols as in Table L.

-1
cm

sh 508
5214
531
549
605
6114

€]

R ¥s

P

c

P

c

g

n

m

Agsignment

»o(a")

ol
v, (a”)

Vg(al)

cmfﬁ‘ Assignment

621 R m

797 P m

807 ¢ v8+y9(A’):806
8ib R m

927 P vs

935 ¢ velal)



93 R vs
976 C m
998 P m
015 ¢
1022 R m
1042 Pm
1048 C m
1059 R m
1090 P m
1096 ¢
1107 R m
1133 ¢
1139 R w
1187 C vw
4236 w
1378 P ms
1386 9 m
1397 R ms
1687 P vs
1698 o
1705 R vs
1853 P w
1861 ¢

sh i871 R w

Agsignment
"
0(a")

: 4\
2?7(A>)~1016

&
v?+1q1(A.)~1057

2%1?(A?)=1D97

v6+»9(Af)=1129

v6+912(A?)=1482
?

v5(a’)

na’)

21)6(}\;[ )%‘?867

cm

1875 P

1887
1900
1972
1977
1984
2596
2605
264k
2671
2733
27h2
2753
2848
2858
2869
3045
3053
3074
3084
3093
3110
3363
3373

3380 1

W Oo© Y owm o "o o "o K O "o ow e dow

b & W0

mw

mw

mw

mw

mw

Aggignment

(4" )=1893

BN

vu,v9

Vy(a)

v,(a’)
vu+uio(5?)=z678

295(A')32772

vz(a/)

v2+v9(A )=305k

va+95(A/):3085

23, (A7)=339%
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Table 6. Vapour Infra--red Spectrum of HCGCDO.

sh
sh

sh

2

Symbols as in Table L.

-7

cm
602
610
620
650
662
677
692
805
812
81
870
879
388
1071

b o ©

¢]

H o ow & 1o 0 o "W Q o

4080 ¢

1091
1108
1287
1296
1303

e

Assignment
m
m V&(a’)
m

v (a’)
vs
g
8 1@1(34)
mw
mw v8+v9(Af)=813
5 vio(a”)
s
8 vé(a')
s
s

v5(a")

A v8fZ%Z(A )=1112

Tt
2v7(A’)z1299
m
AT
m v_?wH(A )=193L1
m

-1
cm

134 m
1378 P m
1385 ¢

1394 R m
1661 P vs
1666 Q vs

1678 PR os:

1690 Q vs

. 1696 R vs

sh

sh

1720
174t P m
1751 ¢
1760 R m
1862 P
1869
1883 P w

Q

1891 ¢

1899 R w
2101 ¢ s
2108 PR &
21418 Q s
2124 R s

o»
=

Agsignment

?
29, (a")=1383

\ /
3&(a )

Y 4 =3
2)10(A )=1682

29 (A" )=1753

Iy
vh+v§(A )=1868

/ —
vg(a )

vz(a’)
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Table 6 (continued).
-1 -1

cm Assignment em Assignment
sh 2150 m 2v5(A’ )=2160 33226 Q s vﬁ(a')
3347 P s 3336 R 8

shifts for each substitution; they thus correspond to skeletal
modes end go represent the a’ and a’ deformations of the
C=C-C chain, vg(a’) and vig(aﬁ) respectively.

Bands arising from the summatiog levels built fwom vg
and V.o WErE allse cobservad in the uvlbraviolet speoitve of all
three isobopes (see VIIX6,7,83): no absorption Sue to any of
these levels was detected in the infra-red spectirum.

VI.3. Region £00 to 750 e

Three overlapping bands are observed between 600 and 750

cm:'1 The lowesgt in freguency, which is also the weakest, has
a central minimum at 615 em”| flanked by P and R branches,
and so represents an a’ mode. The upper two bands, roughly
equal to each other in intensitys show good K-structure on
the wings and so must be essentially perpendicular in type;
the central region between 650 and 700 cqu is complex.

The bands behave differently in the liquid or in ether
solution, the 645 absorption remaining sharp and virtually
unshifted vwhereas the upper pair coalesce into a very broad

band centred around 705. The 515 band 1s 1little affected by
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either deuteration; but the upper pair, unaffected by formyl
deuteration, undergo a shift of 145 cm"1 to low frequency,
with 1ittle change in appearance, upon ethynyl deuteration.

These observations enable us to characterise the 615
band as the remainigg skeletal fundamental, X(c@o), va(a’);
while the upper pair represent the a’ and a” deformations
S(HF620)9‘97 and ¥,,, which are seriously affected by hydrogen
bonding in the liguid state.

The K-structure on either side of the V79V 4 pair has an
almost congtant spacing of about 7.2 cm“q (see Table 7).
This behaépur is guite incompatible with the normal equations
for symmetric top energiles, which would give either a counstant

gseparation of 4.2 cm™?

or a degradation of the structure;
however it regembles the behaviour of degenerate, Coriolis-
coupled, freguencies which show a constant separation of
2{A(4-[3]) - B} (see IIT.8). Substitution of the known
rotational constants (see IV) gives [§]= -0, 65 for all
three isotopes.

To use the theory of non-degenerate Coriolis coupling
(1711.8), we must first number the K-structure correctly,
vhich is equivalent to choosing approximate values for the
band origins. It was originally assumed (Brand and Watson,

1960,8) that the upper band was cf type B centred at the
minimum of intensity at 638 cqu and the lower band was of

type C centred at the strong maximum at 661 cm'@; thisg then

gavei %’11l: 0.71. However strong evidence has now besn
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obtained from the ultraviolet spectrum for the value of

Yy, in HCCCHO (VITI.10) and slightly weaker evidence for 7)7
in DCCCHO (VIII.41). These observations show that V.,

1s the higher fundamental whose type C centre is assigned to
the peal at 695 cm™'; and the type B oentre of v, is to be
identified with the omset (at 650 cm"q) of a shoulder on the
low frequency side. The numbering of the K-structure can
now be revised to take account of these changes.

The frequencies of the sub-bands are given by (III.

R . A
QK_Q(}I“) = —"a-(v“-»f 7) + (A-B)K + %{(vﬂu 7) +ng Qza - F, (0sm

1

P e ] 3
U - (A -
QKH(v-{.) = a(v”w?) + (A ]Ea)KZ a{wﬁ—v?) +LLz K }é - B, (0, K+1).

Thus ‘
Fa(011) + T (03) = vyp Vg = 2080-B,) + 2J(FE)=(ae B,

K711 KetV7 7/ T T 7 0 "o ° ™o
and

R “ 12 2 2,2

T{.,.J;(\H-;) - Q;(J.q("?) ”Aofe(os*{)j = (V11“\>7) + UZ°K
The barred rotationzl constant {(A-B) is a mean value for the
Vg andﬁ7 levels. Observed values of the ground state com~
bination difference Ag?o(osK) = FO(OQK}1) - F,(0,K~4) from
other bands (the best values ave from the ultraviolet spectrum)
can be used. By plotting the left-hand sides of these
equations against Kgy the band origins can be obtained
from the intercepts and the rotational constants from the

Vs,
gradients. We then calculate{€%911l =i§§ﬁﬁlo The results
; At v9)

are presented in Table 8. We see that the increased separ-

ation of the band origins requires a concomitant increase in

‘;% 71{ to explain the observed structure. The values of
2
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Table 7. Sub-Band Styucture of ¥,. and Y- of HCCCHO

K fve)  Fag0y) Py Fagly)
obgerved calculated’ calculated® obgerved
2 706. 6 657.0
3 743.0 658, 7 " 638.8
b 720, 5 681,3 659.9 631.7
5 728.0 679.3 660, 9 625, 0
6 735.5 678.5 662, 2 617.9
7 42,7 677.8 664 6 610.7
8 750, 2 677.1 66k, 0 603.8
9 758.0 676.3 665. 5 597.2
10 765.5 675.8 589.6
44 675.8 58343
12 675.6
' from "ag = “ogp - GP(0,5-1)
2 from Rop - PQ# oo & BP(0.K+1)
Table 8. Rotatiocnal Analysis of ¥, q-and V..
HCCCHO DCCCHO HCCCDO
V44 692, 2 548.6 691.5
Ve 643 5 507.9 649.7
(A<B) ~ (A,-Bg) +0.019 -0, 042 +0. 043
[C-?p i) +00 925 +0.89, +0. 915

%i?f 11! are now neay the value 1 which it mugt have for the
. 211]

degensrate vibrations of a linear molecule.
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By using the known ground
state combination differences
it is possible to calculate the
pogitions of the sub-bands PQK(v11)
and “Qy(v-); these are found to
converge strongly with increas-
ing X (see Table 7) and up to at
least X=20 they will lie in thse
region between the crigins.

No regolved sgub-band structure

is obgerved inm this region,
but the total intensity is
congiderably greater beiween

the originsg than outside them

(see Fig. 3). These sub-bands

get expected from IIT.8,

must therafore be the strong ;%j
i

l 2 o, X et ! e i

i.e. the upper level forms 00 &50 =]
gtrong P sub-bands and the Fig. 3. The 620 to 710 cm™'
lower level forms strong R region of HCCCHO.

sub-bands. Thus Et%sﬁ{} is

positive. The reason for the negative sign previously
obtajined from the sub-band sgpacing is that we were using
there the weak set of sub-bands, which are forbidden in the
degensrate case.

On the agsumption - Which is realised approximately -
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that iue two bands have equal intensities, we have sufficient

information 0 use the theory of I17.8 to calculate ths ratio

of the intendlties of the strong tc weak sub-bands of the

game K’; the calculated values are given in Table 9, where

it can be seen that the vatio rapidly becomes gquite large.

Table 9. Ratios of Sub-

band intensities (ealc. ).

1 1.5
2 2.2
3 3et
I o2
5 5.8
6 Ta6
b 9.6
& 1.7
9 e 3
10 171

¥I.lh. Region 750 to 1000 em

An adfitional point in
favour of the new positions
of the band origing is that

the large anharmonicities

[8)

previously reguired to exzxplain
the overtones zv? ana Egﬁﬁ

are reduced almost to zero,
There is still guite a

large anharmonicity invoived

in the v7+v1$ level.

-
A hybrid band of medium intenaity at 848 em , virtually

unshifted by either deuteration; is readily interpreted as

the &' combination sh+y., showing very slight anharmonicity:

99

3
O

this provides confivmation of the symmetry of the 205 Xrequ-
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eney. This band has about Yhe same intensity as the funda-
mental Vg which would lead one to expect in addition the
unobserved difference band VS*V9 = B08 cm“1; however the
combination may derive some of its intensity by Femmi
resonance with the hearby C-C stretcﬁing fundamental.

This latter fundamental, V5» is assigned to the intense
nybrid band at 945 om”' which is 10 om ' lower in DCCCHO, and
in HCCCDO shows a fairly large drop of 66 cm‘";i which is
however not large gnough o be characteristic of a hydrogen
viﬁraﬁions The Ve band of HCCCHO and DCCCHO is egsentially
of type B so that there iz wedl-developed E-girusiure on the
sides of the band; analysis shows that this structure is
appreciably degraded to low frequencies, the value of
(Ag-Bg) ~ (Ag=Bp) being ~0.032 an™ for HOCCHO.

Tmmediately to high freguencies of Ve is 2 meﬁiﬁmwintenae

g cbsaeured by the sub-bands

{nie

band at 960 Qm”? whose envelope
of Vg; this band is unshifted and still obscured in DCCCHO.
In HCCCDO however there is a well-~resolved type C band of
gimilar intensity at 8Lt em™! which must be interpreted as
a new fundamental and so must correspond to the remaining

a” mode, the out-of-plane wagging of the formyl D atom, V400
The product rule then shows that the corresponding fregquency
of the other isotopes is near 930 em™?! and so it is identifisd
with the above band. This assignment is confirmed by the

obsevrvation of an A” ground-state interval of 984 cm  achive

in the ulirsviolet spectra of HCCCHO and DCCCHO; the 84t cm
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freguency of HCCODO is also present in its ultraviolet spectirum
{see VIII.9). Prom the K-rotational structure in the ulfra-
violet bands it is possible to obtain \"10“510) - (A «BO)

for the ground state of all three isotopes. The valuss for

the Vg and v4g levels are collected in Table 10; wnfortunately

ne rotational data is availsble for Vg of HCCCDO yet.

Table 10.
 HOCCHO DCCCHO HCCCDO
\*6 U3e7 1 933.6 879
(A ~B6, - (A o) 0,032 -0, 029 {+0.042 assumed)
Y. 981, 2 980.9 8L44.0
(A?OQ§1O) ~ (Ap=By) +0.040 | +0. 027 -0.0L2
Yo < Vg 37.5 - L7.3 ~38
122, 10| 0.25¢ 0255 (0. 36¢)

The common featU?e of these observations is that the higher
vibrational level has an unusuwally high valus of (Aéﬁ) and
the lower has an unusually low value; and these values lis
alhost symnetrically aboui:the novmal value. Thie effeat
may be attridvuted to Coriolis coupling of the fimdamentals.

Second-order perturbation theory (gee III.8) shows that the

2% B’ 12
i})’ -%‘9;5) a i cé’»"’i o 3 . o
pe XN S ; the values

of ti% 10! obtained from this esuation are included in
4

effective {A-B) values ave {A;B%

Table 10, It 4is seen that the results for the two -(CHO

isotopes are consistent , bub quite different fro
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obtained for HCCCDO on the assumption that it conforms to
the same patterng C is of course not expected to be isotople-
ally invariant,

VI.5. Region 4000 to 1500 em- '

Weak bands at 1150 (hybrid) and 1210 (type C), with
analogues in DGCCHO but obscured in HCCCDO, can be attributed
to v6+v9 and Vet o respectively, providing further confirm-
ation of the symmeitries of the 205 and 261 vibrations.

Three overlapping bands of medium inténsity are found
at 1298 (nybrid), 1330 {type C) and 1389 (hybrid), in
positions appropriate to the summation tones 297,-v7+v11
and 2?1
almost identical poeitions for HCCCDO., However, in DCCCHO

43 and, in agresment, three similar bands cceur in

-

although the bands 2v7, v7+v‘1 and 2\?,M are found suitably
shifted to 1015, 1048 and 1096, a medium-intense band at
1%86 1s still present. This difficulty is remcved by an
exanination of the liguid-phase spectra, where the v, and
Y,, summations form a very broad absorption ( £wz= 170 om™1)
centred st 11,00 cm”1; and on this there is superimposed a
sharp band at 1392 em”}  The 1389 band is therefore assigned
és a fundamental (95) 1a?gely unchanged in DCCCHO. The

5and at 1385 in HCCCDO has diminished intensity and is
agsizned to 2#11, because there is a hitherto unexplained
strong band 3t 'IOSO.cm“"q9 which is assigned to y5. The

large isotope shift {309 cm“q)'characterises v5 as the
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formyl in~plane C-H rocking mode. The ?5 band of HCCCHO
is single - no Fermi resonance with 2v11 seems to occur

The relative intensities of V5 and ¥g change drastically
on formyl deuteration. For the two ~CHO isotopes vg is fige
to ten times as strong as v5, whereasg for the -CDO isotope
the intensitlies are about equal; there appears to be some
mixing of the characters of the two modes.

VI.6. Region 1500 to 2000 cm d

A strong hybrid band at 1697 cm‘1, unchanged@ in DCCCHO,
marks the carbonyl stretching freguency vue In HCCCDO,
this band is double, with components of very nearly equal
intensity at 1666 and 1690. We atﬁribu;ziEO a Fermi reson-

ance between vh and 2v§ (harmonic value 1682); from the

0
equality of the intensities, it follows that there is an
almost exact coincidence of the unperturbed freguencles,
which places them both at 1678. This resonance is also
obgerved in the ultraviolet spectrum, where vu is active as
a ground~state interval.
Several weak bands in this region aan readily be

assigned on the basis of the fundamentals so far identified.

Y¥I.7. Region 2000 to 3000 cm .

The strong band at 2106 cm“19 which drops to 1977 em™ "
in DCCCHO, ig assigned to the CE=C stretching fundamental

> - -"1 2 03 Val 1
Vi, while the strong band at 2858 cm™ ', which is unaffected
-’
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by ethynyl deuteration, is assigned to the formyl C~H stretch
(vy).

The large drop in 72 which occurs on formyl deuteration
causes VY, v be nearly coincident with the undisplaced VEA
On accéunt of poor resolution in this region it was not
originally realised (Brand and Watson, 8) that the broad

band centred st 2108 cm

in the HCCCDO spectrum is actually
double; howvever, improved resolution has ensbled us to
separate it into two components of nearly equal intensities,
with centres at 2101 and 2448 em™'. We therefore agsign
these to v3 and v, respectively. The high-frequency shoulder
previously identified with v, ean be readily reinterpreted
as 2v5, |
The presence of a medium-intense band attributable to

2»5 close ta the strong band v2 is a common feature of all
three spectra; the overtone presumably derives its intensity
from Fermi resonance with the fundamental, since a large coupling
may be expected on accownt of the fact that both motions
are largely localised in the formyl hydrogen atom.

A weak type C band at 2669 oem™1 is readily accounted
for by the combination Yyt V00 confirming the value of Y400

-4

VI.8. Region 3000 to 3600 cm .

The only remaining strong band is the hybrid at 3326
in HCCCHO and HCCCDO, which. drops to 2605 in DCCCHO; the

large isotope effect shows this to be the ethynyl C-H
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gstretching fundamental ?16

The carbonyl overtone th at 3374 might be thought to
owe its medium intensity to Férmi resonance with v,;
however this resonance must be discounted since the over-
tone occurs with comparable iﬁtensity in DCCCHO although

the fundamental is shifted 721 em™ )

VI.9. Summary.

The '"best" values of all the ground-state fundamental
frequencies of the three isotopes are collectedAin Table 11.
Where values are available from several sourcesg the order
of preference is :

(a) rotational analysis of ultraviolet bands

(v) rotational analysis of infra-red bands

(c) @ifferences between ultraviclet band centres

(8) infra-red band centres.

The sources are indicated in Table 11. The reasons for

this choice are the improved resolution and better calibration
used in the ultreviolet, together with the fact that the
ultraviolet band centres are better-defined features. The
discrepancies between the different values were usually less
than 1 cmfj ' |

A final test of the consistency of the assignments is
made by applying the Tcller-Rediich product rule (28,p.231)
to the freguencies of each symmetry species. Satisfactory

agreement between the observed fregquency product ratios
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Table 11. Fundamental Freouencies of Propynal (Ground State).

The frequencies are quoted in cm™.

Species Mode HCCCHO DCCCHO HCGCDO
v, C-H, stretch 3326 4 2605 4 3326 4
Y, C-H, stretch 2358.2 b 2858.6 v 2418 4
vz C=C stretch 2106 d 1977 & 2104 d
¥, 0=0 stretch 1696.9 ¢ 1697.0 ¢ 1679 ' @
a’ Vg C-H, rock 1389 @ 1387.6 b  1030.0 ¢
Vg C-C stretch 943.7b  933.6 b  876.5 ¢
¥y C-H, rock 650.0 b 507-.9 b 649.7 b
Vg C=-C=0 bend 64i3.7 ¢ 609.9 ¢ 611.9 ¢
Yb C~C=C bend - 205.3 a 195.6 a 2041.5 a
Yo C-Hy wag 981.2 a 980.9 = 8i41.0 a
a? v,, C-H, wag 692.7 a 548.6 b 691.5 b
¥, C-C=C bend 260.6 a 248.5 a 249.9 a

1 corrected for Fermi resonance.

Table 412. Fregquency Product Ratios.

The harmonic values are in parentheses.

Species HCCGCHO HCCCHO
DECCHO ACCCEO
a’ 1.861 (1.892) 1,936 (1.937)

a” 1.32h (1.336) 1,219 {1.218)



Vi, 81
and the harmonic values calculated from the microwave rotat-
ional constants (13) is obtained (see Table 12).

The zero-point energies of HCCCHO, DCCCHO and HCCCDO

are calculated to be 7862, 7275 and 7213 cm™ ' respectively.

The present measurements show frecuency differences of
- up to more than 20 om~! from those obtained, apparently
under lower resolution, by King and Moule (39). Apart from
these, the principal differences in the assignments are :
(1) the interchange of symmetry assignment within each pair
of bending modes of the ethynyl group; our choice of these |
is dictated mainly by the observations in the ultraviolet
spectrum to be discussed in Chapter VIII;

(i1i) the v,o fundamental of HCCCDO was taken by King and

1

Moule as being near 550 ecm™' and so lying under the strong

v7,v11 absorntion; however, our spectrum shows a prominent

type C band at 3844 em ', and this value for V1O is fully

confirmed from the ultraviolet apectrium.

VI.10. Related liclecules.

Since. it has been possible to asssign the fundamentals
of propynal largely from the internal evidence of the
spectra, it is interesting to compare the freguencies ob-
tained with those of other molecules. |

The most closely related molecules for which the effects

of the relevant deuterations have been gtudied are acet-
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aldehyde (20a) and propyne (25a). Our observations on the
effects of deuterium substitution agree well with those
found for these molecules. There is also fairly good
agreement in the actual values of the various stretching
freguencies, but significant differences occur for some of
the bending modes. The formyl C-H wag is considerably
higher for propynal (981) than for acetaldehyde (767);
however, values of 1030 for formamide (20), 1032 for methyl
formate (67), and 1014 {obtained by applying the product
rule to DCOF) for formyl fluoride (60) have been found.

The C-C=0 bend of propynal {6ih) is also much higher than
that for acetaldehyde (512).

The v,y frejuency of propynal is higher than the normal
range of 630 to 650 in which most ethynyl C=C-H bends occur
(59951), and the splitting of the af and a¥ components of
this motion is unusually large. Our assignment of Ve and
‘v11 contradicts the arguments advanced by Nyguist and Potts
(50) concerning the order of these frequencies in conjug-
ated acetylenes. On the other hand, the C-CEC bending
freguencies {205,261) lie well below the range 330 to 350
-which is normel for substituted acetylenes (50,57); again
the separation of ﬁhe a/ and a” components is unusually
large.

In view of these unusual features it would be interestipg
to have a normal cocrdinate analysis of the propvnal fre-
guencies; Prof. G.W.King has informed us that he is engaged

on such a calculation.
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VIi.19. Fermi Résonances.

On account of the low molecular symmetry, the number
of theoretically possible Fermi resonances is large. How-
ever, Fermi resonance has only to be invoked on comparatively
few occasions. Examples are the (v2,2v5) resonance observed
for all three isotopes, and the (vu,Zvio) resonance observ-
ed for HCCCDO. On the other hand no Permi resonance seems

1

between the clcsely degenerate levels v5 and 2v11 of the

normal jsotope. It would seem that, for appreciable anharm-

to ocecur between vy, and th of the ~C=C-~H isotopes or

onic coupling to occur, the motions involved must be local-
ised in the same region of the molecule, and that the
opposite ends of the propynal molecule are well enough
separated to avoid this.

The (9292v5) type of resonsnce appears to be a common
feature of aldehydes, since the formyl C-H stretching band

is frequently doubled (ia).

VIi.12. Coriolis Coupling.

e have seen that each of the a” modes of propynal is
-ceoupled quite strongly to an a’ mode by the Coriolis forces
produced by rotation about the a-axis. However the possib-
i1ity of observing this coupling depends on a more-or-less
accidental degeneracy of the fundamentals involved, because
the effects produced by the coupling of two fundamentals

which are well separated in frequency are small.
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Meal and Polo (4L) have given sum rules for  in
asymmetric top molecules; for propynal their rules give
2;%%@%1)2 = %, The sum of our observed (Ca)2 is only 1.32 ,
so we may conclude that there are large {&'s connecting

the a’ fundamentals to the other &’ fundamentals.

VI.413. Centrifugal Distortion.

In the rotational analysis of infra-red bands by com-
bination differences, the rotational constant (AOJZO) vas
found to agree within the probable limits of evror with the
much more accurate values from the microwave spectrum (j_j)°
However in each case 1t was found necessary to include the
centrifugal correction term in Dy in order to represent
accurately the dependence of the observed combination diff-
erences on K. The coefficient Dy could not be determined
from the transitions obssrved in the microwave study, where
its effects ave included in A.

The values of By ohtained from the infra-red spectrum
(§) sre confirmed by the more accurate vesults of the ultra-
violet analysis, which are presented in Table 13,

According to the treatment of Dowling (17), only four
of the six asymmetric top distortion constants (see III.7)
are independent for a planar molecule. Thus it should be
possible to calculate Dy for propynal from the values of
Dy; Dygs Rg and 85 obtained by Costain and Morton (13).

The value of Dy cobtained in this way is included in
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Table 13. Observed and Caiculated Values of Dy.
HCCCHO DCCCHO HCCCDO

N observed 2.93 3.15 1.03
107 Dg (in em™1)
galculated 0.6L4  0.74 0. 40

Table 13. It is seen that the observed DK'S are consider-
ably higher than the calculated ones. In the calculation
the ratio of Dy to Dy is found to depend almost entirely
upon the principal rotational constants, so that although
Costain and Morton'’s distortion constants are subject to
guite large uncertainties it would seem that the calculated
values should be accurate to X 50 %. The discrepancy
between observed and calculated is therefore significant.
It may be a result of Coriolis effects; which were not

allowved Ffor in the theoretical treatment.



VIlet 86

CHAPTER VII.

ULTRAVIOLET SPECTRUM OF PROPYNAL.

The sbsorption spectrum of HCCCHO vapour bstween 1900 A
and 3900 A under low resolution is shcn in Pigs. L and 5.
Pour band systems of propynal have been observed to long
waves of 2000 &, the first strong bandas of these occurring at
L4140, 3820, 2570 and 2140 A. Brief descriptions and tentative

assignments follow.

VII.4. LiLO A 8ystem.

The longest wavelength system is extremely weak, requiring
a path length of about 5m. of saturated vapour {ca. 150 mm.Hg)
for good development of even the strongest bands; the oscill-
ator strength can be very crudely estimated by comparison with
the 3820 A system to be about 10"? To short wavelengths of
3920 A this system is obscured by the bands of the much s*tronger
3820 A system,

The L4140 % system has been examined only under medium
resoluﬁiong where it shows good vibrational and K-rotational
structure. .The sub-bands however appear much less sharp than

those of the 3820 A system, probably because of a different

degradation of the J-structure. The strong bands of the
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L1440 A system ave of perpendicular type, The K-structure being
strongly degraded to low frequencies, with A(A-B)=~ -0.41 cm"}
g0 that a head of sub-bands is formed close to the band origin
on the high-freqaency side.

The origin band of the system is tentatively assigned as
the 4140 A band, whose strongest feature is the R-type sub-
band head at 24428.0 om™'; the origin of this band is near
21148, 5 em™!.  The pattern of bands around 4140 A is repeated
with greater intensity in the region of 3930 59 §0 we may
take the difference, namely 1322 cm“19 as the principal
progression-forming interval of this system.

In the strong degradation of the K-structure, the pattern
of vibratioﬁﬁ?tzziund the system origin, and the magnitude
of the progression-~forming vibration, this system closely

resembles the 3820 A system: so we may conclude that the elec-

tronic transitions involved are similar.

VII.2. 3820 A System.

Although still quite weak, the 3820 s system is several
hundred times as strong as the L1140 A one, so that even the
weak bands to the red of the origin submerge the bands of the
previous system. An approximate oscillator strength for this
transition was estimated from the low-resolution spectra of
the vapour; it is 5><10“&. This system was previously exam-~
ined by Howe and Goldstein (1958,31); our observations agree

with theirs.
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Under high resclution the bands of this system show sharp
K~ and J-rotational structure, and are therefore suitable for
detailed study. The strongest bands are of perpendicular type
with strongly degraded K-structure (A (A-B) = -0.38 em™') so
that a head of sub-bands is formed at high frequencies close
to the band origin. The J-gtructure is, on the other hand,
only very weakly degraded to the blue.

We follow Howe and Goldstein in assigning the 3820 K band
(26163. 1 cmf1) as the system origin. The vibrational structure
is dominated by a progression in 1300 em™ (see Fig. 4) which
pasaes through an intensity maximum at the third member; all
except the first band (the system origin) of this progression
are heavily perturbed by Fermi resonance. On either side of
the strong bands of this progression is a repeating pattern
of weaker bands which closely resembles the pattern around
the origin of the LikO A system. After the principal progress-
ion hag died out the complexity of the vibratioﬁng;gcreaseﬂ,
at the same time becoming more diffuse; the intensity finally
falls to nearly zerc at 2600 A,

The 1300 cm"1 frequency is unaffected by ethynyl deuter-
ationy, but falls to 41268 e on formyl deuteration. It is
therefore assigned to the excited state carbonyl stretching
frequency, as was suggested by Howe and Goldstein.

Thie positions, intensities and general structures of the
4140 end 3820 A gystems bear a marked resemblance to those of

the two lowest transitions of formaldehyde, and they are
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accordingly assigned to similar electronic excitations,
namely the promotion of an electron from a non-~-bonding oxygen
p-orbital (a’) to an anti-bonding orbital (a?) of the out-of-
plane m-electron shell. The resulting excited electronic
configuration (4" ) can have singlet and triplet components,
and so the weak L1LO A system is assigned to the spin-forbidden
34* «— 14’ transition and the stronger 3820 A system to the
spin-allowed RPNV transition.

The singlet origin is 2030 cm™' to low frequencies of the
corresponding formaldehyde band; the triplet-singlet separation

1 1

is smaller, being 2045 cm = in propynal as against 2990 cm”™

in formaldehyde (55).

VII.3. 2570 A System.

The 2570 A system is largely overlapped by the much
stronger 2140 A one. Discrete vibrational structure is present,
but the bands were completely diffuse on our guartz spectro-
graph plates. These bands show a steep rise in intensity in
passing to short waves, so that it is difficult to locate the
origin with any cextainty; this rise of intensity may be partly
due to the background provided by the onset of the intense
system.

The vibrational structure of this system is rather
irregularly spaced, but the strongest bands and many of the
weaker ones show separations in the range 670% 50 em™ ',  The

gpectrum is almost unaffected by formyl deuteration, but a
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striking closing-up of the structure occurs on ethynyl deuter-

ation, the characteristic spacing in DCCCHO being 510 £20 em™ ',

The

1

frequency involved can only be one or both of the compon-

ents of the C=C-H bending motion. From these rather limited

optical density

observations we conclude from

the Franck-Condon princlple
that the C=zC~H chain is prob-
ably bent in this excited state.
+0- Since this transition

! resembles the lowest singlet
transition of acetylenes (origin
2370 A), it is assigned to an
analogous 7'«<n transition of

the ethynyl group. The trans-

o5 ition is regarded as taking

place between two mutually

perpendicular lobes of the

A ’
/ orbitals invelved, giving A"
as the electronic symmetry of

the excited state. However
oYL — : : the individual electron jump
1900 A _ 2300 A

Fig. 5. Low-resolution spectrum of propynal vapour (1900 to
2300 £). Pressure ca. 0.3 mm Hg. Path length 10.4 cm.

Lower curve = empty cell.
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- is not unique, since it may be 8'<—a’ or a’e a’, so there may

be more than one transition in this region.

VIiI.he 2140 A System.

The 2440 A absorption is 300 to 500 times as.intense as
the 3820 A system. The bands are completely diffuse, but some
vibrational structure is evident, involving principally one or
two progressions with separations of about 41600 to 1700 em™ !
The probable origin is at 2140 & (L6800 cm'1). The system
has maximum absorption at 2030 A, to short waves of which the
intensity falls gradually until 1600 A vhere a Purther region
of gtrong abmorption commences. This system was examined in
solution by Howe and Goldstein (31) and is being studied in
the vapour by Prof. W.C.Price.

A strong transition in this region is a common feature
of conjugated carbonyl compounds and is usually assigned to

a M=x transition within the out-of-plane &’ f-orbitals. The

excited state will therefore have ©A’ symmetry.
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CHAPTER VIII.
ANALYSIS OF THE 3820 A BAND GSYSTEM OF PROPYNAL.

VIII.1. Introduction.

We have previously pointed out (I.1) that the possibility
always arises that an electronic transition of a molecule may
be aceompanied by a change in the eguilibrium configuration
of the nuclei. 1In partiecular, in the light of the formaldehyde
analysis (II.2), we must bear in mind that the upper state of
the 3820 A system of propynal may be non-planar, so that all
symmetry is lost. Hovwvever, the formaldehyde results alsé
suggest that, as long as the out-~of-plane bending is not too
large, the vibronic selection rules will still be those
appropriate to the higher symmetry of the ground state. On
the 6ther hand, any bending may lead to unusual anharmonicities
in the corresponding vibrational medes, and it will be difficult
to establish the assignments of bands involving these strongly
anharmonic vibrations. The hypothesis of a planar excited state
is therefore one vhich suggests more definite expectations
regarding the stricture of the spectrum, and so is one which
is more readily tested. Accordingly, our approach to the
analysis will be bassd on a provisional assumption of the planar-

ity of the excited state., Only if inconsistencles arise in
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this treatment can the excited state be proved to be non-planar;
and in such a case the form of the inconsistencies may tell us
something about the bending.

We find it convenient to use the following notation to
designate the vibrational assignments of bands in electronic
band systems.. If the guantum number Vi of the N-th vibrational
mode has the values m and n in the lower and upper levels of
a given band, this situation is denoted by the symbol Nh ; and
the full vibrational assignment is denoted by wrilting consec-
utively suech symbols for each mode which does not have m = n = O
Thus h%9%123 ~ which is our assignment of the band at 28964.2 cm”
in HCCCDO - in this shorthand represmnts {00020000200%) -
(000000001001) in the conventional notation. It is sometimes
more meaningful to separate the symbol intec progression and
sequence parts, in which case the above transition would be
written &%96a9312§. Since there is no symbol to represent the
origin band, we shall refer to it as the O band.

In this context it should be noted that we number the
excited state modes to correspond with the most closely analog-
ous mode of the ground state, instead of numbering them within
themselves according to the usual rules (28.p.27%1). Although
rather difficult to define in principle, since the molecular
symmetry and normal coordinates may alter drastically on
excitation, this procedure has certain practical advantages
because the excited state symmetry may be im doubt, the

excited stats fundamentals are rarely all known, and strict
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adherence to the rule can be slightly confusing (e.g. the mode
which is egsentially trans-bending in acetylene im strictly
speaking vh in the ground state but \% in the lowest excited
state). In any case, excited state modes are most readily
characterised by the formation of sejuence bands with the corr-
esponding groun& state modes. This will be one of our guides

in making the assignments.

Lists of the bands of the 3820 A system observed for
HCCCHO, DCCCHO and HCCCDO will be found in Tables 14, 15 and
16 respectively. These tables are as far as poseible comprehen-
sive for the regions covered, although of course some weak
bands will have escaned notice. If seemed unwise to attempt
to extend the DCCCHO table beyond the band ag on account of
the numerous Fermi resonsnces present.

For type C bands the freguencies kefer to the sharpvlinem
like feature'observed near the band origin; for other bands they
are merely estimates of the band origins and do not correspond
to observed spectral features. The intensities were eskimated
from the pressures: znd path-lengths reguired for similar
development of the various bands, but they have only gualitatl-
ive significance; they are on an arbitrary scale on which the
0 band of each isotope is taken as 10. The O bands of the
different isotopes had about the same absolute intensity. The
calculated positions of the bands vere obtained harmonically
from the fundamental frejuencies listed in Tables 11 (p.80)

and 23(p.156); except that the anharmonic coefficients for v&
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given in VITI.5 weve used. Hegatively running seguences in
about 16 cm™ ' which occcur throughout the spectra are disregard-
ed in the colums of separations from the origin band and of
Intensities; successive members of this sequence usually had a
ratio of aboubt 3:1 in intensity, althiough the ratic was often
1less when Vg was also active in progression., Bands which are
thought to involve a Fermi resonance in either state are

bracketed together.

VITi.2. Robational Structures of Bands.

Under high resolution, the K- and J-rotational shtructures
of the bands are resdily identified, and are found to corres-
pond to typical prolate symmetric top behaviour vhen X3>2 ,
with minor deviations when X=2. Thus the excited state
resembles the ground state in being very nearly a symmetric
rotor.

The J~strﬁcture ig only very slightly degraded to high
frequencies, 80 that each sub-band consists of a P and an R
branch composed of almost equally-spaced lines and an unrssolv-
ed Q brench possessing a fairly sharp head on the low-fregquency

_side. In accordance with the normal expectation (28,p.L26),
the PP branches are stronger than the PR ones, and the Ry
gtronger than the RP,

In contrast to the J-styucture, the K-structure is strongly
degraded %o iow Trequencies, and in consequence the R-type
sub-bands of perpendicular bands form a head on the high

(cont. on p.i47)
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Table ilh. Band Frequencies and Assicnments in the %820 A Band
System of HCCCHO.
For explanation see p.95. The freguencies are in cm:'1
(1) (i) (1i1) (iv) (v) (vi)
Separation Band Calculated
Freguemcy fwom O band type Intengity Assignment separation
214165, 1y -1696,9 c - 00k 49 ~1697
5L49. 3 ~1613.0 c - 001 u912] ~1642
657 ~1505 c . 001 w399 ~1508
25180 - 982 B .02 109 - 981
219.7 - 942,6 c . 0L 69 ~ 9Lb
609, 2 c 10l92
626.2. c 1039]
642.6 - 519.7 c .2 10} - 519
692 - 470 A .03 99129 - 1466
7142 c 9&
733.1 c 93
750.6 - L441.7 c .06 93 - 41
819 - 34Tk c 115423 - 347
858.7 - 303.6 C o3 11] - 303
902, 0 - 260.3 A -7 1] - 261
90L. 1 c 9
922,8 c 95
9L0. U C 94
956, 0 ~ 206,3 c 1.7 90 - 205
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Table 14 (continued).

(1) (11) (111) (iv) (v) {vi)
26038.L - 123.9 C .0l 9912] - 120

0554 6 - 106.7 C .2 8} - 107

130.2 ~ 32.1 c 93 - 32

1146.7 - 15,6 - o1 - 16

162.3 0.0 c 10.0 0 0

229.3 c 1219

247.3 85,0 c 2.0 12} 85

272.14 c 11412991

291.2 128.9 c 114129 129

301.9 c 9%

319.8 C 92\

332.2 169.9 c .2 123 174

337.0 c | 9%

353.3 191.0 c 3.0 9l 189

390.7 228.1 c 0.1 -

4201 c 9212}

438.5 276.2 c 0.3 9$12] 275

503. 7 346,14 A 3.0 124 346

526.0 c 92 ,

542.5 380. 2 c 0.1 92 379

560. 1 397.8 c 0.08 -

565.7 LO3. 4 c 0.08 8% 400

594. 0 131.7 A 0.5 129 L34

625.0 462.7 B 1.5 104 462
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Table 1L {(continusd).

(1) (i1) (1i3)  (4v) (v) (v1)
26655. 2 | c 8491
669.3 507.0 C 0.8 84 507
712 550 B 0.3 10412} 547
755. 2 592.9 c 0.2 8g12] 592
814 652 B 0.3 94104 652
839.4 c 12§91
855. 2 692.9 C 0.3 12§ 692
88l . C 10§93
900. 4 738. 1 c 0.y 10899 719
[ 91104 749.1 c 0.l 6499 746
936. 2 772.9 C 0.2 ud10] 785
[ 955.0 792.7 C 0.2 5494101 790
980. 2 C 1068197 |
- 996.0 832.7 c 0.3 10881 817
. 27008.9 846, 6 cC 0.3 6587 8L5
- 090.7 c 10891
- 1047 c 6491
- 106.2 9L3.9 c 2.0 103 92
- 119.0 956.7 C 3.0 64 | 952
179.2 - 1016.9 c 0.5 83 101
208.5 | 1046.2 c 0.7 64121 1037
236.8 c Liod
27256. 6 10943 c 3.0 14499 1099
[ 270.5 1108, 2 C 3.0 5491 110k
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Table 1L (continued).

(i)
27282. 3
339. 2
352.7
356401
368.1
3.3
1459.9
L62.3
e
526.9
548.0
563.2
592, 6
606.3
630.4
649.7
665. 8
736.4
754. 8
788.6
809
822
835.8
839.7
855. 8

(i1)
1120,0
1166.9
1190.4
1193.8
1206. 1

1300, 0
1312.0

1385.7
1400. 9
1430.3

1Lhh.0

1487.1h
1503.5
15741
1592.5
1626.3
167

1660

1673.5
1677.4
1693. 5

(1i1)

Q O = P2 QO Q Q o 0 Q Q o o 0 0 o @ o  a o

<

(iv)
L.o
0.3
0.3
O.L
0.8

15.0
7.5

. 3°O

1.0
O.Lt
Oy

5.0
2.0
0.3
0.1
1.0
5.0
2,0
0.3
0. 2

ngi

;(V)

44912
509112
L8]

509481

1 1a1
1iol
5095

5896
412797
uh12]
5493121
bl11d129

191441
20%0M 04

192
.4094

IREK
5192
1894121
55931
5083
“8126
509129

N

(vi)
1120
118L
1189
1197
1202

1304
1309

1389
1394
433
1438

1493
1498
1579
1584
1626
1650
1655

1683
1688



N
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]

VITe
(1)
27918
936
966.5
977.6
280L9.3
056. 1
088.2
107.8
208, 8
214.8
226,8
233.8
294.0
363.4
395.3
405.5
B11.5
417.8
429.9
50L. 5
516.3
538.5
551.5
569.7
589. 1

Table 44 {continued).

(11)
1756
177h
1804. 2
1815.3
1887.0
1893.8

1945. 5
2046, 5
2052.5
20611. 5
2076.5
2131.3
2201, 1

2233,5

2243. 2
2249. 2
2255, 5
2267.6
2342.2
2354.0
2376,2
2389, 2
25074
2L26.8

(ii1)

B

B
C
C
C
G
G
C
C
c
C
C
G
C
G
c
C
c
G
C
C
C
C
C
C

(iv)
2.5
Ol
O.h4
Oolt
0.5
De5

1.8
2.0

0.8
0.2

0.8

L.O
1.0

2.0

3.0
2.0
0.5
0.2
205
1.5
5.0
3.0

1103
5390103
6]
509064
ul6hial
586494121
1599
445091
145

5695

(vi)
1766
1774
1811
18416
1876
1903

1946
2028
2050
204k
2071
2135
2218
2239
2226
2233
2256
2261

2311

2346
2388
21,08
L2l
2,28
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Table 14 (continued).

(1)
28656.7
6777
Th5.2
758. 9
780.8
330.9
8u7.4
871.5
891.7
911.1
907.0
928.6
9L7.9
972.2
29098, 6
1148
166, 7
191
215
261.3
B2 4

395. Lt
L10.7

36200

(i1)
2n9h. 4
2515.4
2582.9
2596. 6

- 2618.5

2668. 6
2685, 1
2709.2
2729.4

2748.8

2766.3
2785.6

2809.9

2952. 5
3004. 4
3029

3053

3099.0
3179.8
5200. 1

- 3233.1

32u8. 4

(ii1)

Q O O ¥ w o o 0 o o o 0 0 o O a o o @ G Q

@]

Q2

(iv)
0.6
0.4

12.0

12,0

3.0

1.0
1.2
10
0.3
1.0

5.0
3e5

0.3

2.5
0.3

15 .

0.5
0.8
1.5
0.5
0.8
0.8

(v)

11 1
Lod5pti2y
sBoye!
43

11l
e

242
5696
B
Ld569812]
s25312]
ng589811512%
iy

262
h591

291
hogo )
435093

203
50%
2893

24

48104

45696109

4884
- 55105

2,14
5660

300

385895

102

(vi)
2509
2510
2593
2613
2618
2678
2698
2703
272
2747

2782
2802
2807

2953

3055

3075

3100
3163
3194
3250
3255
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Table 14 (continued).

(1)
29505
519
533
63L. 1
- 653, 1
- 665.0
- 670.9
- 689.3
- 69L.3
- 708.9
- T717.2
748.3
[ 802,2

820.5

. 8146, 0
- 838.5
- 861.8
- 889.6
- 926.8
- 950.7
30007.6
025.6
050. 9

- 080.1

¥

Y

(i1)
3343
3357
3371
3471.8
3490. 8
3502.7
3508.6
3527.0
3532.0
3546. 6
35511, 9
3586.0
3639. 9
3658, 2
3683, 7
3676.2
3699.5
3727.3
376l 5
3788.4
3845.3
3863, 3
3888. 6
3917.8

(iii)

c

QO 0O Q O  Q o G o O o o a @ o a Q@

&}

Q

(iv)
1.0
0.6
0.6
1.0
10
1.5
3.5
3.5
3.5
3.5
1.0
0.5
2.5
2.5
3.5
5.0
5.0
1.5

(v)
4354105
435050
556499
455993
143103
1364,
4453
145494105
44509460
559564
589
439y
43509
445597
4554
495699
5%
g5,
135394121
43
45559
4056%
%%

103

(vi)
33u8
3375
3380
3507
3517
35l
35L.3
3537
3575
3569
3548

3664
2697
3747

3712

3732
3737

- 5798

3818
3866
3902
3922
3927
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Teble 15, Band Frequencies and Assignments in the 3820 A Band

Syvstem of DCCCHO.

(1) (14) (111)  (iv) (v) (vi)
2LliSh. 8 ~1697.0 c 0. 004 49 -1697
25211.0 - - 980.8 B 0.02 109 ~ 981

259. 2 - 932.6 c 0. Ok 69 - 93k

584.7 - 610.1 c 0.02 8% - 610

656.5 C 10191

670.2 ~ 521.6 C 0.15 10] - 522

683.6 ~ 508.2 c 0. 0l -

694..8 ~ 497.0 c 0.02 123 - L97

740.2 c 11}9%

72l 2 c 11391

7384 ~ U453.14 c 0.08 11399 - 1453

769.6 c 9%

78l 6 c 95

800.Lt - 391.4 G 0.08 99 - 391

895.7 c 11193

908. 1 c 11192

920.9 c 11191

934, 0 - 257.8 c 0.5 11] - 258

L34 - 248.4h A 0.5 129 - 219

951, 8 c o8

966.8 c 9%

984.3 c 9%

995.7 196, 1

Q
-
°
Q
X¢)
- O
i
S
0O
[
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Table 15 (continued).

(1)
26016.7
055.7
068.3
111.2
149. 4
16L.2
178.3
191.8
213. 1
233, 1
258.6
27h. 4
290. 1
330.8
346.7
360.7
375.4
387.6
441.9
1581y
473.9
527.5
538.9
542,77

(11)
175.1

123.5
80.6
L41.7
27.6

13.5
0.0
21.3

L1.3

98.3

183.6
195.8

282.1

3LTa 4

(iii1)
C

QO OO O 0 0 o g o o 0o g o o o aa @ aa @ o Q@

'
&

(iv)
0.08

0.4
0.4

10,0

0.6
0.2

2.0

2.5
0.6

0.5

2.5

105

(vi)
- 174

- 123

98

184
197

282

L7
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Tsble 15 (continued).

(1) (11) (1i1)  (iv) (v) (vi)
26556.7 360 9 c 0,2 9% 367
635. 8 Ll 0 A 0.8 122 LL5
650.9 14159, 1 B 1.5 100 L59
678.2 186.U c 0.5 8} 187
720.8 529.0 c 0.5 7} 529
748 556 B 0.3 10412] 557
780.0 588. 2 c 0.5 113 582
838.2 6L6. b c 0.5 114124 638
860. 8 669.0 C 0.2 8499 670
876.4 684.6 c 0.2 -
885.0 693.2 c 0.2 12§ 69s,
90L. 6 712.8 C 0a 1 7494 713
927.8 736.0 c 0.3 6399 7L
92,9 75101 c 0.3 10§99 722
997.5 8057 C 0.2 10012] 806
27051, 0 859. 2 c 0.3 -
07205 880.7 c 0.5 -
15,8 c 649]
1240 932. 2 c. 2.0 64 937
127.0 c 10591
139.3 976 5 c 0.8 108 918
167.8 976.0 c 0.5 83 973
183, 2 9514 c 0.5 5081 992
203.8 1012.0 c 0.3 7884 1016
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Tabie 15 (continued).

(1)
27226.8
238.5
252.3
270.1
276.8
28560
287. 5
294.0
301.6
304.6
3116
346.6
3701
384.6
L,06. 6
483.7
L90. 1
497.5

(11)
1035.0
1046, 7

1095. 7
1102.2
1109.8
1112.8
1419.8
1154, 8
1178.3

1192,8

1214.8
1291.9
1298.3
1305.7

(1i1)

C

Q O O G 0 Q Q o o o o o o o a  Q

(1v)
0.7
105

3.5
1.0
1.0
305
2.5
0.3
0.5
1.0
1.0
8.0
8.0
8.0

(v)
547889
hli1]
5097
5095
449

6493
5097
bl9?
6395
63%
1603
sgsie:
55123
5098
X
649

107

(vi)
1034

10L1

1103
1403
1108

1115

1120

1175

1201
1243
1299
1299
1304
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Table 16. Band Fresuencies snd Agsignments in the 3820 A Band

System of HCCCDO.

(1) (11) (111)  (iv) (v) (vi)
24514 ~1692 c 0. 002 103 -1682
[ 537 -1669 C 0.002 49 ~1679
25126 ~1080 c 0. 01 5 ~1080
317.2 c 699]
329.5 - 876.5 c 0.04 69 ~ 877
365 - 841 B 0.02 109 - 8l
£86.3 - 519.7 C 0.01 10Q12] - 519
740.6 - 465.1 c 0. Ol -
761.0 c 10}9]
775.3 - 430.7 c 0.2 103 - 430
801.7 - 4OL.3 c 0. Ol 93 - 403
875.9 c | 11391
889.3 - 316.7 c 0.3 1] - 317
956. 6 - 249.4 A 0.5 129 - 250
958.1 c %
973.9 c 9%
989, 2 - c 93
. 2600443 ~ 201.7 c 1.0 99 - 202
057. 1 c 1219}
073.0 ~ 133.0 C 0.3 12499 - 130
09. 2 ~ 11148 v 0.8 8] - 112
161.2 - Uha8 G 9% - L2
176,14 - 29,6 C 93 - 28
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Table 16 {(continued).

(1)
26191.8
206.0
261.6
277.6
347.6
349.8
363.8
379.3
393.9
L22,3
133.2
L50.3
1166. 0
528.3
550. 4
566.5
581.2
599.0
617.7
666.2
675.3
69141
697.5
706, 1

(11)

142

0.0

71.6

143.8

187.9
216.3

260.0

322.3

375.2

393.0
Lh11.7
L460. 2

491.5
500. 1

(111)

c

C
C
C
C
G
C
Cc
C
C
C
C
G
A
c
C
Cc
A
AB

(@]

Q = O O

(iv)
10.0

1.5

0.4

2.5
0.1

0.6
2,0

0.L
0.8

1.2

0.3

0.3
1.0

109

(vi)
1l

72

Ly

259
322

L83
500
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Table 16 (continued).

(1)
26777.3
79641
849. 1
862,0
878.3
893, 3
903.6
918.0
932, 6
945.9
952, 7
968.5
982.9
27003. 1
007.0
008. 2
022.6

030.1

038.4
040.8
053. 1
12141
13U4.9
147.9

(i1)

571.3
590. 1
6l13. 1

687.3

739-9

776.9
797.1

802, 2

824. 1
832. L
83L4.8
847.1

9L1.9

(3i1)
c

QO O O Q O G o 0 @ G O Q Q o 0 Q. o @ Q aQ Q

(iv)
0.1
0.05
0. 1

0.3

0.3

0.5
0.1

0.1

0.2
0.3
0.2
0.1

(v)
1401
8d12]

125

8392
8492
5493

6697

2
‘ 6693

6492

160
6097
10811493
1041149

6491

110

(vi)
572

6Ly

687

Thi

786

82y

838
823

9L2
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Table 16 (continued).

(1)
27193.9
209, 0
223, 2
22l 1
239.5
255.6

271.5.

321, 2
336.7
358.0
Lh3.0
1158.5
B73. 4
526.5
543.9
611.5
614.0
628.5
6l 6
660, 1
695.4

714.0

731.2
795 1

(11)

1003.0

1018.1

1065. 5
1430.7
1152.0
1267.4

1337.9

1’-}080 0

1454, 1

1525¢2‘

589, 1

(1i1)

c

= O QO Q@ O 0 Q 0 o 0 oo 0 0 o g a0 Q

(iv)

007

1.0

16.0

LeO

0.8

6,0

0.8
3.0

(v)
8591

u4o,

14128

4195
4393
1499
6097
6494
i8]
395
LY

4d12791

hi12]
Lyo4
3123
1192
439%
XS
1412193
u§1293
112194

Lt

O-
N
O -

(vi)

1000

1048

1066

S 4130

1156

1268

1340

10411

55

—~
oW,
S
~3
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Table 16 (continued).

(1) (441) (idi) (iv)
27797.5 C
81L4.8 C
831.4 c
847.2 1641.2 v 1.2
880,0 16740 AB 107
969. 7 1763 7 C 2.0
28042 | 1836 v 0.5
08L. 5 1878.5 c 1.0
139.9 C
151.8 1945. 8 C 1.2
15507 1949. 7 c 1¢2
194. 3 1988, 3 ' C 0.3
209.5 2003. 5 C 1.5
225, 1 2019.1 c 0.5
2511, 5 2048. 5 c 0.5
325,14 2119.4 C 0.2
395.8 2189.8 C LoO
h27.3 2221.3 C 3.5
14168.6 2262.6 C 1.0
1489.8 ¢
1496.7 2290.7 C 0.5
507. 4 c |
523.7 2317.7 G 3.0

<
(o)
o

(S

550. 7 2340, 7

u6106125

] 1fi9?

Lodp
Li10d14

(%1)

7

1642
1679
1768

1885

1946
1955
2003
2001
2008
2054

2204

2210

2276

2282

2319
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Table 16 {(continued).

(1)
28568, 3
583.1
605. 5
613.8
709.4L
725. 4
779.3
7931
810.4
877.7
895. 1
911.3
961.2
979. 1
2904k, 7
045.0
063.3
080. 3
096.8
128.7
166, 1
216, 1
324.2

36h.7

(ii)
2377+ 1
2399. 5
2407.8
2519.4
2587. 1

26024-'0 l—‘-

270503

2773.%

2838.7

2890, 8
2922.7
2960. 1
3010, 1
3115.2
3158.7

(iii)

QO aQ 0 Q P O 0 Q g O 0 0 @ a o @

AB

o o o Q

(1v)

2,0
0.3
1«5

25

5.0
0.5

5.0

1.5
2.0

3.0
1.5
0.6
3.0
3.0

2&5

(v)
2492
1
2694
428}
1¢iq1
4560%
201
L594

L§1219]
1§12]

4393
4595
L5948
4312193
431219
3123
4393
4393
1393
4398
1510}
1312192
48}
2864

>
46

(vi)

2391
21,08

2397

2520

2592

2708

2780
2842

2895
2932
2967
3020
3146
3152
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Table 16 (continued).

(1)
201118, 0
159.7
632.6
68,9
69l 6
713.2
721.9
Thlialt
764.0
778.0
818,7
83l 8
882, 6
946, L
962.8
30036. 0
038. 1
114 8
131.7
1148.5
212,8
268.8
282, 1
299,.8

(i1)
3242.0
3253.7

3h442.9
3488.6

3507.2
3515.9

3555.0
35760

3628.8

3676.6

3756.8
3857.8
3882.1

39h2.5
14,006. 8
4062.8

Qo O a o @

Q

Q o o Q o o o QQ g O a G a O o Q Q

(iw)

2.5
0.8

10" o

3.5
15
1.5

L.O

0.5 -

5.0
.0

15

0.2
0.2

2.0

0.3
0.1

i1l
(vi)
3213

3254

3472
3463

35uL

5557

3659

3650

3759

3946
L018
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Table 16 (continued).

(1)
30317.3
333.8
366
381.3
399. L4
43h.6
451.2
L74.5
504.7
528. 5
559. 2
575.5
618. 6
633.2
645, 5
663, 6
683.2
723.4
Thioly
760.9
88L..5
9Lk, 0
970.5
986. 1

(11)

L127.8
L4160

L4193, 4

L2h5. 2
4265.5
4298.7
u322.5

4369.5

bh27.2
L439. 5
L4h57.6
ULT77.2

L535.4
u554L.9
4678, 5
4738.0

LL?BOB 1

(111).

O OO O Q Q@ O O Q o @ € Q 0 O o 0 o @ Q @ W oQ

(iv)

165
0.8

0.3

0.3
0.5
1.0
1.0

2.5

1.5
2,0
3.5
1.5

0.8

0.8
10

1.5

1.0

(v)
4397
2
1395
4310}
11237
192
1312195
43849}
4
kY

- bd24649]

142464
_091

221
u23d
Ll'221
1d 1
4310 1091
43100110
L‘ﬂ 2161
h52d
1
136,
. 1
L#9}
11a 0
ulol

(vi)

Li3h
L1170

4205

L4259

Li iy

L 66
L523

Ls5L5
L6014

L2k
L7704

4781
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Table 16 (continved),

(1) (11) (1i4) (iv) (v) (vi)
31051, 1 C ng2do?

070, 1 186k, 4 c 3.5 ug2494 492

17%4.9 G Lo

187.5 14,984.5 C 10 L 1982

239,0 | c  Lfr2ial

255. 5 5049. 5 C 1.5 ugf; 21 5051

303. 1 5097, 1 G 0.5 -

359.7 C lito?

574.3 5168.3 c 3.0 ultal 5470
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frequency side aboult 10 em™ ! from the origin. This head makes
it difficult to follow the R-sub-bands for K324 or 5,on account
of overlapping.

From a cursory examination of various bands, 1% is
immediately apparent that there are bands of the following
three types: . |
(1)Perpendicular bands with an intense central peak very close
to the band origin (see Pig. 6). All the stronger bands and
most of the weaker ones are of this type.

(2)Perpendiculasr bands with a central minimum {see Fig. 7).
(3)raraliel bands, i.e. type A bands (see Fig. 8).

Bands of types {4) and {2) bear a marked resemblance to
infra-red bands of types C and B respectively, but this is
not an adequate proof of such an identification since, for
example, the ultraviolet type C bands of glyoxal superficially
resemble infra-pred Lype B bands because of the changes in the
rotatioﬁal constants (ggéz\. However in the present case the
agsignment is supported by two independent argaments:
(i)Although most of the bands belong fairly pufély to one of
the three types; a few are definitely observed to be hybrids
of types {2) and {3). On the other hand, of the many type (1)
bands recorded, none was found to have a parallel component.
The oniy hybrid bands allowed by the Cg vibronlic selection
rules are of the %ype AB.

(ii)From the cobserved symmetric~top structure and an assumpt-

ion of nearly gero inertial defeat, it is possible to calcul-
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ate the asymmetric top structure of the band centres. Features
of bands of types (1) and (2) can then only be explained if type
C selection rules hold for the former and type B for the latter
(see VIIT.L).

Ve therefore conelude that the strong component of this
gystem conglsts of type C bands, with transition moment perpend-
icular to the moleculsr plane; and that there is a weaker

compenent ©of bands polarimged in the molec:lay plane.

VIII.3. Analysis of K-Structure.

Apayt from the origin bands, our rotational snalysis is
concerned almost entirely with the K-structure. Sub-band
measuraements refer to the low-frequency heads of the @ branches,
which must be near the sub-band origins. The K numbering of-

the P- and Q-type sub-bands presents no difficulty since the

differences PQ%

e .31

J_{{ /
in ¥, and should extrapolate back to the known 2(8 B*) at

and Q“ WQK ghouid be nearly linear

K=% in the first case and to zeroc at K=-% in the second.
Because of the overlapping at the head, the R sub-bands are
difficult to identify; but their numbering follows readily
from that of the P sub-bands.

For perQendiculér bands the combination differences
(RQK,q - PQK_,.? Y/ LE = (& <BY) - QD}"{(KZ-&-"I) and
(Fa, - Fap)/ ux = (& -5

the lowsr and upper states respeciively. Uslng these values

J 2D%(K2+4) are used to gseparate

of DK and D%, the combination sum
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Rag + Fag,q + (Dg-D%) (& 4 (xe1)k}
= 2V + g(Afmﬁl) - (A”—ﬁ”)}{K? + (K+1)2}
gives the band origin y, and an improved value of
(o -B") - (2B}

For parallel bands, the best coefficients in the equationm
Wy = vo + J(&-B) - (& -EY K> - (Df-DY) R
were determined.

For pairs of bands with s common lower or upper level,
the differences between similar sub-bands give gyro-vibrational
differences within the one electronic state. In particular,
for perpendicular bands arising from the zero-point level of
the growd state the differences
PQK+1(vQ"O) - PQK+?(OG"O)

= Go(V) + §(a4-By) - (25850} x? - {D(V)-Dy(0)f K*
are normally linear in K° and give good values of G,{V) and
(A%‘EQ) - (A%mgaj without the use of the R sub-bands. Large
glopes and curvatures in these plots indicate gyro-vibrational
interaction.

In what follows, the term "band centre” will refer to the
central peak of a type C band or to the estimated position of
the band origin of a type A or type B band, The term "band

origin' will refer only to the vibronic freguency difference

Y, resulting from an analysis of the K-structure.

VIiI. Lo Origin Bands.

The band which we are assigning as the origin of the band
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system ig the first member of the principal progression and
1s centred at 26162.3 , 26494.8 and 26206.0 em™! in HCOCCHO ,
DCCCHO and HCCCDO respectively; this isotope shift is fairly
normal, its direction being consistent with a general fall in
the vibratiecnal frejuencies during excitation. The band is
ghown to arise from the zero-point level of the ground state
by its roughly threefold drop in intensity on heating to 200005
the factor of three is in approximate agreement with the ratio
of the vibrational partition Tunctions at the two temperatures
calculated from our grouwnd state freguencies. The only bands
to low freguencies of the O band which exhibit this behaviour
are attributed to the L1hO i gystem., Since thig band is there-
fore the levest in freguency vhich is not "hot", and since no
pure clectronic transition is forbidden by symmelry, the
agsignment es the O band is Justified.
stale

In order to obtain details of the structure of the excited,
‘we requiwve a fairly complete rotational analysis of the O band.
This analysis may be taken in tro phases s {i) the sub=band
structure vith X »2 and the cccompenying J-structure can be
used tolobtain the best symmstric top type constants AL -B, and
B, and (ii) the asymmetry parsmetor may then bs estimated from
the structure ot the hand centre. At prosent only a preliminary
analysis has bcen zchicved, and thc asymmetrie top structure
has been studied only foxr HCCCHO.

Py and RQ branches of the origin

b
o
b
o
6]
[}
0!
ot
g
(9]
&
58]
b

The ¥

[

rejuer

bands are listed in Table 17 ; it proved possible



VIiiiuh 121

Table 17. Sub-band Freguencies of the Origin Bands.

HCCCHO DCCCHO HCCCDO
Ko fog Fag Fag fag fag Fay
2 26170.2L 26198.86 26212, 28
3 174.65 26151,06 200.21 26180.04L 213.71 26197.75
I 172,40 ihly. 36 200, 86 173.88 21l4.79 193. 36
5 172,40 138,04 200. 66 167.03 215.21 188.68
6 171,65 130. 42 199.87 159. 55 215.26 183.43
7 169, 97 122,43 198,12 151.18 24l. 88 177.73
8 167.60 113.22 195.8L 142,56 214,03 174+ 54
9 i03. 56 132,97 165,02
10 093,21 122. 70 157,93
19 . 082,12 11142 150,143
12 070. 62 142, 69
13 058. 33 ‘ i34 20
10 045. 34 125, 34
15 031.77 116,23

to calculate the.positions of the RQ branches by a combination
of the readily identiiicad PQ and 9@ branches of other bands,
once their vibrational assignments were lmom,{see VIII.8),
and the identifications quoted are based on this calculation.
The symmetric Lop rotational constants ond origins of the O
bands are collected in Table i8; vherover possible the

rotational constants guoted are derived from mean combinabion
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Table 18. Roltational Constants and Ovipins of the O Bands.

The units are om™' in cach case.
HCGCHO DCCGHO HCCCDO
Yoo 26163. 12 26191.88 26206, 54
(A-B), 2,114 2,082 1057k
Dy 2.93 x 107 3.15 x 107 1.03 x 1074
(a~BY 10731 1.696 1.339
| Dk 2,50 x 10™% 2,70 x 107 1.04 xi07
AB, +0. 00101 +0. 00104 +0.00105
Bl 0. 15655 0. 14518 0.15398
A 1.888 10 8l44 1,093

differencos for bands which arc shown by the vibrational anal-
ysis to involve one or other of thess levels.

The K-gtrueture analysis is subject to the error involved
in uging the obsevved onset of the Q branches ingstead of the
hypothetical sub-bend origins; this srror should be largely
cancelled out in Fforming tho combinotion differences. However
the best symmetric top congiants will be obtained by using
sxcited-state combination Giffercnces botweon the individual
lines of the Ry ana Fp branches; the Rz branches of the various
sub~hands eoverlap, but they may be identified by using ground-
state combination differences oncc a reagonahly accurate value

of Dg ie kmowa. This work is in progress.
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A preliminary calculation of the Q branches for low K
was made, alloving for the asymmetry, with the following
constants :

AL = 1.886 , B, = 0.16254 , C. = 0.15008 cm~! (corresponding
to AL: -0, 3% amu AZ) and Costain znd Morton’s ground-state
constants (see IV). The excited-stalte constants were not based
on the besgt values of the symmetriec top constants now available
and were not Titted to the observed specirum; the calculation
merely has qualitalive significance at present, but it enables
ag to identify the band types from the J-structure.

Agymmetric top energiss for low K were calculated for both
states by mecans of Golden's method (25), vhich is asymptotic
for high J. The refinements envisaged by Golden were neglected
and the simple form |

F(Ig ) = BI(a+1) + (a-B){bg (8) ~ &8}
was used. In this eguation
s = {Bna

A-ﬁ){gig}?) ST ZJZ;+1)§ ’

and bKa(S)'iS a characteristic value of Mathieu's equation

which can be obtained from tables (48); when (J+Kya+K,) is even
we use beKa(s) for bKa(s)y when it is odd we use bogé(s)n
Comparison with Polo's serico cxpansion (53) for low J showed

1

that the simplified Golden method was good to %001 em™ ' even

In this range.
The wave-numbers of the various § branch transitions were
then calculated wsing typo C and type B selection rules (II1.6).

The ealculated speecira are represented by means of Fortrat
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diagrams (27,p.47) in Figs. 6 and ', where they are compared
‘with the O band and the band at 26625 em™ 1 respectively. This
comparison leaves little doubt that the band-type assignments
are corredt, since small changes in B/~C’ did not have any

first-order effesct on the calculated band centres.

Vibrational Assignments.

We shall consider in turn the cvidence relating to each

of the excited-atate fundamental Frequencies.

VIIIo5. ¥y

As mentioned previously (VII.2) the principsl progression-
forming frequency {ca 1300 cm“q) is assigned from its isotope
effect as the carbonyl stretching fundamental vL, The bands
L1, a b3 and uu of HCCCHO and DCCCHO are seriously perturbed
by a close Fermi resonance; as are the bands formed by addition
of other vibrations to these bands., On the other hand, ug, ugy
43 and 43 of HOGCDO ave 21l single. In direct antithesis, 49
is observed as a weak bub strongly tempcrature-sensitive band
among the triplet bhands and is single in HCCCHO and DCCCHO, but
double in HCCCDO {see VI.6).

For HCCCHO, the centres of the Qg doublet are at 0+1300,0
and 0+1312,0 with an intensity ratio of former : latter 23 2 1.
On the assumption that the intensity is due entirely to the
fundamental {see III.i) ve can plaec the unperturbed fundamental

at w& = 130L.0 and the perturbing frequency at 1308.0. Similarly
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the LS triplet has centres at 0+2532.9 (12), 0+2596.6 (12)
and 0+2618.5 (3), the spproximete intensities being in parentheses:
the method of IIT.4 then gives 2v& = 2592.9 . Again, UF has
gentres at 0+3845.3 (5), 3863.3 (5), 3878.6 (3.5) and 3917.8 (0.8)
vhich give 3va = 3866.2 , From the unperturbed frequencies we
- derive uﬂ; = 4311.6 emﬁfy Xig = 7.6 em™ ',

For DCCCHO, the L} band has three centres at 0+1291.9,
0+1296.3 cnd 0+1305.7 with roughly equal intensities; thus
vL = i29856 cm~', The higher v& bands are complex, and no
analysis was attempted.

The assignments of the nerturbing freguencies will be

discussed later (VIII.13).

The centres of the L) progression of HCCCDO are all
single. However one member, Q%, is affected by a perturbation
in the sub-band structure which is most easily seen in the PQ
sub-bands (see Fig. ). As K’ increases from 6 to 10, the
sub=-bands acguire a low-fregqueney satellite which gradually
takes over the intensity so that only the low-freguency
component persists for K'>40. The K-numbering of the two
components can be obtained independently, the high-freguency
one by using the normal method for low XK, and the low~fyreguency
one by using the well-developed J-structure of PP159PP1u and
PP15 3 it is found that the components with the same X value
lie closest together. The effecet is best demonstrated by

o)

vlotting the differences ~Q (h%) - PQ;{L,}(O) against 2.  For

K+1
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comparison with the rest of the progression, the differences
17k, (B) - Fa, . (0)} /n are plotted against k2 in Pig. 10;
these graphs should have intercept<d£+nx£u and gradient -mﬁA”ﬁ)'
for the unperturbed bands (see II1.3 and III.7). The bands
bs Uds UG ive W} = 1274.8, )y, = -7.3 and «{A-B)' = 10.0304
(all in em“1), The line obtained for h% from these values
should represent the unperturbed sub-bands, and it is seen from
Big. 10 that the observed sub-bands lie on either side of this
line; the mean positions of the sub-band pairs, each compon-~
ent being weighted with its intensity, fall close to this

line.

The effect is obviously to be attributed to an irregular

(er "rotational') perturbation {28,p.L66) with a crossing point
near K’=9, the perturbing level lying about 3 em™' below zvan
Since the sub-~bands of high ¥ are still displaced, we may cou-
elude that the perturbation is K-dependent (27.p.288) and so
must involve a vibration-retation interaction, as distinct
from a purely vibrational intersction of Fermi type. A perturb-
ation with AX # O would involve coupling by rotation about
the b- or c-axis; and since the angular momenta about these
axes are small when J=~X (¢f. last paragraph of III.7), such

a perturbation should not lead to a serious displacement of
the onéets of the Q branches. It seems likely therefore that

the present cxample has AK = 0. Possible perturbations of
this type involve coupling about the a-axis through either the

Coriolis forces or the centrifugal forces; the vibronic
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gselection rules differ in the two cases, being A«rd’ for
Coriolls coupling (cf. II1,8) and Aed , A'«4”’ for centrifugal
coupling. For Coriolis coupling the perturbation matrix
element ghould be proportional to XK, for centrifugal coupling
proportional to KZG

The difficuliy confronting a more detailed analysis of
the present perturbation is that the (unweighted) mean of the
observed sub-bands dees not give a straight line on the graph;
in theory it should correspond to¢ the mean of the wperturbed
levels and =so should give a straight iline. Thus it seems
that at least vne additional level ig involved in the pepturbw
ation.

Nevertheless; gince we have, for each of the doubled sub~
banasf the two perturbed levels and ene wnperturbed level, we
can analyse the perturbation in terms of only two levels (27,
P.282) if we do not require the rotaticnal energies of the
other uwnperturbsed level to obey the normal equationsuv'The
values of !W(K)E osbtained in this way are graphed against K
and against K2 in Fig. 10 . The plots are smeoth but apprec-
iably curved in both cases, the pleot against K2 being the mere
nearly linear, This, and the fact that |W(XK)] appears to
extrapolate to a non-zero value at K=0, suggest that the
perturbation is of centrifugal type with a small Fermi con-
tribution (the vibronic selection rules of the two are conslst-
ent)., However this treatment is not valid if more than two

levels are involved.
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A decision betﬁeen the alternatives could be made from
the symmetry of the perturbing level if if could be identified.

This has not Leen possible so far.

VIIIQ 63 \3__9¢
Mogt of the type C bands of the system have a weaker sat-

ellite about 16 em™?

to low frequencies, vhose centre usually
lies between PQ3 and PQQ of the ?arent band. With the centre
and head ¢f the pavent, this feature gives the bands a triple-
headed appearsnce under low resolution. This satellite is
presumably the first membey of 2 seguence, and it is Trequenily
possible to ses a gecond and sometimes later members. On
acecownt of the Boltzmaagn Factors involved, the fundamental

1 and so

wvhich forms this sequence must 1lie below 300 om™
must bs either the a’ or a’ component of the c=8-c bending
tibration. Seguences of the same type are presumably also
attached to the type A of B bands, but the lack of a sharp
centre makes them iege easy to observe,

I the vibration fovrming this seguence is also active
in forming progressions we would expect to find the (1-0)

1 of the origin on either

and (0-~4) bands within about 300 cm™
side and nearly symmetrical about the origin. A pair of fairly
gtrong type C bands cenired at 0+i91.0 and 0-206. 3 obviously
fit the reguirsments. Ve may therefcrs agssign the sequences
mentioned above to the &’ bending frequency, which will be vg;

thus Vg=191.0 and ﬁéazﬁﬁaﬁ em”~'. These frequencies are only
. g
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glightly =zltered in the deuterium isotopes.

It is possible to find a second member of both the upper-
and lover-state progression. Because of the activity of this
fundamental in forming both progressions and seguences, it is
‘posgible to follow it up to four quanta in both states, and
it 1s clogely harmonic in both,

The lower-state combination differences across the band
99 are found to be mich lower than those across the ¢ band,
and the graph of PQK{0)~PQK(9Q} against K2 1s slightly curved
and haes the large slope of (Amﬁ)g - (A«ﬁ}% = ~0, 14 em™'. Thus
vg is dnvolved in a fairly strong vibratien-rotation inter-
action, whick will be discussed in VIII.8 . The internal
consistency of the present assignments can be demonstrated
by means of gyro-vibrational combinations; for instance, the
equation “0y(94) + Far(99) = Pax(9]) + Pag(0) is weil

-gatisfied.

VIII 7. Y40
A pair of fairly strong type A bands are cbserved at
0+346.0 and 0-2860.3. If these ave the first members of
progressions in a non~totally-symmetric freguency, one
would expect the sequence %o occur at 0+86.1 . A type C band
is indeed observed at U+85.0 , and it is shown to be "hot" by
the temperature measuvements and by its lower-gstate K-type
combination differences, which are guite incompatible with

those for the zero-point level. The vibration must be the a”
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compenent of the CEVE bend, vhich will be y,,; the above bands
are therefore assigned to 12{, 12? and 12} respectively.
Similar bands, with minor changes in the freguencies, are
found for the deuterium isotopes. It should be noted that
the 85.0 cm @ interval is definitely not an excited-state
fundamental, as Howe and Goldstzin suggested.

The lower-state K-type combination differences across the
12% band are much higher than those across the 0 band, shoving
that (Aéﬁ)iz is considerably greater than (Amﬁ)g ; this
vibratioen-rotation intevaction will be discussed in VIII.8 .
The consistency of the Vio assignments is again shown by
gyro-vibrational combinations, such sas

Ugeq(126) + Sag(i2]) = Bog(a2]) + Pap (0) ;

the relation g (0) = %a (128) + %a (129) - P, (12]) then
assists us in identifying the R sub-bands of the O band.

The following additional bands invelving only v,, are
observed for all three isotopes : 128 {type C); 12% (type A)
and 12% (type C) ; these show that Vio is closely harmonic in

both states.

 VIII.8. GCericlis Coupling of vg and 9?20

The vibration-rotatien interaction present in v; and V:Q

is best shown by a comparison of the lower-state combination
differences RQK g - PQK+1 = Ag?”(O,K) acroess the perpendicular
bands 12} and 9? wlith those across the O band. These are

shown in Table 19, where it can be seen that the mean of the
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Table 19. Coriolis Coupling in Vn and an.in HCCCHO.

K AEF?(0,K) in cm™’
121 : 9? ean of 0
124 and 9?

3 27.3 23.6 25,145 25. 38
Iy 36.1 31.5 33.8 33,61
5 4. 9 39.5 42.2 11,98
6 5305 L7l 500 45 50, 27
T 62, 1 556 3 58. 7 58043
8 63. 2 _ 66.4.1
9 T1.2 439
10 78.9 82, 1l

Table 20. Analysis of (V94~12) Ceupling.

The uwnits are em™’}

s except Tor the dimensionless éo

HCCCHO ' DCCCHO HCCCDO
v,(99) 25957. 9 25996. 3 26005, 0
Vg 205.3 195, 6 201.5
v,(129) 25902, 5 2590430 4 25956. 6
Vio 260. 6 © 248.5 249. 9
(i:§y; 42 2,122 2,090 1,570
12572 0,639 0. 634 0. 675

99 and v’ _ values is close to the zero-point value.

i2
This behaviour of 99 and ¥§2§ in that their K-type rotat-

ional energies lie fairly symmetrically below and above the
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normal values, 1s typical of Coriolis coupling by reotation about
the a-axis, which is allowed Tor these vibrations by the Jahn
selection rule. This interaction was analysed in more detail
for the two fundamental bands 99 and ?2?, which are of types
C and A respectively. Upper-state combination differences,
EQKfPQK =Z§§Fé(09K), across 99 agree with those of the O band.
The value of (A—ﬁf; 50 obtained was used in the following
equations :
3B (99 + Pa (s} + % (129)
= §94(99) + vo(129) + (A} + 2f(aBy - (EB)}x2
and |
B{Be(99) + Fa (9%} - %0 (129) - (a-5Y,]°

{Vo(91> -y (1201%2 L Gﬂ;:{l“(>ij1 \ X'zK? )
in which (AwB) is a mean value for the ?9 gnd vgz levels.
The left-hand sides plotted sgainst K2 gave good straight
lines. From the intercepts the two origins were obtained,
and hence 95 and fo ; the gradients then gave (Kfﬁf’ and
Eg‘iﬂzzi The results for the three isotopes are displayed ip
Pable 20.

In addition to the data referpying to the fundamentals,

we have sub-bsnd structure for some of the overtone and com-
bination levels. Table 21 shows results for HCCCDO, for
which these sub-bands are most Gléarly developed. The 2v§ and
2y’ 42 levels are seen %o satisfy approximately the theory of

I11.8 , namely that their XK-type rotational energies should

be symmetrical about the zero-point values, andé twlce as far
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Table 2%. Coupling in 2Vo and 2y%, of HCCCDO.

K A 12{5‘”(0!,}&} in em”}

9% 99 0 12} 125
3 164 21 17,16 18.92 20. 2 21,86
L 22,07 23, 1l 25,03 26,83 29. 26
5 27.59 29.39 31. 36 33. 44 360 25
6 33.40 35029 37.48 140, 08 h3.07

Phem P ”
fr@maas thoese for the g and Yio 1levels are.

VIIT.9 24pc

A type B band is obsgerved at 0-082, with the posltion and
polarisation expected Trom the infra-red for 109, a type B
band of medium intenéiﬁy is alse found at 0+hL62.7, and the
asgigoment of this aswioz ig confirmed by the cbgervation of
the -saguencs %Oz as a prominsnt type C band at 0-519.7. The
fact that 0-519.7 does not represent ?22 is showm by its rot-
ational structurs, itg sxireme temperature sensitivity and itws
isétope shifz. |

An imprQVe& value of 1ﬁ% may be obtained by plotiing
Pq (10§) - Pa (10}) agatnst K2 ; theband 109 has been observed
only undsr medium resolution, but the differences PQK(G) -
PQK(1O?) agreed within the 1limits of error with the above. The

=

- A .
values of 9§b and {AmB)QO - (A«B;G obtained in this way are

discusssd in secition Vi b.
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In the same way, PQK(106) - PQK(O) Versus (K~1)2 gives vqo
and (4-B)|g ~ (A-B)y. The results are discussed in VIII.11.
It is interesting to note that vhereas the 106 bands of
HCCCHO and DCCCHO are of almost pure type B, the parallel
component being very weak or absent, that of HCCCDO has type

A snd B components of roughly egual intensity. This can be

. R Q - Qy _P
checked by the combination relations QK - QK+1 = QK QK}1
K R
= A1F7(0,K) ana fap - Yop = Y4 . - Fop = AN (0,K).

The value of the overtone 2vj, is crucial in deciding
vhether the excited state is planar; its assignment is dis-

cuésed in section VIII.i2 .

VIIT.10. ¥, _

In HCCCHO a medium-weak type C band is found at 0+128.9 ,
4y em™? above 12]. The lover-state K~type sombination differ-
‘ences of this band are equal te those of 12] and so are
characteristic of the Coriolis-~coupled vfz level. The possib-
ility of an accldental equality of such distinetive combination
differences for two different levels is remote, so we may
presume that there is an excited state VA" 1evel at 390 cm‘}
and this can only be interpreted as a fundamental - in fa¢t
the remaining a’ fundemental yj,; ; so the 0+128.9 is to be
assigned as 1161290

The hly cm™! aifference reappears between two strongly
degraded type C bands at 0-303.6 and 0-347.4. These bands

also have identical lower-state combination differences,
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characteriatic of a strongly Coriolis-coupled level; and the
senge of the Coriolis contribution shows that the level involved
must be the upper of the Coriolis-coupled pair. If we take v{i
and v;g ag the upper states of these bands, we obtain for the
common lower state a A" level at 693%.5 om™', which must be the
fundamental vf,. The &’ fundamental vy, is therefore the upper
of the v%,v;1 pair observed in the infra-red spectrum, contrary
to our original assigoment (1960,8). It is possible to
calculate the positions of the sub-bands observed in the infra-
red from the ultraviolst bands by means of the equation
Rap(v4,s1R) = %qp(i2d) + Fo.  (114129) - Fag,(12]) - Far  (11]).

The results are :

K R (¥4 451R)
obs. cale. obs.~cale.

2 (708.0) - 707.1 (0.9)
3 71300 714.0 1.0
b 720.5 721.0 0.5
5 728.0  728.1 ~0,1
6 7355 735.8 ~0. 3
7 Th2, 7 Th3.2 -0.5

Thus, apart from a systemétic discrepancy of about 0.5 cmf1,
posgibly due to inadeguate calibration in the infra-red, the
unusual structure of this band is satisfactorily predicted.
From the combination QQK(116) = QQK(126)+PQK*1(116129)
~PQK+1(722} s it is possible to calculate the parallel compon-

ent of the 116 band. Weak features were obgerved in the
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pogitions of the expected sub-bands, but the presence of this
band cannot be definitely claimed.

We have geen that for HCCCHO we observe, in addition to
the normal'aequences 111 ana 12}9 the cross sequences 116129
and 1?9126 ; in each case the normal sequence is the more
intense of the bands with the same lower level (same Boltz-
mann factor). The normal sequences are cbserved for the other
two isotopes, and 11} of DCCCHO shows the expected large iso-
tope shift: but the cecurrence of the gross sequences must be
fortuitous for HCCCHO, since for the other isotopes only 114129
of DCCCHO was observed, very weakly. - This may be due to the
interaction between the v;1 and vj, motions, which will be
greatest for HCCCHO, where the difference in frequencies is

smallest,

VIIT,11. Yg.and Y.

A type C band of medium intensity at 0+507.0 cannot be
eiplained on the basis of the fundamentals so far identified,
and so presumably represents a new fundamental; it lies 614 om™"
above anothér type C band, which is fairly temperature-
gensitive, at 0-106.7 , and this interval is almost equal to
v§==615 em~' observed in the infra—reds The bands may there-
fore be assigned as 83 and 83 respectively. The band 89 was
not observed, but it may be obscured by triplet bands in the

same region. Simiiar results hold for HCCCDO, with small

changes in the freguencies ; but the position is more complic-
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ated in DCCCHO, which is discussed below.

The sub-bands of the 8] band are rather hazy, but it is
possible to get values of v and (A—ﬁ)é»(A-ﬁfb from them. The
results for vé and mqo (see VIII.9) are shown in Table 22. The
HCCCDO values correspond to a fairly typical exampie of Coriolis
coupling and the second-order perturbation of III.3 is applied
to them, giving quite a large value for\cgggo§. In the same
tfeatment the HCCCHO results are less satisfactory, since we

are left with a rather large value of (A~B}é°10 . (A4§)B.

Table 22. Coriolis Coupling of v; and v;oc

HCGCHO HCGGDO

Vg 506.9 499.9  em™

(a-B)y ~ (A-B), +0.086 +0. 049 ——

Yio 162, 1 411.6 - em]

(a-BY,, - (A»E)'O ~0.043 0,048 em="
l %‘:10 0.45 0.695 ‘

In contrast to the other two isotopes, DCCCHO shows the
8? band at O~6i0g0 . By comparison with the other isotopes,
ecne would expect the 8& band very close to 0+500. However,
two type C bands are found at 0+486.4 and 0+529.0 , roughly
symmetrical about the expected poesition, and approximately
equal in intensity ; and similarly two bands of about equal
intensity ave found at 0-30.6 and 0-123.5 near where the

segquence 8} iz expected. It therefore appears that there are
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two levels of YA’ synmetyy near 500 cm“19 ene of which must
be vée Vo summation of the lmown fundamentals gives a level
in this region, se thal we must interpret the other level as a
fundamental also, The only possibility remaining after the
assignments to be given later is ths ethynyl ¢=G~D bend, V$o
We thersfore chosse (the numbering of the modes is arbitrary)
vé=h86 em™? ang »;:529 @mfig and the assignments of the bands
at 0+529, 0+486, 0-8% and 0-i2h are then 70, 80, 7487 ava 8]
respestively.

The preciaec value of v% cannet be obtained definitely frem
the infra-red spsctrum, since we must first number the sub-
bands there. However in DCCCHO & weak band is observed at

i

0+21 and similsr bands are found 21 ew”™ ' above other streng

banda; interpreting this as 7} givesy v§,a 76 e 73 = 507.7 cm“}
and one posaible numbering of the infra-red sub-bands gives
v% = 507.9 o™ We should also ezpeot the other cross
sequence 78899 which ig then calculated to be centred at
26170°5 cm"i;‘a line is observed very near this frequency,
but it is at the poesition and of about the intensity
eipected for RQE(O) of HCCCHO, present as an impurity in our
sémple of DCCCHO.

¥c trace of these v bands - suitably shifted - is found
in HCGCHO and HCGCDO, But, although the occurrence of 7§ and
768? may be a consequence of the accidental near-degeneracy
of y% and vgy the preéenee of the sequence 7] should not be

aceidental, sinoe its intensity is determined almest purely
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Just by the Boltzmaun Pfactur. However the resuits for DCCCHO
suggest that in the absence of the v%,v% interaction, the
value of v% would be almest the same in‘bath electronic states.
The 7] bands of HOGCHO and HCCCDG therefore prabably 1ie in
the intense region at the csntre of the O band, and~iis
Boltzmann factor of 0,05 preventg its identification. We
tentatively put v%usvgg the latter valus being obtained by
interpreting the infra-yed spectra by analogy with that of

DCCCHO.

VIIT.12.  ¥g5a Vs 204 2¥; g

Most of the bands to low frequencies of 0+900 can be
explained on the basis of the fundamentals se far identified,
although some of the assignments are, of course, guite
tentative. In the reglon between 0+900 and h& at O0+1300
ecour several strong hands, some of which are 1300 em™" up
from corresponding bands below the O band and so can bs explain-
ed ag heot bands relisted to an The ﬁemaining strong bands in
this region are discussed here.

A elese pair of strong typs G'banda are obgerved at
0+956.7 and 0+943.9 with an intensiiy ratie §§ about 3:2
respaetively. Interpreting this as a Fermi resocnance in which
all the intensity is due to one of the unperturbed levels, wo

obtain as the unperiurbed frequenoy of that level 951, 6 cm"?s

the othey uwnperturbed fregquency being S49.0 0mf1; the perturb-

ation metrix element (27,p.282) is JW] = 6.3 em™! A similar



Tili. 12 45
pair ef bands 1s observed for DCCCHO at 0+947.5 and 0+932.2 ,
with an intensity ratic of 2:5 respectively ; similar arguments
give the intensity-bearing unperturbed frequency at 936.6 cm~ '
and the other at 9%3.4 em™', with |W| = 6.9 cm™! The similarity
of these resulis suggests that the frequencies should have
comparable assignments for the two isotopes. The corresponding

frequeneies are therefore as follows @

fdCCCHO DCCCHD

Ygtreng® 951.6 936. 6
"weak" 99,0 9L3. 1
Harmenic 2vjq 924.2 918.0

Now the only A’ summations of the other fundamentals of
HCCCHO expected in the range 900 to 1000 om™' are 2v/, (924),
Vgr2vy, (969), Ygrvy +vip (925) and 5vg (946), the harmonie
values in em™ being given in parentheses. Of these, all
© except 2v§0 are ruled from further consideration by the isctope
shifts in passing to DCCCHO. Thus whether 2vjg is to be ident-
ified with the “"strong" or the "weak” component, it hes a
significant positive anharmonicity ef 20 to 30 em™'; iFf 2v],
is the streng compeonent, this would be definite Franck-Condon
evidence foe non-planarity of the excited state. This lssue
may be settled by a comparison with HCCCDO. In this isotope
the harmenic value of 2¥j, is 823 cm™) so that 106 may be
expected at aboul 0+840 . Ian fact only very weak bands are
found in this region, the nearest band of intensity comparable

to the above pair being at 0+942. Ve may thersfore assign
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the unperturbed 2vj; as the weak component, which lles 24.8
and 25.1 em™! above the havmenic value in HCCCHO and DCCCHO
resgpectively; this cssignment also gives the more consistent
anharmonicities. A few weak bands ocour in the C+840 region
of HCCCDO, and it is not possible to ldentify 106 definitely;
however, we tentatively assign it to the otherwise uwnexplained
band at 0+834.8 .

We are left with the stroeng compenent above, which must
represent a new a‘ fundamental. Its aséignment is discussed
later in this section.

A further streng type C band ig found at 0+1120,0 in
HCCCHO. The only binary or ternary combination whose harm-
eniec value is near this frequency is v§+2v{0 {harmonie 4113 cm
but the large anharmonicity foumnd for wjg rules this out. This
frequencey is therefore an addiﬁional a’ fundamental. The
corresponding band of DOCCHO is doubled, the twe components
being of roughly equal intensity at 0+111%.8 and 0+1112.8 ;
the.perturbing level in this Fewmi reschance can readily be
asoribed to the additien of v§ = 183.6 om™' to the 0+932,2
band discussed above. The wnperturbed fundamental may be
roughly estimated as 1115 em™J |

" The only likely possibilities for these twe fundamentals
are v% (formyl C-C-H bend) and ¥g (C-C single-bond strsich).
The larger isetope effect in DCCCHO on the lowsr of the
frequencies suggests that we asgign vé = 951,6 (corrected) and

v; = §420.0 em™' 4n HCCCHO.

,3\"
e
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Se far the strong band of HCOCDO in this region has only
besn meniivned in passing. In fachk, instead of the two bands
55 and 655 enly ong strong one is observed, i 0+941.9 ; the
~other bands in thils region being much weaker. Now 1f, as a
rough estimate, we altribute te sach of vg and Vg the same
fractional shift in passing from CCCHO to HCCCDO as was found
in thé grouwd shats, we calculate vé(HGGGDO)as952=&87? 7/ okl
= &8L em™' ana Vé(HGGGE@}:mi?QQ ® 1080 / 1389 = 871 em™)  Thess
freéuenaies ars 50 ulose together thait the fundamentsals will
intewact strongly ard so bBe thrown apavrt in freguency. The
upper one can then hagong 942 am“z in which case the lower
will be about B840 om™J

Whether we call 941.9 em™?

of HCCCDO vé or yé is purely
arbitrary on the basis of our methed of numbering; becauss of
the similarity in freguencies for the three isotopes, we
shall call it wz. The pessible assignment of ”% for this
isetope is discussed in VIII.17.

The large change in the intengity di&tribuﬁi@n between
56 and 669 a5 between HCCCHD and HICCDO, may have a Franck-
Condon explanation. We may suppese that the intensities of
5& and 65 in HCCCHO ave due to changss in the (y-C3 length
and in the Cgé5H2 angle upon exeitation. When these modes
become shrongly coupled teogether in HCCCDO, the two novmal
eoordinates will each have #oughly equal centributionzs from
both internal coordinabes, “he laititser being compounded

together in sum and difference fashico. Thus one of ths
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regulting modes will e able to combine a Franck-Condon-
favoured change in both internal coordinates, whereas the other
must combine a favoured change in one internal coordinate

with a disfavoured change in the other; in other weords, the
latter mode cannet distort the excilted state inteo a cenfigurat-
ion which more nearly corresponds to the equilibrium one of

the ground state, becauge as it improeves the match in ons
coordinate it worsens the match in the other coordinate (see
I.2). Acecerdingly enly ene of the coupled modes can achieve
intensity from the Franck-Condon =ffect,

It is worth noting in this context that both of the hot
bands 5? and 62 are observed for HCCCDO; the band 6? is found
fer HCCCHO and DGCGHO, but 5% is not observed, probably on
account of its forbidding Belitzmann factor, The weakness of
56 in HCCCDO is therefore probably duve to some Tortuitous

type of forbiddennsss as suggested aboves

VIII.13. Fermi Resonence of vg“

The Fermi rescnance affecting vj of HOCCHO and DCCCHO can

now be easily explained. For HCCCHO the perturbing level

was calculated te be at 1308.0 em™?(see VIII.5); the harmonic
value of vé+y§ is 1308.9 cm~', For DCCCHO, the v% level is
already deubled by Fermi resenance; addition of vb to each of
the observed components gives calculated levels at 1303.L and
1296. L em™! which nicely €lank the pesition estimated for the

fundamental, namely 1298.6 cm“?(see VITTI.5), thus explaining
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the cbserved triple structurs.

Most of the bands to high frequencies of 4} in HCCCHO
and@ DCCCHO are perturbed by the Fermi resonance in yh, making
detailed anslysis difficult. However, there is evidence for

two further fundamentals in this region.

VIITo ik P3.

In HCCCHO a medium-gtrong type C band is observed at
- O+1945.5 , which is single and so does not appear te involve
the Peymi-rescnating fundamentals V) or vz. The enly Iy
binary or ternary combinations expected at this frequency
are Vi +v) = 1950 and v+v+v) = 1960 em™} i.e. the twoe Permi
scmponents of vh+y%o But 1f L47} 1s present in the apectrum,
we éhould alse expect 76 itself in the previocua octave of the
v& progression, with intensity comparable to the 0+1945.5 band.
No suck band is found, so we must assign 1945.5 em™! as a naw
fundamental.

In HCCCDO a clese doublet of type C bands is observed at
0+1945.8 and 0+1949.7 . This pair lies ene gquantum of Vj %o
" high frequencises of ths single band 8593; the expect;;j:?
458695 s obtained by adding v§ to the observed pesitien ef
hé&é s 15 0+1951 » The enly ether A binary er ternary coembir-~
atien expected here is'vé+2vé = 1942 em™(harmenic). But if
vL+v%+v§ resenatss with vg+2vg , we sheuld expect vh+vé te
resenate with Yg+vg ; which is net ebserved. In any cass the

present deuble?t is more intenge than is sxpected on either of
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the abuvs assigements. We therefere assign the sxira band te
s Tundamental whess wmperturbed value will dbe abeut 19L7 om™ "
In DCCCHBO a single band ef me@ium intensity is feund at
0+1850.9 » This is neav the pesitien expected for 689 gince
2»@ = 3873 {(navmenic). Hewever 6% is muoh weaker than this
in HCOCCHO, s6 we awgsign the prssent band slse te the new
fundamental.
Of the three remaining fundamentals, the enly ene which
is likely te have this frequency is the C=C streteh, ¥x. The

ebserved igoltope effects suppert this assignment.

ViilIc15. Yg.

In the HCCCHO spectrum there isg a fairly streng singile
type C band at 0+2952.,5 , which has ne analegue in the previeus
ectave of the main pregresaien, the enly band in the cerrgs-
pending pesitien being the type A ene hji2} . The enly A
binary, ternary er quaternary cembinatiens expeocted in this
region zre VE%V§+V%0+V§2 = 2043 (harmenic) and V) Vg2V
= 2947 (havmonic). Since these would bs derived frem parent
bands 106?26 and 128 which are themselves weak; they may be
ruled out en intensity greunds; se thig fresquency repregents
a further Tundamental.

A similay band at 0+2953.% in DCCCHO is assigned te the
same Fundemental, rather than ts the combinatiens v3+v5 w 2968
(harmenic) or va+9g+v§ = 2945 {harmenic), which weuld be eXpeai~

ed te be weaker.



FIT1.15 ' 154
In HCCCDO twe strsng bsnds are foeund at (+2189.8 and
0+2221.0 , one of vhich is ebvisusly to be assigned as haég'g
sinee the band 64 is of similar intemsity. The harmenic value
of 9L+vg is 2209.9 em”! and, allewing for seme anharmenicity,

the unperturbed pesitien eof The sther band will be about
0+2204 . No other A" binary er ternary summatien is expectad
here, so we assign this frequency te the same fundamental.

The large effect of formyl deuteration en this fundamental

identifies it as the formyl C~H stretch. Yh.

Thore is an abrupt change in the appearance of the PQK
branches eof the band (+2¢89,.8 7f HCCCDO at X=13 (see Fig. 11).
Up to PQ12 they are sharp and apparently nermal, while from
PQ1h onwards they appear diffuse; seme rather cemplex structure,
which need not necessarily bsleng te this band, is feund in the

poesition expected for Pq Tt wasg previeusly theught (§)

.g‘
that this was due %6 a8 prgdissociatimn in the K-structure, the
predisseeiatien 1imit on this basis being 28595 £17 emff
However, plates taken at higher wvapeur pressure have revealeé
that discrete J-structure is present in PP1A and PP15, se that
the chanpge in appearanes is prebably due mainly te a»sudden
change in the degradatien ef the J-gtructure; in additien seme
of the sab-band& aye Gilsplaced frem their expectsed pesiticens.
It seems definite therefors that there is an irregulayr pert-

urbation affecting the roetatiesnal levels. This being so, ths

predissecittion weuld have to be an accidental one {27.,p-L1%),
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invelving a perturbation by a predisseciated state; and it
weuld have to be specific to K'=12. In fact, in view of the
laok ef definite evidence for the diffuseness ef individual
lines, it is deubtful if the predissociation explanation can
be upheld.

An alternativa possibility is that there is a AK = 1
perturbation (28,p.413) between the retatienal levels of the
FPermi-resonating vibraticens; the centre of the perturbatioen
corresponds cloesely to the peint at whieh the K levels ef ths
2189.8 level catch up on the (%~1) levels of the 2221.0 level.
This pessibility bas not been explored very fully yet.

Less striking anemalies are ebserved in the sub-bands of
the 0+2221.,0 band, but for the moment these do net serve to

distinguish the abeve pessibilities.

VIII.16. Y,.
Ne definite evidence of the presence of bands due te

the ethynyl C-H streteching fundamental v, in any ef the spectra

has yet been oebiained.

VIII.17. ¥»&_of HCCCDO.
. -~
We have so far obtained values for all the excited-state
fundamentals except v; of all three isotopes and v% ef HCCCDOC.
The value of v§ for HCCCHO and HCCCDO is a hypmtheticél one,
but all that matters fer the present purpese is that it sheuld

be nearly the same for both isotoepes. In the same way, v%
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sheuld be nearly the same Ffor beth (c¢f. the greund-state values).

With this assumptien, we can calculate the value of ?é of

HCCCDO by twoe independent methods.

(i) The isoteps shift of the O band (VIII.L) is due te changes

in the zere-peint energy belweosn the electronic states. The

purely electronic term value T, = vy, + %g(»’g-vi) sheuld be

the same for all isetopes. This is only trus fer HCCCHC and

HCCODO if V5(HOCCDO) = 80k em™ 3

(i1) The Teller-Redlich produst rule (28,p.231) ean bs applied

te the 2’ fundamentals of HCCCHO and HCCCDD. Strietly speak-

ing we requiras the retatioenal censtant C’ fer both isetopes

in order to calculate the theoretical (havmenic) value of the

proeduct ratio; but, since the harmenic value depends only en

the ratie of the C's, we shall net be committing toe serious

an errer in using the ground-state harmoenic value. Selving,

we ebtain y5(HCCCDO) = 825 em™}

7 The agreement between these estimates is geed enough te

suggest that the other fundamentals are correctly identified.
On the basié of these results, the mest likely candidates

for 56 émeng the unassigned bands in this Pegien ef HCCCDO

are 0+802.2 and 0+82i1.1 ; since the latter is appreciably mere

intense, we assign it te the fundamental.

The large amsunt of infermatien available frem the spzcira
cencerning the overtene and combinatien levels of the sxcited

gtate has net suo {ar been examined systematically.
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CHAPTER IX.
DISCUSSION OF THE ANALYSIS OF THE 3820 A SYSTEM.

IX.1. Excited-State Fundamentals.

The values propossd for the fundamental frequencies of
the excited state are collected in Table 23 ; wherever possible
they are origin-origin separations derived from the analysis
of the K-structure and have been corrected for Fermi resonance.

The consistency of the a¥ assignments may be tested by
means of the product rule (28,p.231). Lacking the excited-
state B values, we use ground-state B values and excited-state
A values in the harmonic calculation; since only the ratic of
the B's is reguired, the error introduced should not be serious.
The results are also shown in Table 23; the agreement is
reasonsbly good, although it is unusual that the observed
product ratio should be greater than the harmonic one, as it

is in both cases.

IX.2. Planarity of Excited State.

Since the rotaticnal analysis of the origin band is not
gufficiently far advanced to enable us Lo derive a reliable
value of the inertial defect in the excited state, our

discussion of the planarity or non-planarity of the excited
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Teble 23, Excited-State Fundamentals {(in equ).

HCCCHQ DCCCHO HCGCDO
% - - -
v 2952.5 a 2953.1 & 2204 4
?3 1945.8 a 1850.9 a 1947 d
| Vi, 1304.0 4 1298.6 4 1267.6 a
8 Vs 1119.5 a 1115 4 824.1 e
Vg 95i.6 d 936.6 a 942.3 a
vy 650 e 529.3 b 650 e
VS 506.9 b 486.5 v 499.9 b
$9 189.L a 183.6 a 187.4 a
LTh) L62.1 a 1459.0 =a hi4.3 a
a” V)4 - 389.7 a 291 ¢ 375 ¢
V0 - 345.9 a 346.9 a 321.8 a

a - from originc; b - from centres; ¢ - from centres, using
infra~red frequencies; 4 - correctad for Fermi resonance;

e ~ unobserved or doubiful.

Product Rule for g’ Fundamentals.

HCCCHO HCCCHO
DCCCHO HCCCDO
Obsarved 1. 344 1. 255
Harmonic 10 331 1. 22

(see p. 155)

3
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IX.2 f
state must be confined to the vibrational evidence.

There being appavrently no departure from C, vibronie
selection rules, the possible Franck-Condon progressions in
out-of-plane vibrations should proceed in double quanta (see
II.3). The bands which are tentatively assigned in Tables 14,
15 and 16 %o the first overtcones and binary combinations of the
a2’ fundamentals are 211 weak, with the exception of 108 of
HCCCHO and DCCCHO which are intensified by Ferml resonance.

The possibility that the intensity of this Ferml pair is dus
+0 10% rather thawn the fundamental is ruled out dy compariscn
with HCCCDO where ﬁO% is weak. Thus there is no Franck-Condon
evidence to suggest that the excited state is non-planar.

However, as was seen in VIII.12 . the second guantum of
v{o 1s about 25 cm™! larger than the first. This mode is
analogous to the one which has a double minimum in excited
formaldehyde, and the anharmonicity observed in excited
propynal is in the same sense, but not nearly as large, as
that found for formaldehyde (II.2).

To test what this anhsrmonicity might imply in terms of
a central potentisl energy barrier in the mqo coordinate, the
pbtential function described in III.5 was fitted to the two
observed quanta. Since therszhree independent parameters
Vya and ﬁ required to specify this potential,; one of them QB)
was given several avbitrary values and the first-order perturb-

ation elements given in IITI.5 were solved for the other two.

The second-order perturbation corrections due to the off-dlag-
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onal elements were calculated and found $o0 be negligible.

The pesulis of three such calculations are shown in Tabile

24 and Fig. 12.

Table 2. Potential Function for Vi, Coordinate.

Vo = 462.1 em™? ; 205 = 9.0 em™ ]
B o v Vmax*Vmin Qmin 3V,
(em=1) (em~T) @ui?
1 0. 1911 495, 6 o 0 140, 6
8 0. 1326 180.9 14.12 0+ 3067 L2l 3
2L 0. 1907 479.6 59. 33 0. 3037 i424.3

This potential does not necessarily have a central maximum to
£it the two observed guants. For higher values of ﬁi than
those quoted, the potentials have increasingly sharp central
mazima which appear physically unlikely, so that a probable
upper 1imit to the potential barrier is about 100 em™s A
éritieal test for the existence of a barrier seems to be the
size of the third guantum of V’O : if this is smaller than
the seeond one, the presence of a bavrrier appears to follow.
Unfortunately the 3”;0 level has not yet been observed.

For both of the calculated functions whicech have central

maxima, the two mlnima awe at g =%0.30 ; with v = 480 cm‘j
ki

- O

this corresponds o Q ~:109080 amu® A. Assuming an effective
vibrating mass of 1 amu, this implies a displacement of 0.03 A

out of plane or an sngle of aboub ao vetwesn the C-H bond and
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the CCO plane. Thus the potential function is probably rather
flat for about uo on either side of the planar configuration,

possibly with a cenitral maximum,

In summary, the evidence relating to the precise planarity
of the excited state of propynal is not guite definite. But
any potential barrier at the planar configuration is unlikely
o be more than a third of the zercv-point energy in the v{o

mode, so that the excited state is to all intents and purposes

planar.

Wi.3. Structure of the Exeited State.

Tn view of the activity of all of the a’ fundamentals
except v7 and possibly Vs it follows from the Franck-Condon
principle that extensive geometry changes are occurring in the
molecular plane. However, since the two-guantum changes in
all these modes except vg are fairiy weak, most of these changes
will be relatively smalil.

Estimates of the changes in bond lengths resulting from the
excitation could be made uwsing Clark's rule or Badger's rule
(27sp-1457:22), preferably with foree constants. Since the
required normal coordinate analysis has not been carried out,
we shall assume that each normal coordinate Involves a change
in only one internal coordinate, and use the observed stretching

freguencies to obtain a prsliminary idea of the changes taking

place.
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Clark's rule was used irn the form %7 = (-E;—)3 ; and Badger's

I A ¥ 3 s
in the form g = (17) , vhere d = 0,680 A for CO and CC
bonds and 4 = 0,340 & for CH bonds. The ground-state bond

lengths were taken from Costain and Morton's paper (see IV).

The results are guoted in Table 25.

Table 25. Bond Lengths of Excited Propynal (in A).

Bond P r’ (Clark) v’ (Badger) N
I 11 IIT T 1I IIT | (mean)
C#=0 12245 | 1.327 1,328 1.334 1§ 1.318 1.319 1.325] 1.325
CymC, | 1.209 | .21 1.236 1.2401] 1,238 1.233 1,237 1.238
Co~C3 1. W5 | 1.4t 1. hL3 ~ 1441 f.h43 - 1,442

Cg=Hy | 7-106 | 1,094 1,094 1092 1,090 1,090 1.087 | 1.091

¥

I = HCCCHO ; II = DCCCHO ; III = HCCCDO .

Apart from the C-C single bond, where the HCCCDO molecule is
ignored because of the interaction betwsen Vé and 1%, the
results are consistent for the three.isobopes, suggesting that
this treafment may have some validity. |

Using Craig’'s equations (4l) for the relative intensities
in a Franck-Condon progression, Howe and Goldstein obtained
from their golution spectra an estimate of 0.10 A fbr the
inerease in the C=0 length, in good agreement with the above.

The lengths of the C=0 and formyl C-H bonds in excited
propynal are found to be similar to those in exeited formalde-

hyde (II.2). The triple bond apparently lengthens markedly.
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"hen the full set of rotational constants for the three

isotopes is avallable, they will provide additjonal information

regarding the structure, although not sufficient in themselves

to determine it completely. The variocus methods will have to

be used in conjunction in order to obtain the detailed structure.

As yet it it is difficult to‘say anything about the changes in

bond angles.

IXolo Allowed and Forbidden Components.

Since the origin of the band system is a type C band, the
excited-state electronic wave-function must have A symmetry,
as is required by the n*<«—n assignment. All the stronger bands
are of type C and are therefove fHerzberg-Teller allowed. An
approximate integration of the low~resolution speetrum gave
f=5 x10"u for the oscillator strength of the vhole transition.
In addition to the allowed bands there are bands of medium
intensity vhich are polarised in the molecular plane, and so
are férbidden by the Herzberg-Teller selection rules. The
theory of 1.2 shows that such bands derive their intensity by
vibronic coupling, through uwnsymmetrical vibrations, with othsr
electronic transitions vhich must be polarised in the molecular
plane., However, if all the forbidden bands borrowv their intensity
from the same electronic transition, it folleows that their trans-
ition moments will all be parallel to the transition moment of
that elsctronic transition, and so they should all give bands

consisting of type A and type B components with the same intensity
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ratio. 1In Tact the forbidden component of propynal has bands
which are of almost pure type A and almost pure type B. Thus

we are forced to conclude that the forbidden component borrovs
intensity from two (or more) other electronic transitions. It
does not necessarily f{ollow that these transitions are polarised
along the a- and b-axes, since the observed bands could corres-
pond to a fortu;tous mixture of the two transitionsy; with
transition moment formed by vector summation.

The 0 band is of almost pure type B in HCCCHO and DCCCHO,
whereas in HCCCDO it has a type A component of comparable intens-
ity. Now with either isotopic substitution, the 6rientation
of the principal axes of inertla of the ground state relative
t0 molecule~fixed axes changes by less than ¢°, using Costain
and Morton's structure (see IV); and the same will probably be
true of the excited state. It follows that the above change
represenis a fairly large change of directién of the transition
moment relative to molecule-fixed axes. Since a single electron-
ic transition would give a unigue direction of transition
moment relative to these axes, we have to conclude fhat Vg c@n
mix in at leagst two other electyonie states ; the relative
borrowing-power for these states depends upon whether the C-H
or the C-D out~of-plane vibration is operating. In contrast,
the 126 band is of pure type A in all three isotopes, no
perpendicular component being observed.

The two lowest strong ®A<-%2 transitions expected for

propynal are the se-J5t, tentatively assigned to the 2140 A
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system (VIiX.5), and the o <-n, which probably lies beyond 2000 i,
and these are prebably the ones which induce the forbidden
compenents of the 3820 A system.

In the formaldehyde #'=-n system the iptensity lles mainly
in a forbidden component polarised along the b-axis; this must
‘be borrowed by the v (by) vibration from a ®3,+®A, transition
(see I1.2). The upper state of the o'=-n transition has °B,
symmetyry, and it was sugg-esied by Pople and Sidman (52) that
this state donates the intensity to the x¥e-n system. The
Ce—x transition is of type eA?a»eAgnd there are no fundamsntals
of symmetry 2y to couple this with the z%sn transition; thus
there is no HerzberguTellef forbidden component of type A bands
borrowsd from the s%s; +transition { the weak parallel bands
observed play the rdle of a Herzberg-Teller allowed component).

The glyoxal #¥%w-n (eAungAg) system is also cbserved to
havg a strong forbidden component; bprrowed from a eBﬁgp?Ag
transition (L;37)s 1In this case eBugweAg transitions of both
Len and F<-n types are pcssible; only the unigue bg funda-
mental can perform the mixing. In view of the propynal results,
it would be interesting to compare the velative intensities of

the type A and type B components of the hybrid bands in (CHO),

and (CDO)o.

IX.5. Electronic Structure of the Excited State.

If the effeats of the electronic excitation are measured by

the percentage changes in the vavious fundamental frejuencies,
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the three fundameﬁtals most seriously affected are the out-of-
plane (2?) bending ones. Both a” C-H bending frequencies drop
by about 50%, while the a” skeletal bend rises by 33%. The
most drastic change in the in-plane vibrations is the drop of
23% in the carbonyl stretch.

The changes produced in the vibrations of the formyl group
closely parallel those found for the formaldehyde st'—n trans.
ition, which 1s good vibrational evidence for the analogy
between the two transitions. Table 26 compares the changes in
the appropriate frequencies of the two molecules. The value
quoted for the vagging vibration of excited formaldehyde is an
estimate of its effective value for a planar molecule obtained
by taking the mean of the second and third guanta (403 and 421
'cmf1)g since the theory of I1I1.5 shows that these should lie
respectively above and below the harmonic value; in the absence

of more detailed information the first guantum is used for

propynal.

Table 26. Fundamental Frecuencies of Formaldehyde and Propynal.

The freguencies are in om™ ]

HCHO HCCCHO
ground excited change gvound excited change
CO stretch 170l 1182 ~32% 1698 1303 ~23%
CHO wag 1164 W2 ~65% 981 n62 -53%
CH rock 1503 1322 -12% 1389 1120 ~19%

CH stretch 2780 2875 +3, 4% 2858 2953 +3.3%
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Hovever, the changes in the acetylenic frequencies show
that the electronic transition cannot be regarded as localised
in the carbonyl group. The single bond seems to be almost
unaffected, but the triple bond is definitely weakened. The
out-of-plane c=i-C bending freouency now has a fairly typieal
value for a linearly hybridised carbon atom, as in substituted
acetylenes and in allenes, while the in-plane freguency remains
unusually low. The large drop in v;;, similar to that of v10,
suggests that the twe end carbon atoms aye affected similarly.

If the formaldehyde excited state can be represented by

H
\e,c&»o:
H
(see TT.2), then the observations for propynal suggest thst

its excited state can be represented by

H H
® Q /
§4-'CEEC?——C5/ Tz H — C=C=C
o o

with rdughly equal weights of the two structures. Since the
two structures have equal numbers of bonding electrons, a
first-ofder rescnance with approximately equal contributions
seems reasonable. This delocalisation will also partly relieve
the strain which forces formaldehyde out of plane, in agreement

with the near-planarity of excited propynal.
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