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THE INFRA-RED AND ULTRAVIOLET SPECTRA

44 “  OF PROPYNAL



in the gquantum mechanical picture, the Hamiltonian operator
H corresponding to the internal energy of a molecule has eigen-
values E, and eigenfunctions ‘Y that satisfy the wave equation

1Y =2y (1.1)

The Porn-Oppenheimer approximation states that the total
energy E can be decomposed into separate contributions due to the
electronic and nuclear motions; and to a first approximation, the
nuclear energy can be taken as the sum of separately quantised
components due to vibrational and rotational motion. So the total
energy (apart from that ascribed to electron and nuclear spin) can
: be written

E = Ee # Ev + E, (1.2)
and correspondingly, the total wavefunction may be factored into
a product of assoeciated wavefunctions

\P ETO Yv?r (1.3)

with

el +0, +0 (1.4)

There follows from this approximation the useful result that

the quantum mechanical deseription for each of the vibrstional,

1.



rotational snd electronic wotions of the molecule may be trested

indeperdently, since we mey write

HeVe =% Ve (1.52)
iy v =8 Yo (1.5b)
fe¥r =5 ¥ (?‘fy’)

When & transition cecurs from one state T‘ar a molecule to
anothey ‘:P‘;ﬁth the absorption or emission of energy ss radiation,
the resulting spsctrum will consist of & spectral line of wivew
nurter (om-l)

(1.6)

where 5' and E" are the energiszs of upper and lower stites, h is
Planck's constant snd ¢ the veloeity of light.

The probaebility of such a transition occurring between two
states with wvave functions {' ' and ‘P" is deterwined to a first
approximstion by the square of the matrix elements,

By = J\P‘N \I“dx {(1.78)
Ry = J%}%\P‘“ dy (1.7b)
e ™ jw\/“*? dg (1.7¢)

Ryo ﬁ.y and Es er: the components of the transition moment, énd

Mot Myt g, 8re the components of the electric dipole momsnt

along three mutually parpendiculsr axes x, y, snd z. For a

finite transition probability, at least one of the components of

the transition momert »ust hive & nonegero value. Oroup theorstiecsl
methods esn be applied to the fectors in the integrands in

squation (1.5) to establish whether or not the integrsls will venish.



If one of the integrals hss a non-zero v:ilue, the transition
moment will be finite and the transition is allowed 2s an eleetric
dipole transition. If all components of the transition moment are
equal to zero the transition is forbidden.

Because of the relatively swmall energy separation between
rotational energy levels E,., transitions which only involve a
change in the rotastional guantum number produce spectra in the
microwave region (0.1 - 10 om-1), Changes in vibrational energy
%, give bands in the infre-red region (200 - 4000 em=l). Each of
these bands consists of rotational fine structure due to transitions
between the rotstional energy levels accompanying each vibrational
level. The electronic band spectra of a molecule, which correspond
to transitions between one electronic state and another are
generally observed in the visible and ultra-violet regions,
(10,000 - 100,000 em~l)., Each electronic spectrum consists of a
series of bands, due to transitions between vibrational energy levels,
in the combining electronic states, and each band in turn displays
a rotational fine structure. An analysis of an electronic band
spectrum provides details of the geometric and elastic properties

of the two combining electronic states.

During recent years, considerable effort has been devoted
to the detailed study of electronic band spectra of simple poly-
atomic molecules, The rapid development of this subject can be seen
from the following chronological list of molecules, ions and free

radicals for which rotstional analysis have been carried out.



Prior to 1940 HoCOy COp

1940 - 1950 €Sy, CO%, S0,, NO,, C10,

1950 - 1960 Géﬂz. HCN, CS,, H,C0, (HCO),

CS%', Czﬂ‘g, NHZ’ HCO, GHB, HRO

1960 - 1961 N02. HCOF, Cégé’ Cl@ﬁ8' NH3' GKQ. BOZ
There is, therefore, availsble at the presemt time a fairly detalled
knowledge of these species in their ground snd excited electronie
states.

Pefore such an analysis can be made on a polyatomic

molecule, & number of definite requirements must be satisfied.

(a8) The main requirement is, of course, that
the molecule must absorb or emit in an experi-
mentally accessible region. For studies in the
visible or near ultra-viclet, the molecule must
contain multiple bonds, or it must have none
bonding ofbitaln adjecent to multiple bonds,.

(b) The band spectrum of the molecule must have
a discrete vibrational and rotational structure.
This eriterionis difficult to predict in advance
since the bands may be diffuse because of the
oceurrence of dissociastion or predissociation in
the electronically excited state.

(¢)  The moments of inertia of the molecule must
be sufficiently small to enable the rotational
structure of the bands to be resolved experi-

mentally with the spectroscopic apparatus available,
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For molecules with moleculsr welghts in the range

5C » 100 an instrusemtal resolving power of at

least 150,000 is usuelly necessary. If two of the
three principsl moments of inertia are equal, the
rotational structure of the bands is simplified.

{(d) It is prefersble that the moleculs should
contain relstively few stoms to ensure that the
number of vibrotional degrees of freedom is swall,
or a high symmetyy to limit the number of

vibrations thet are asotive in the speetra. Othere
wise overlapping of the bands may cause uncertainties
in the anelysis when the resolving power of the
spectrograph is limited.

(@) The posaibility of obtaining isotopieally
substituted compounds is also a fuctor to consider,
gince when the spsetra of s number of isotople
gpecies sre sveilsable the vibrationsl and rotationsl
snalyses, and the determination of the molecular
geometey are facilitated.

Propynal HCSCCHO, which is the simplest coubinction of the
sestylenie and aldehydie groups makes sn interesting study from a
spectroscople point of view, since it satisfies most of the above
requirements,

“ecently, two microwave studies hove been made on propynal.

Yows snd Coldstein' studied rotationsl transitions in the ground
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vibtronie st:te of the nsturally sbundant isower snd concluded that
the molecule was & planar nesr-prolate symmetric top. They ware
¢ble to define the moleculsr geometry only spproximately, since
only transitions directed slong the a and b prinecipal axes were
obssrved. In 1959 Costain and ¥orton were sble to determine
serurately the bond engles and bond lengths of propynal from a
rotstional anslysis of the microwsve spectra of 15 isotopiec species.
The ultrs-violst absorption spectrum was examined under
medium resolution by Howe and Coldstein’. Fesides ohserving diffuse
sbsorption in the 2000 3 region, they found that tetwesn 3000.4L000 A
& large number of sharp vibrationsl bands sppeared with low intensity.
From a psrtisl vibrational snalysis of these bands, they conclwied
that the origin of the system was st 3820 g end & transition to the
lowest singlet electronically excited stzte was resgponsible, in
which sn electron is promoted from a non-bonding orbitsl on the oxygen
stom into an anti-bonding orbital in the carbonyl group.



I. In order to analyse the nuclesr motions

of & polyatomie molecule, esch of the N stoms is regorded as a point
mags. £ total of 3W coordinates is necessary to describe the dis-
placements of the atoms when the molecule is in wmotion, these could be,
for axsmple, the Carteslien components xy, y; &nd z; measuring the
displacsment of esch stom from its rest position. %“a shall represent
displecements by the ganar&lisad set of coopdinates g3 «se Qay. it
the atoms are constrained to move so thut thers is no resultent linesr
or angulir momentum for the molecule &s = whole, thet is, it executes
vibrstional but rot rototional or translstional motions, then six of
these coordinates are redundant, & non-linesr smolecule heving only
3H.6 vibrational degrees of fresdom.

The potential energy V of the system may be represented hy a

Taylor series expansion when the displecements gy are small

3y ¥ 2
¥ eV &+ & Z Bg & % B‘? q * ene (201)

Vo is the potential energy of ths nmuclel in their equilibrium configue
rotion and can be set equal to zero. The second term in the expansion
is slso gero, since V is a winimum for the equilibrium configuration.
The quadratic term remaining in (2.1) represents the potentisl energy

for small stomic displucements, &nd may be written

7o
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3u
ve§ = £44004% (2.2)
i.jml
where ru are constent for & given molecule. The kinstic esnergy

of the system is

T= &Z miqi (2.3)

By means of an orthogonal trensformation uwpon the generalised coe-

oprdinates Qy 0 of type

Q‘i = Zij‘iéqi (2.“)

it is possible to transfer to a coordinate system Ql o Gaye in whieh

the potentisal emrzy has the simple form

v “f Z f"“z (2.5)
3=1

slso the kinetie cmargy is

T=§ Z. “ (2.6)
it My

The Qi are called the normal coordinstes of the system, and with thedir
use the aquations of motion are reduced to their simplest form. Thus
when T and V are replaced ty their corressponding operctors in the
vibreztional weve squation, the latter ean be reduced to
28 38
3 s

which,upon sepsration of the variables by substituting
Y= ¥, (9) (Q) ooe ~lf (S (2.8)
resolves into 3N equstions, s:ch of form

¥, (g + 87? (BendY, (o) =

. 2 ‘
d:;f h 2m,
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where

) = & | 2.10
E y Fi (

Pach of the equations (2.9) has the form of a wave equation
for s simple harmonic oscillator, and has eigenvalues

By (vy) = (vg+ H)YY
where v, is vibrational gquantum number and'L)i is the classical
frequeney of vibraetion. (Six of the equations, however, correspond to
the three rotational and three translational degrees of freedom for
the non-linear molecule, which have zero frequency; the remaining
3¥-6 equations represent genuine vibraticns). In terms of normal
coordinates, therefore, the vibrational motion of the molecule can
be analysed into 3%N-6 independent vibretional modes, each of these

being directed along & normal coordinate.

IT. SYMMETRY: Solution of the vibrational wave ecuation to obtain
the eigenvalues and eigenfunctions for a polyatomic molecule
rerregents a tedious celeculation, although electronie computers are
widely used nowadays to accelerate the process. Many properties of
the normal vibrations, and alsc the selection rules for spectroscopic
transitions, may be determined without detailed caleculstion when use

is made of the symmetry properties of molecules.

The nuclear framework of a molecule in its equilibrium con-
figuration possesses certain symmetry elements. These correspond to
symmetry operations which interchange identiecszl nuclei in the molecule,
For example, the planar propynal molecule may be subjected to the

symmetry operationsO _, reflection in the moleculsr plane; and also

h
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formslly, E the identity operation. It is thersfore classified under
the Cy point group. This group has two irreducible representations,
or"symmetry species) labelled 4' and A". Heither of these represens
tations are degenerate, and their character systsms under the growp
operctions sre shown in Table 1., Translationsl snd rotstional
displecement veectors for the molecule also generate representations of
the Cy; group, and thelir elassificstions are slso given in Table 1.

The x and y coordinates sre taken to lie in the molecular plane and
the z axis is perpendicular to this. Tsble ? shows dirsect products
for the Cg point group; these are obteined by multiplicstion of corres-
ponding chirscters belonging to the two irreducible representations in
Table 1, e.g. ban) Ieam) = [(am).

When the 3% displacement coordinates for the astoms sre written
in the form of & column vector,application of the group symmetry
operstions generates & set of transformstion matrices whose characters
é&re recdily determined. Thus we may apply this to the Cartesian
displacement coordinates ( A and '1) sttached to each atom, of
which there are & total of 3N = 18 for propynsl. The identity operation
leaves all these displacements unchanged, and the corresponding matrix
is unitary and of dimension 18, therefore the characterX(E) = 18,
Under the O h operstion, the x end y displicement coordinstes in the
molecular plane remain unchanged, and constitute + 12 to (O plé but
the z coordinates are chsnged in sign and comtribute -6 to the

character. So the representition genersted is



i

,},n

e

P R

T

Sy
L

e




12,

i

On

[o 18 6

The charseters of these metrices remain unchanged by the
similarity transformation tmt' transforms the Cartesisn coordinates
(%40 ¥4+ 24) into the 3¥ normal coordinstes (y. Therefore decom-
position of rﬂ into its irreducible representations yields the ;
mubar and symretries of the normal modes of wotion of the molesoule.
However, we note thet the 31 degress of freedom defined by 3%
coordinates include the three transletional and three rotstional

gotions of the moleculs. Table 1 shows that these bave the characters

K .
r&?) 3 . §

’-'(’2‘1&) é ¢
When these are subtracted from r{}. there results the charscter system
rv = (12,6) for the purely vibraticnsl modes. This cen be decomposed

into its irreducilble components with the aid of Table 1 to pive

[ =0 Tany « 3 Jeam (2.12)
Therefore out of the twelve totsl normal modes of vibration of the
molecule, nine are directed alonmg normal coordinates lying in the
moleculsr plane snd belong to the A' representation, and three are
directed out of the plane and belong to the 2" representation.
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The probability

of a transition between two vibrational states '  and ‘/"'v in a

molecule is proportional to the square of the vibrational transition
moment Rv’ where

Ry = f‘l"v«“\""w at : (2.13)
where u is the dipole moment of the molecule with eomponsntﬂx. M v
and o along the Cartesian axis system attached to the molecule.

Ry, can be resolved into components

(RV)x uf‘P ‘v Mx ¢"V aT (2.14)
Ry = [¥r, gy P, aT (2.15)
R, = ¥, u, P, at (2.16)

and at least one of these components must differ from gero for a
vibrational trensition to be zllowed. The selection rules can be
readily determined by group theoretical methods, using the fact that

the integrands in equations (2.14), (2.15) and (2.16) can only differ
from zero if they belong to totally symmetriec group representations,.

So the dirset product [ (\}nv)l' ()"“v) must belong to the same
representation as at least one of the components u gt y or M, for
this to occur. The direet products for the two vibrational wavefunctions
can be obtained from Table 2.

The components of the dipole moment are

= = b T el

where e, 1s the effective change on the ith atom. Since this remains
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constant, the dipole moment components transform under the group
operations in the ssme manner as the translstional displacements

Ty ?y or Tz along the same spatial direction. Therefore,

&7 7 ~v)l" ( q/”v) must belong to the same repressentation A" as

T, for a transition polarised along the z axis to occur, and to the
same representation 4' as Tx and ?y for an in-plane transition to be
allowed. It thersfore follows that transitions in absorption from
the vibrationless ground state A' symmetry to vibrational states of
AW gymmetry in propynal are out-of-pline polarised, and transitions
to states of A' symmetry are inplane polarised. In other words,
the nine fundamental vibrations of A' symmetry yield infra-red bands
that are in-plane polarised, whereas the three fundamental vibrations

of A" symmetry give bands that are out-of-plane polarised.



EXPERIMINTAL o THE INFRARE

of Willie and $aftef’ » the procedure following the method given in
nggg;g_ﬁzngggg;!:. This consisted of the oxidation of 2-propynel-ol
with chromiec scid. To an agitated mirture of 360 wls. of the

aleohol in 135 mls. of sulphuriec acid and 200 mls. of weter, was
added dropwise a sclution of 210 grms. of chromium trioxide, dissolved
in 135 wls of sulphuric acid and 40C mls. of wster. The reaction
vessel was surrounded with a bath at C°C and waes maintained at a
pressure of 15 mm Hg by evacuation with a water aspirator. 4

stream of nitrogen was bled into the reaction mixture and expelled
the propynal before it could oxidise to the corresponding scid.

The volatile products were passed through three traps in succession,
the first being maintained at -10°C to remove water vapour, and the

remaining two at dry ice tempersture to collect the propynsl.

The propynal and the water which still remained in the sample
were separated into two phases by saturating the resulting product
with an excess of potassium chloride. The organie phase was decanted,
dried with snhydrous sodium sulphate snd distilled through a 10"
Podbielniak column with 60 theoretiecsl plates.  The centre fraction
boiling between 54 - 56°C was collected. In subsequent preparations

propynal was not distilled through the column but purified by

15,



trap-to-trap distillation. This gave & product which had an infra-

red spectrum identicsl in every way to the carefully purified
compound.

The procedure of Cosztain and Morton' was used to prepare
the deacetylenic propynal DCsCCHO. Dry purified propynsl was added
to 99.7% D,0 until & 50% mixture by volume was obtained. This was
made alkaline by the dropwise addition of a dilute solution of
sodium deuteroxide, until a brown polymeric material started to
precipitate from the solution. At this pH, the exchange is known to
be complste, The resction vessel was quickly piwod into liquid
nitrogen to prevent further polymerisstion, then attached to a
vaguum line and the volatile material distilled off and collected
in @ trap st liquid nitrogen temperszture. The aqueous and organiec
components were sepireted into two phases, by salting ouwt with X1,
The propynal was decanted, dried end purified by trap-to-trap
distillation several times. The exchunge procedure was repssted four
times until the isotopie purity was estimated to be better than 95%
deuterium. This wes evalusted by comparing the absorbance of the
bends &t 2125 em~l &nd 2110 em~l in the infra-red spectrum whieh
are ascribed te the (0sC) mode v _ in HOzCORO end DCSCCHO as shown

3
in Chapter &,

The d-aldehydie propynal HC=0CDO was prepsred by the Merck
Chemical Company of Montrsal, and was kindly donated to us by
Dr. C. Q. Costain of the National Research Couneil,
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IT. JIFiALRND CPIOTROM: 4 Perkin Blmer doubls besm spectrophotometer
madel 21 wae used to record the infras-red spectrum. The praglons

from 4000 « 650 em~l and from 700 « 450 em-l were scunned with

HaCl and %%r optics respectively. 051it widths varied from 15 miorons
at 4000 em-l to 10 microns st 600 em~l, ‘eve<length ecalibretion

of the spectrophotometer in the Y¥efl region was msde using the speotrs
of mﬁr vapour end of polystyrene film. The uncertalinty in messure-
ma!; of the band origins is estimated to be + 10 em-1 at 4000
%v%mi:mm and + 3 em=l at 600 em~l. The ges cell used to contain
the propynal had & peth length of 10 om, snd & diameter of 3 om

and was exturnally flanged to mateh the ¥Br windows. The flanges
were ground flat, lightly costed with silicone groese snd the
windows pleced into position &t each end, baing held there by maine
tensnce of the cell #t a pressure thet was less than stwospheric.

The vapour pressure of propynal within the cell, wis adjusted by
virying the tempsrature of the liquid substance contained in a bulb
connected te the sbsorption cell. The bulb was immersed in slush
baths st various temperstures, and it vas possible to control the
vapour pressure within the cell up to 164 sm. Hg! {the ssturation |

vapour pressure ¢t room temporsture).

The Raman spectrum of liquid propynal was

obtained with & two.prism Hilger %615 Reman spectrograph. @
vertically wounted spiral Toronto type, low pressure mercury are
was used for excitstion. The striking potentisl was 250v DO and

the opersting current, 12 amps. FExposure times varying betwesn 30
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minutes and 3 hours were required when Kodak 1032-0 and IIa-0 plates
were used. At room temper:ture, propynsl slowly polymerises into

a reddish-brown polymerie material, which completely absorbs the

4358 i exciting line, a process which is markedly enhanced by the
action of the exciting light. A jacketed Raman cell was constructed,
(illustrated in Figure 1) that was designed to operate between

«20° and 25°C, The inner cell (a) contained 15 ml. liquid propynal.
This was sﬁrronnded by a jacket (b), through which coolant flowed.

An snnular space (c) was filled with dry nitrogen and provided
insulation between the filter jacket (d), containing saturated sodium
nitrite solution, and the cooling jacket (b). To prevent the
formation of ice erystals on the cell window, & second window was
attached, which was separated from the cold inner cell by an insulating

air space (f).

The Raman plates were microphotometered with a Leeds and
Horthrup travelling microphotometer. To obtazin the wavenumbers of
the Reéman lines a dispersion curve was constructed to the same scale
as the microphotometer trace from suitable iron and Hg. arc reference
lines. The Reman lines in‘thc microdensitometer record were

calibrated by interpolation from the dispersion curve.

Depolarisation studies were made using the wethod suggested
by Edsal and Wilaanb +» Polaroid ecylinders (e) were slipped into
the annular space (c) hetween the inner and outer jecket to polarise
the light from the Hg. arc parallel and perpendicular to the optic

axis of the spectrograph. Ixposures with parallel snd perpendicular
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polarised light were taken on the same spectroscopie plste and
the intensities of the Taman lines comparad visually.

20,



CHAPTER &

THE ANALYSIS OF THE INFRA-RED AND RAMAN SPECTRUM

T. INTRODUCTION: The infra-red spectra of gaseous HC:=CCHO, HC=CCDO
and 3050030 are shown in Figures 2 and 3, and the microdensitometer
trace of the Ramen spectrum of liquid HCCCHO in Figure 4. The

wavenunbers of the centres of the infra.red bands and of the Raman

lines are collected in Tables 3 and 4.

The infra-red spectrophotometer was unable to resolve the
rotational structure of the bands, but two types of vibrational
bands were apparent in the spectra, namely, those which exhibited
well defined symmetrieel doublets with maxima separated by 15 em=1,
and those which extended over several hundred wavenumbers and

possessed weak sub-structure with maxima separated by 10 em-1,

In the Raman spectrum each vibrational band appesred as a
single peak projecting out of 2 continuous background. This backe-
ground was weak at 4000 i and reached maximum intensity at 6000 g.
In Chapter 7, it is shown that this continuum may be attributed to
the emission spectrum of propynal which has #n electronic origin at
u;uu Z. In the Raman spectrum,the Hg exciting line at 4358 2 was
surrounded by a region of continuous emission (presumably due to the
unresolved rotational Raman spectrum) which extended over a range
of several hundred wavenumbers. This made accurate measurements of

the wavenumbers of the two Raman lines that occurred st displacements

2.
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HC2CCHO HC®CCDO
em~1 I em~l I
3380 (m,sh)
3335 (vs) 3300 (vs)
3080 (ww)
2869 (s) (2870) *(vw)
2780 ()
200 (vw)
2130 (m,sh)
2125 (vs) 2110 (vs)
1925 (w)
1692 (vs) 1670 (vs)
1398 (ms)
1380 (w)
13460 (m) 1320 (m)
1275 (m) 1275 (m)
1076 (vs)

DC=CCHO
em-1 I :;;mH
640 (m)
Y, (a")
3100 (vw)
2880 (s) Vz(ﬁ*)
2780 (m) 2:\)5(:')
2620 (m) V,(a*)
2132 (m)
V,(at)
1990 (vs)  V,(a')
1900 (w) vam(a')
1700  (wosh)
1682 (vs) va(u')
1379 (ms) vs(l')
2xV,(a")
21:\)7(:')
2 xVy,(a")

Vs(a')

25.
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HC=CCHO HC2CODO DC= CCHO
em-l I em-1 T em~1 I m’“ﬁmﬁry
990 (m,sh) 980 (m)  V,(a")
950 (vs) 871 (vs) 923 (vs) VY (al)
815 (v) 871 (w,sh) 815 (w) Vg + Y,(a")
691 (s,sh) 681 (s,sh) (680)*(w) U?(a')
669 (s) 659 (s) V), (a")
€15 (w) 615 (w) 615 (w) Y, (at)

542 (w,sh) 1)7(a')'
519 (s) 1/11(&")

* Pands ascribed to impurities
s = strong, m = medium, w = weak, v = very,
sh = shoulder, p = polarised, dp = depolarised
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NMENTS OF THE RAMAN LINFS

OF LICUID PROPYNAL, HC CCHO

HCE CCHO
wl I e
3381 (w.p) Y, (a")

2856 (w,p) U,(a")

2080 (m,p) Vs(at)

1658 (s.p) Y, (at)

1392 (s.p) Ys(a)

988 (w,dp) Y o(am)

947 (vw.p) Yla)

710 (vir,d) V. (a') and U, (a")
620 (s.p) Vg(at)

261  (m,p) v 9(a ')

226 (s,dp) YV, (am)

* Pands ascribed to impurities.

s = gtrong, m = medium, w = weak, v = very, sh = shoulder,
p = polarised, dp = depolarised.
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of 226 and 261 em~1 from the exeiting line difficult to oblsin.

45 has been shown in Chapter 2, of the 12 normsl modes of
vibration, 9 lie in the plane of the molecule znd belong to the
totally symmetrie A' representation of the Cg peint group, while
the remaining 3 are directed out of the plane snd belong to the
A" representation.

Sines the peometry of propynal is such that the molecule
is alwost 2 symmetriec top in the ground electronic state, the
vibrstional bands in a first approximstion can ke classified in
the seme menner as symmetric top bands, 4.0 as perpendicular opr
parallel according to whether the transition moment is directed
perpendicular or prrallel to the symwetrie top axds which has least
moment of inertia., A rough esloulation of ths band contours, using
the symmetrie top approximation and the dimensions obtiined for the
ground stste of propynal by microwave studies (with B = (B+C)/2)
showed that a parallel type band, in which an in.plane 4' vibration
is excited, should exhibit intense P and R branches whose maxima
are separsted Wy 15 am“?» at room tempsrature, snd that & perpen
dicular type band, in which sn A" vibrstion iz excited, should have
an extended rotstional structure with numerous week X sub«bunds on
either side of the band origin. This enabled the polarisztion of
the observed bands to be determined.

The cantmura‘ of the vibretional bands in the Naman spectrum
of liquid propynal could not be used in similer menner as an aid
to their assignment. However, depolarisetion messurements on the

Raman spectra enabled the bands to be sssigned as in.plane or
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out-of-plsne vibrations according to whether they were polarised
or depolsrised regpectively. The observed depolarisstions ave

given in Table &,

The vibrationsl assignments for the ground electrunic stste were

based on the evidence provided by the contours of the infra-red bends,
the depolarisstion of the Raman lines and the change in frequency
ér the vibrational modes on isotopic substitution. The ground state
fundsmental frequenciss of propynal and thelir assignment are
sumsarised in Table 5.

CH stretching vibrations are known to fall 4n the 2700 =
3400 em~l region and, as & result, the assigmment of the vibrational
mdnvi end v, was quite straightforwsrd for propynal. Since the
intense band which appesred at 3335 ew~t in the spectrum of normal
propynal was shifted to 3300 em~l in desldehydie propynal «nd dropped
te 2620 em~l in descetylenie ;:;W« it was assigned to the ine
plane valence vibration V 1 The reason for the weskness of the
2620 em~l band in DCZOCHO wes not obvious. As expected, there was
Jittle difference betwesn the wavenusbers of V 2 the aldehydie
hydrogen stretehing mode in HCO:CCHO and DOsCCHO whieh are at 2869
snd 2880 en~l respectively, whereas in HCsCODO, the wevenusber

decresses to 2130 em~1,
The wavenumbers of the (0:C) snd {C:=0) modes v3 and V

are not expsoted to display large shifts on deuterstion. The V 5

vibretion is located mainly in the (€:C) group but also invelves


http:frlquenci.es
http:i#l!'1.an

HC:CCHO BOSCCDO DCECCHO

3335
2869
2125
1692
1398
950
691
615

990
669

' THE_GROUND STATE FUNDAMENTAL

%3 (oM1) OF FROPYNAL

Infra-red (vapour)

3300

€50
659

* Very diffuse

2620
2880
1990
1682
1379
923
sh2
€15

519

Reman (1ig.)
RHC=CONO

3381
2856
2080
1658
1392
o7
(710%)
£20
261
288
710*
226

30.

Assipgnment

Vl seet. CH stretch

v 2 ald. CH streteh
03 C=C stretoh
vV L C~0 streteh

v . HCO bend

\)z C=C stretch
V7 HCZC bend
Vg CCO bend
Vo CCC bend
Vi HCO bend
Vll HCZC bend

vlzc;ccm
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small motions of the aecetylenic hydrogen. The frequeney of ) 3
should therefore deereage slightly upon acetylenie, but not
aldehydie deuterstion. Conversely, the frequency of the (C20)v,
mode should be insensitive to acetylenic deuter:ztion znd decrsase
8lightly on aldehydie deuterstion. The [requency of the bands

assigned to these modes in Table 5 behave in the manner predicted.

The in-plane bending motion of the sldehydie hydrogen
atom has a frequency of 1378 em=l in formamide and 1371 em~l in
methyl formate® . The Sntons beads at 1398 em~l and 1379 em-1
in HCZCCHO and DOSCCHO werse therefore assigned to the corresponding
V, mode in propynal. The band at 1076 ow~l in HOECODO is assigned
to this mode. The apparently high intensity of this band is due

to snother underlying band of whieh trazees can be seen.

The v 6 vibration, essentially a C=-C stretching mode, was
assigned to bands at 950 em-1 and 923 cw~l in HC=CCHC snd DCECCHO
respectively. There are two strong bands in HCECCDO at 1076 om~t
apd 871 em~) snd sinece the higher of these was aseribed to the

(cP0) mode Vv _, the 871 em~l band was assigned to Vge The

5
separation of these two bands may be increased by a Fermi resonance.

In the 500 -~ 700 em=l region, each spectrum shows a strong
band of complex structure that is almost identical in }NC:zCCHO
and HCZOCDO, but is shifted to lower frequeney snd altered in
DCECCHO. Tn esch case, the prominent features zre a single intense
peak belonging to a perpendicular type band, with a hybrid type

band, showing P and ® wings separated by 15 em-l, on,
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ite high frequency shoulder. The palr of binds were assigned to
the U ., out-of-plane and v? in-plene acetylenic hydrogen bending
motions, which are expected to differ slightly in frequency.

Y, have recently given arguments, applicable to

Hyquist and Potts
propynal, for assigning the lower fraguency to the out-of-plane

vibrstion in such termdnsl acetylenie groups.

The 'Um vibration appeared clearly only in DC=CCHO ss &
single psak at 080 em~l with sdjacent structure conforming to thet
predicted for a perpendicular type band. The seme vibrstion 1s at
1030 em~l in formemide snd 1032 em=l in methyl formate. In HCEOCHO
the band appeared on the high frequency shouldsr of the stromg V £
bend; 4n HOECODO it was buried benesth the complex st 650 em~1,

III, JHE ASSIGNVENT OF THE COMPINATION BANOS IN THE JNFRALRED CPH
Feceuse of the low symmetry of propynsl, a large musber of cowbination

bands are possible and Fermi resonsnces csn readily occur. It was
pointless to attempt assignments of sll observed weak bands in Tabtle
3+ but some tentative correlstions were male of certain festurss thet
resenble each other in shape and intensity in the infra-red speetra

of the three isotopiec species.

Tdentical parallel type bands st 278C em-l appesr in HOSCOHO
énd DCZCCHO; if these are 2xU the corresponding band in HCs0CDO will
be benesth thet at 2110 em~l and hence be unobserved. Pands identi-
fistle as zﬂlm sre visible in all three spectra. If the 2xV ”
and 2-1)11 features were correctly identified in HCzOCHO and HCECCDO,
then they will be hidden benesth the gbsorption in the 900 - 100 cn~l
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region in DC=CCHO., HC=CCHO and DC=CCHC show similar perpendicular
type bands at 815 em~l aseribed to Mg and Vy,; these low frequency
bands cannot involve hydrogenic vibrastions cowbined with other
vibrations, and so the analogous band in HO=CCDO would be at similer

frecueney but submerged beneath a stronger absorption.

lastly, there is a distinet wesk band in DC=CCHO at 3440 om=l,
This could not be identified but mey well involve motion of the
acetylenic deuterium atom, its counterpart in HC=CCHO snd HC=CCDO

being shifted to higher frequencies beyond the region of observation,

Iv, IHE ABALYSIS OF THE RAMAN SPECTRIM: The vibrational assignment

of the lines in the Raman spectrum of liquid HC2ZCCHO confirm the
analysis of the infre.red spectrum of gaseous propynal. The
relative intensities of the bsnds in the Raman spectrum differ from
the intensities of the corresponding infre-red bands. As a result
of a strong intermoleculsr association bstween propynal molecules in
the liquid, the frequencies of the corresponding bsnds in the infra-
red and Raman speetrum are not expected to be the same. A strong
hydrogen hond between the non-bonding electrons of the p orbital of
the oxygen stom and the acetylenic hydrogen atom, (C-H...0 = C),
 should reduce the frecueney of the (C.%) =snd (C+=0) stretching modes
vl #nd V), and increase the frecuency of the (czcH) and (C-C=0)
bending modes ‘y';, v& and 13).1“. The difference in wavemumbers
between the infra-red and Raman bends corresponding to Va. V& and

Vll are in the direction predicted. However, 171 is anomalous in



that the frequency is lower in the vapour than in the liguid stute.
The frequencies of the vibritional modes UV 2,,v 5 and VU 10° which
involve motions of the aldehydie hydrogen stom &re not shifted
appreciazbly between the vipour and liquid ststes, which indlcstes
that the aldehydic hydrogen atom is very weukly associated in the
liquid phuse.

The two diffuse bands locsted at 226 cm-1 snd 261 em-1 were
asesigned to the remaining skeletal modes V . and Ul 2* Howe and
Goldstein obtained rough values of 150 # 15 em-1 and 230 *+ 10 em=1
for these modes from the intensity alterstion of the microwave
spectrum with changing temperature. A visval comparison of the Raman
spectra recorded on the same apectral plste, excited by light from
the Hg are, polarised psrallel and perpendicular to the axis of
the spectrogreph, indicsted that the 261 em-l Nsman hm was polarised
and the 226 ew~l line depolarised, slthough interference by the undere
lying continuous emission made this sssignwent somewhat uncertain.

On this basis, the V  wode was assigned to the 261 om-l band and the
226 em~l band sesigned to the V 12 mode. In order to analyse the
vibrational strueturs in the band spectrum, it was necessary to
reverse the assignwent of these two low frequency modes as shown in
Chapter 7.



CHATTER

THECRY OF ULTRAVIOLET SFECTRA

JONS:s Ve use here the simple LCAO/MD deseription

for the electronic states of propynsl. The opticsl electrons, which
can be excited in spectroscopie trensitions of low energy, ocoupy

two main types of molecular orbitsl - 1)W . type orbitsls which
extend over several atomie centres in the molecule, and which are sube-
divided into W or N* orbitals sccording to their relative bonding or
antivonding properties; 2) n - type orbitals whieh are primarily
localised on one atomic centre, which is the oxygen atom in the case
of propynal.

To & first approximation, we may consider the nesr-ultreviolet
absorption spectrum of propynal as srising from the excitation of
electrons localised in the earbonyl group. Absorption in this spectrsl
region with relatively weak intensity is characteristic of the
N «=)W * transition that carbonylecontaining compounds exhibit. Un
the other hand, the N e N* transitions that are characteristic of
compounds contsining scetylenie groups lie ususlly in the 2000.2500 K
reglon.

Our discussion below of the intensity and polarisation of the
singlet-triplet spectrum of propynal is, therefore, primarily in
terms of the local symmetry of the cerbonyl group, following Platt's
natauon". Following %’é&mn‘l. we schematically represent the ordering

5.
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of the energies of the local molecular orbitals as in Figure 5.

The lowest energy O orbital and its anti-bonding counterpart® »
are directed along the C=0 bonds The W and W * orbitals are formed
by the in.phase and out-of-phase overlap of the p, stomic orbitals
that are centersd on the carbon and oxygen atoms and project above
and below the moleculsr plane. The non.bonding n orbital is the
2p orbitzl on the oxygen atom that is in the molecular plane and
perpendicular to the C=0 bond.

The intansity of an optical transition between two elzetronie
states of a molecule is depsndent upon the transition moment,
equation {(1.7). e sssume that a transition can be represented by
the promotion of & single eleetron from one moleculsr orbital to
ancther, and write the transition moment for an n —-3% * transition
58 |

R= fn(i}u(i)'ﬂ *(3)4T 1 (5.1)
where n{i) and W*(i) are the single electron wavefunctions for
the promotsd ith electron. The promotion of & single electron from
the n orbital in the ground state to the W * orbital in the excited
state 1& fllustrated 4n Figure 5. The intensity of a transition
st wavenurber U is usually descoribed in terms of the oseillstor
strength £, which is related to the trensition moment by

£ = (1,085 x 10~ )v r? (5.2)
This quantity is determined experimentally by integration of the
molecular extinction coefficient

£ = (k39 x 1077 [Eatv (5.3)
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In the single electron spproximation of equation (5.1), the inte-
grand st each point in configurztion space is small if there is
little overlap between the n and W * orbi;tah. The transition
probability R is, therelore, small when the n orbital is the

pure p orbital on the oxygen stom, and is orthogonal to the out-
of-plsne p, orbitals on the carbon and oyxgen atoms which combine
to form the X * molecular orbitsl. These n, -3 * transitions
are very weak in earbonyl-containing compounds, with oseillator
strengths of f v10~; they are, in effect, forbidden by the local
symmetry of the earbonyl group orbitals and are called 1u<..... 1
in Platt's notation. The lowest singlet.singlet transition in

propynal is undoubtedly of this type.

the vibronic wavefunction ¥ W for a molecule is given by the
direct product r(",) ['c ¥,) of the representations of the
moleculir point group to whieh ‘f' e and \*v belong. The transition
moment integral

+ . w.uv evd % (544)
for electrie dipole-allowed transitions between different vibronie
states must transform like, or have a éempomnt which transforms
like the totally symmebrical representstion of the point group,
which is the A' representation for the Cg point group to which
propynal belongs under the group symmetry operastions. This means that
the direct product ['( ‘f" mr)r (\P"”) must transform like the dipole

moment operator M, or, more generally, like one of its Cartesian
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components. These transform like translations along the corresponding
axes, As shown in Figure 6, theZ axis is perpendicular to the
moleculsr plane, and the x and y axes are any two axes at right angles
to each other in the molecular plane. Therefore, according to
Tables 1 and 2
(e r{ Wr ) et transform like the A' represens
- ®¥  tstion for a trensition polarised in
the molecular plane
r( ‘}"W) r€ \L’“ ) must transform like the A" represen~

eV tation for & transition polarised
perpendicular to the molecule plane.

When no vibrations are excited in an electronic state, Y", .
iz totally symmetriec., The ground electronic state of propynal also
belongs to the totally symmetric A' representation. 8o Y/“W is
totslly symmetrie and the (0.0) band for the electronic transition
to an A electronically excited state will be in-plane polerised,
whereas if the excited state is A", it will be out-of-plane polarised.
For example, the lowest singlet excited state of propynal has A"
electronic symmetry, and the (0-0) band does indeed resemble a
perpendicular-type band for the symmetrie top to which propynsl
closely approximates, and the transitions from the ground vibronie
states to the excited electronic st:ste, where in-pline (A') vibrations
are excited also have perpendicular-type contours. ‘e show below how
the contours are different for corresponding bands in the singlet.
triplet transition.

S0 far, we have only determined the direction of the transition

moments. In the absence of spin-orbit intersction terms in the
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Hamiltonian operstor for the molecule, the singlet.triplet transitions
have zero intensity. When these interaction terms are included,

the zeroth-order wavefunctions (‘{‘, P,)o een mix with each other if
they have the same symmetry, i.e, the wavefunction for esch st:ate,
bacomes a linear combination of 2all states with the same symmetry

for the complete electronic wavefunctions.

Ir (‘P *) represent s the first order wavefunction for the
lowest triplet state when singlet states (4’ *,)i of the same
symmetyy sre mix with it, then the expansion, apart from normeli-
sation factors, has the form

T,7 y B+ 818

PID =p e e Ze e (5+5)

The intensity of the transition between the unperturbed ground state
(\Pf Pi): and the triplet state is governed by the transition
moment integral

J RS PR S, (5:6)
which on substituting from equation (5.5) gives

JZ o, Pl re ot (5.7
since 7 T o &

Jobipootal biynz ac-o (5.8
Equation (5.7) shows that the polarisation of the triplet-singlet
transition is the same as that of the singlet-singlet transition
between states of the same total symmetry. The components of the
triplet state, with syrmmetries A' and A", can mix with singlet

states of the same symmetry and the triplet-singlet transition thus

acquires finite intensity.
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ITI., SINCILETSTRIPLET TRANSITIONS: ‘e now introduce a wavefunction

Y for the total eleetron spin of the molecule, so thst the vibronie
wavefunetion becomes P. f‘v\P + We shall, however, ignore the
vibrational wevefunction Vv :n the discussion below, and eall ‘Po 'Ps
the complete electronic wasvefunction. Once the symmetry properties
of this function, and the electronic polarisation of the singletw
triplet transition, have been determined, we can then determine the
polarisations of transitions between vibronie states in the manner

described in the previous section,

The spin function 4” for a singlet electronic state belongs
to the totally symmetrical representation of the molecule point
gmup‘.?' and, therefore, has A' symmetry for propynal. The three spin
functions ‘P‘ for the components of 2 triplet state belong to one
dimensional rotational representstions ; in other words, they belong
to the same representations as the rotations Rx' Ry and R“. 80
that for propynal two spin functions have A", and one spin function
has A' symmetry.

In the singlet ground state, both ¥  end Y”. velong to
the A' representation. In the lowest triplet state, ‘P‘ has A"
symeetry, which when combined with the symmetries of the spin functions
P 4+ Shows that the symmetry of the complete wavefunction ¥ Y 4
is A' for two components and A" for one component.

fSince in an electric dipole transition, the integrand over
the complete wavefunction for the two combining states must be

totally symmetrieal, we find that for the transition hetween the
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ground stite and the lowest triplet state,

the transition to two components of the triplet
state (A' &= A') is polarised in the molecular
plane

the transition to one component of the triplet

state (A" & A') is polarised perpendicular to
the molecular plane.

e now investigete in greater detail which singlet states
cén mix with the components of the lowest triplet state with the
same symmetry. The spin-orbit interazction operators H' mixes, in
zeroth order spproximastion, triplet and singlet electronie ststes

T 3
\P. and \P. with matrix elements.

Joo 1y ot A

Since the H' can only interchange spin functions among themselves,
we ean lesve these functions out of the above integral in order to

discuss the electronic symmetry

Since the Cartesian components ﬁ;. 3} and K; of H' transform
under the group symmetry, operstions like the corresponding rotations
and the integrand in (5.5) must be totally symmetric, we have
the possibilities,

J"P:(A") |u;. 5}."":(“') aT (5.10)

IP:(A") | Hé”’f (am) a4 (5.11)

i.e. the spin operators H} and Hy* enable the 3

3

A" triplet state to

mix with At singlet states, and N mixes A" with “A" states.



The singlet and triplet wavefunetioms in (5.5) can each be
expanded, in 7CAQ/¥D approximation, as sums of one~electron orbitale.
This problem of evaluating the corresponding matrix elements has
been considered in detail by Sldun"(.. for the case of mixing between
low excited singlet ststes snd the lowest triplet state of formale.
dehyde. ©Sidman makes the reasonable assumption that only one~centre
integrals thet do not vanish for symmetry reasons in the expansion
have large magnitude; these integrals must be built from 2p atomie
orbitals of different symmetry in the formaldehyde molecule. [e
assumes thet the triplet state is pertﬁfbéd by one singlet state and
caleulates the »talllﬁtor strength of the trsnsition to be grestest
when this state has the configuration in which one of the electrons
in the T orbital in the ground state is promoted into the T * orbital,
£ similer A' excited state of fairly low energy (\» 6-8eV) should
exist for propynzl, and Sidman's arguwments can be similarly applied
when only the local symmetry of the carbonyl group in propynsl is

BA“ and this excited 1A' state is

considered. The mixing between
 ensbled by the in-plane components of the spin-orbit interaction

operator, equation (5.6).

The same conclusions may be reached from the generalised
3
symmetry arguments of Erishna and Coodman . The expansion of the
metrix elements (5.5) into integrals over one-electron orbitals

gives terms of the type

jn(zqol LR, fNIH"ndT (5.12)
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where T stands for either al bonding or N * anti-bonding orbital.
The effect of opersting upon an orbitsl with one of the components
of W'y say, H} , is equivalent to that of a rotatlon of the orbital
sround the g axis plus sowe other operation whieh produces no
further change of symmetry. If the O ahootbon. bkt 16 ignored,
and the ressonzble assumption made that only the outer valence
electrons in propynal contribute to the spin-orbit interaction, we
see that only a rotstion of the n orbital about an axis in the
moleculsr plane. can,in genersl, induce overlap with the T orbitals.
Consequently, we expect thet the components H! and 43 will induce
mixing, and therefore the perturbing singlet state has A' symmetry.

Now the perturbing stete can only mix with these components
of the triplet state which have the m. A' gymmetry for ‘I’z 1{ $
it has been seen zbove that two of the three components have this
symmetyry aénd the transition to them from the singlet grmmd state
is polirised in the molecular plane. This is seen later to sgree

with the experimental observ:tions,
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CHAPTER

' o
electronic spectrum of propynal, from 2000 te 700C A was msde on

a Perkin-Elmer Speetracord model 1000, The ultra-viclet region

6500 -« 2500 ﬁ was also mapped with a Bausch and Lowb 1.5 meter
grating spectrograph model 1l. For the band spectra between 3900 i
and 3100 ?&. it wes found that path lengths of 50 em. were sufficient
to build up suitsble absorption intensity, when the gas pressures

varied between 10 mm. and 16 mm. Hg.

Since the absorption spectrum of propynsl is extremely weak
in the 4100 3 region, long path lengths snd high vapour pressures
of the absorbing gas were required. In order to obtain long
absorption path lengths of gés, & multiple reflection cell was
employed. In the multiple pass technique used 'in this cell, as
illustrated in Figure 7, light entered the absorption cell and was
reflected back and forth a number of times between mirrors, mounted
at either end, before passing into the spectrograph. Essentially,
the optical arrangement within the cell consisted of three concave
mirrors, two of which were positioned at the rear of the cell, in
the same plane, while the remaining mirror was mounted at the front
of the cell at the radius of curvature of the rear mirrors.

Light passed through a noteh (&) cut in one corner of the front

Lé,
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mirror to rear wmirror (b), where it was reflected back to point
(¢), on the front mirrer. Fron here, the light was directed back
to the other rear mirror (d) where it was reflected back to a
point (o) on the front mirror snd sc on. In this way, the light was
mede to trsverse the length of the sbsorption cell a maximum of 38
times before emerging through a second noteh in the fromt mirror
(f)e By a suitable adjustment of the two rear mirrore (b) and

(d) the path length could be varied between €0 meters and & meters.
The multiple reflection mirrors, radius of curvature 1.85 meters,
were mounted on brass supports by spring-losded set serews, whiech
allowed them to be rotated snd positioned in 21l direetions. The
eell was constructed from a glass tube 10 cm. in diameter and 2
meters long. Bntrence snd exit windows were fixed to the fromt of
the reflection cell and required frequent clesning 4s & result of
the formstion of polymerised propynsl on their surfiges. For this
rasson, it wes xlso necessary to re-aluminise the wirror surfices

perdodicslly.

The aperture of the PRauseh ond Lowb spectrogreph was matched
to the aperture of the multiple reflection cell by a fused silica
lens of 40 em. focal length (g). In order to align the external
optics, & £ wolt car head lamp bulb was placed in the focal plane
of the spectrogrsph in the plateholder aperture, and adjusted until
a cone of green light was observed to pass out through the slit (h).
Since this cone defined the opticsl aperture of the spectrogriph it
was traced through the focussing lens (g) into the multiple
reflection cell where each traversal was aligned by adjusting the



wirrors. After emerging from the cell, the light was focussed by
eoncave mirror (1) on the high pressure Yenon are (J) used to

generate the absorption continuum,

ittached to the multiple reflection cell was & glass vacuum
line from whieh propynal wae introduced into the system &t kmowm
pressures, The propynal was purified by seversl trap-to.trap
distillations before each experiment, in order to rsduce the
polymerisation within the cell during exposures.

The Psusch and lLomb grsting spectrogreph had 2 plate
dispersion of 14,8 z/m and 7.4 i/m. in the first snd second orders
respectively with corresponding actusl resolving power,V /aV , of
35,000 snd 70,000, The spectregraph was designed to cover the ragion
7hOC - 3700 i on & ten inch length of 35 mm. film, in the first
order, or 3700 - 1830 g in the second order. The overlspping orders
were separsted hy inserting a 2 wm. thickness of Chance Pros, glass
filters, either type OY10 or type OF 7, in front of the spectrograph
slit. These filters transmitted the regions 3600 - 25,000 2 and
2400 - 4100 ﬁ respectively,

The following 35 mm. photographic filme were used in the low
regolution studies - Tlford FP3, HPS and Kodak Spesctrum Analysis
#1 snd 92, With the slit widths set st 10 wmicrons, exposure times
varied from § seconds to 30 minutes depe

ding upon the number of
traverssle used in the multiple raflection cell snd the speed of
the photographic film. Iron sre reference spectrs were slso
racorded on each film adjacent to the shesorption speetra.



Development was carried out for 4 minutes in Kodak I.D.19
developer, in complete darkness, at a temperature between 17.20°C.
After rinsing in plain water, the films were fixed for 10 minutes

and then washed and dried in a dust free place,

The film was mounted bestween thin sheets of flat glass
for support and the prominent festures of the absorption spectrum,
together with suitable iron are lines were mecsured using a
travelling wicroscope reading to 0.001 mm. The iron arc lines
enabled a dispersion curve to be constructed from which the wavew
lengths of the absorption bande were obtained by interpoletion.
These wave-lengths were converted into vecuum wave.lengths using
Edlents tables 'f ‘

Vierodensitometer records of 'tha spectra were made with a
leeds and Northrup microphotometer. The film was scanned at a

rate of O.lmm/min. in most runs.

LON: High resolution spectra

were taken in the first order of a 20 ft. Fbert grating spectro.
graphﬂ.' The plate dispersion was 0.66 g‘/m. in the first order

and the theoretical resolving power of the speetrograph was 150,000,
In the 30,000 em-l region, therefore, it should have been possible
to resolve the lines with a separstion of 30,000/150,000 = 0,2 em~l,
In practice, lines separated by & 0.22 em~l were resolved, so that
the actual resolving power was~140,000. Attempts to obtain better

resolution by working in the second order failed, hecause this
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necessitated using the grating almost at grazing incidence, and

the intensity of the imege is very low under these conditions.

The multiple reflection cell was aligned in front of the
slit of the Ebert Spectrograph by the method deseribed earlier.
In order to remove stray light, and to ensure that the grating was
evenly illuminated, a telescope was inserted into the plateholder
aperture and focussed on to the grating image reflected by the
spectrograph mirror. The external optics were then adjusted until
the grating image was uniformly filled with light. Stray light

was minimised by inserting stops in the external light beam.

Propynal was introduced into the absorption cell at knowm
specific pressures from an auxilisry vacuum line. In order to
eliminate pressure broadening, the total pressure within the
absorption cell was maintained at less than 0.5 mm Hg. Only the
more intense bands could be observed at these pressures. To
photograph the wesker vibrational bands, vapour pressures up to

189 mm Hg. were required. At these pressures, the rotational

51.

structure of the wvibrational bands was obliterated. Very wesk bands

were indistinguishable from the background absorption.

Observed sharp rotational strueture in the (0-0) bend was
measured off the plate with a travelling microscope. Wave-lengths
of the iron sre calibration lines were taken frowm the MIT tablealt

and were used to construet the dispersion curve, thet is, the

relstionship between wave-length in zir and position on the spectral

plate. The theoretical plate dispersion was calculated from the



geometry of the spectrogr:ph by the method of ma.m'f The
resulting dispersion curve was desoribed bty & qusdrstie equation
relsting wavenumber and displascement scross the speotral plates.
#11 the rotational structure was not elesarly resolved, and it was
imposaible to lacate sceurctely the mexime of unresolved peaks ;
in the spectrus with the travelling microscope. Consecuently, the
wavenurbers of these festures wers cbtained by interpolation on
sderephotometer traces of the band, using as reference points the
lines whose wave numbers were obteined directly from measurements
of the plate.

: ; The emission spectrum of propynal was
first obsarved whon the Raman speetrum of the liquid wes exoited

with the mercury line at 4358 X. as a continuum botween 4000 and
5500 Z. on which the "amen lines were superimposed, This gontinuum
wng not dus to seattering of the background radistion of the g
lamp since 4t had a diffevent intensity distribution. '
The smission spectrum of the vepow wes obtained using
apparstus shown schemetieslly in Figwe 8. Fropynsl was introduced
into the system at trap (a) and stored there at . 78°C until
required. JTmmedioctely before eseh exposure it was purified by &
trap-toetrap distilletion between traps (a) snd (b) and then
stored in trap (¢) maintained at 0°C during the experiment,
Propynel vapour was peesed through the capillery stopeock {d) whiech
regulsted the pressure in the emission cell {e). This cell was
1 eme in diametor and 10 em. long, snd hed & fused silica window



53

H H/GD/Y
D
[
—\(—
!
G
ol iRy
C

'FIG. 8 THE EMISSION APPARATUS



She

attached to the end facing with the spectrograph slit, with picien
wax. The stresming vapour was excited with a tesla coil operating
st 300 ke/sec. whose probe touched the cutlet side arm (g) of the
emission cell, With the probe in this position, the impurity
spectre whieh were inveriably present were minimised., After passing
from the emission cell, the vapour was collected in trep (f), which
was maintained at liquid nitrogen tempersture , thus protecting the
fore~pump.

The spectrs were recorded over & range of pressures and
flow retes. At low gas pressures, the glow was observed to
completely £ill the discharge tube znd to extend seversl feet into
the asuxiliary vacuum line. Inder these conditions, the spectrum of
this glow consisted mainly of the diatomic species, CO, C, and CH.
it higher flow retes and pressures, the discharge was constricted
into a narrow beam in the emission cell. Under these conditions,
the propynal emission appeared with high intensity, while the impurity
spectra were composed chiefly of CW and C, emission bands, the
Herzberg and /Angstrom systems of CO being extremely weak. The propynal
spectrum appeared with meximum intensity when the gas pressures were set
at the highast‘possihlo values which allowed the glow to be maintained;
this was estimated to be approximately 0.5 mm.Hg. The emission
speetra were photographed in the first order of the Bausch and Lomb
1.5 meter grating spectrograph., 8Slit widths of €0 microns were used,
while the exposure times varied from 10 minutes to 2 hours, using

o
Ilford FP3 film. Light of wave-length 1830 . 3600 A was eliminated



550

by & 2 mm. thickness of Chence Pros. type OY10 filter., An iron
arc reference spectrum was imposed on the film immedi:tely before
or after each exposure, for calibration purposes. The spectrum
was microphotometered and calibrated by the metheds described

earlier.
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THE VIFRATIONAL AMALYSIS OF THE JA* - 1A' TRANSITION

I. A _SURVE RA 5T _SP ) The vapour

spectrum of propynal from 8000 A to 2000 i is presented in Figure 9,
which is 2 low resolution scan with the Spectracord. The spectra
can be divided into three systems, namely, & weak absorption between
3800 i and 3000 Z displaying & complex vibrational structure, a
vibrationally discrete absorption in the region 2600 - 2100 2,

end an intense absorption contimuum setiing in at 2200 2 and
extending beyond the low waveelength limit of the spectrophotometer,
On the basis of the measured oscillator strength and frequency, Howe
and Goldmtain3 assigned the near ultra-violet spectrum at 3800 g

to a 1“0 - 117* transition in the carbonyl group. Although they
extended their mezsurements down to 1900 ﬁ. they failed to observe,

O
however, the 2600 4 system,

When the spectrum was photographed with & Pausch and Lomb
spectrograph at path lengths of 10 meters or greaster, an additional
absorption was detected in the 4100 g region. From the weakness
of this absorption, and the faect that the contours of these bands
are different from those in the 3800 2 system, it seems reasonable
to assign this spectrumto the corresponding singlet-triplet

transition 1no ey 3ﬂ’*. Pands in the spectrum of the intense blue-

56.
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green emission resulting from the radio frequency exeitstion of
streaming propyneal vepour coinecide with absorption bands in the
4100 K region, as shown in Figure |0, The band &t 414% ﬁ,

which sppears with high intensity in both the emission and
absorption spectra, can at this stage be tentatively ldentified

as the (0-0) origin band of the sﬂinzlot-triplet transition. This
assignment is confirmed by the vibrational and rotational analyses..

L]
The system beginning at 3000 4, while vibrationally sharp
under the resolution of the Fauvsch and Lomb speetrograph, proved
to be rotationally diffuse when photographed under high resolution,

It was not examined further,

The spectrum at 3800 K,ussigmd to the 'n, = F* transition
was photographed in the first and second orders of the Fbert
spectrograph. At a resolution of 300,000 the rotasticnal line
structurs was well rosolved, whiéh is somewhat surprising for a
molecule of this wolecular weight. The (0-0) band st 382 ;: had a
rotational structure which could be deseribed by the prolate
symmetric top aquation (8.17), for perpendicular type bands, rather
than equstion (8.165 for parallel type bands. If it is assumed that
the transition is allowed, the transition moment must then be directed
out of the moleculer plane, snd from the arguments given in Chapter
5, it follows that the electronic symmetry of the exeited state is
A" snd the transition is l&" G 1.&:. The weaker absorption with

O
the electronic origin at 4144 A resulis from the corresponding spin

3

forbidden transition, “A" & 1A'.
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It came to our notice st this stage in the investigation
that a study of the lno *m~111r* transition in propynal was in
progress at University College, The University of London, where
Dre. Jo He Callomon was examining the rotational structure of the
(0-0) band at 38203 while Dr. J. C. D, Brand and ¥r. J. K. G. Watson
of the University of Glasgow, were sssigning the vibraticnal
structure. Since their progrémme of investigation of the ainglqt»
singlet trensition had advanced further than ours, it was agreed
that we should shift our interest to the singlet-triplset

o
transition whieh has an electronic origin at 4144 A,

I1. THE VISRATIONAL ANALYSIS OF THE A" qme 1A' TRANSITION: The

vibrational analysis of the singlet.triplet sbsorption spectrum is
complicated by several factors. Most significant of these is that
‘the intensity of the singlet=triplet asbsorption spectrum is very

much weaker than the corresponding singlet-singlet spectrum.

Since the separstion between the slectronic origins of the two spectra
is only 1700 em~1l, hot bands in the ainglet~%1ng1§t sbsorption spectrum,
that is bands resulting from transitions from vibrationally execited
levels in the ground state, overlap and eventually obliterate the
bands of the singlet-triplet absorption =zt shorter wave lengths.

One wethod which has been used successfully in overcoming such inter-
ference is to cool the absorbing gas, and depopulate the vibrstional
levels in the ground st:te, and thereby reduce the intensity of the
singlet-singlet hot bands in the singlet-triplet region. /it

temperatures sufficiently low to reduce interference from the singlete
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singlet hot bands, the vspour pressure of propynal is so reduced
that the absorption bénds of the singlet-triplet spectrum cannot

be photographed even at path lengths up to 60 meters. Consequently,
interference from the singlet-singlet system canrot be essily

eliminated from the singlet-triplet spectrum.

The emission gpectrum is the best plsce to begin a
vibrational analysis of the singlet-triplet system, since some of
the observed waeve-number intervals should correspond to the
wavenumbers of the infra-red and Ramen bands. The analysis of the
emission spectrum, aside from ensbling the ground state frequencies
to be determined with accuracy, should also yield those excited
state frequencies which occur in fundamental, sequences or
difference bands in the spectrum. For small changes in geometry
on excitation, the emission and absorption spectra shauld bear a
mirror image relstionship to each other about the olucironic origin,
which should 2id in the assignment of the absorption spectrum.

(In actual fact, the analysis of the emission and the absorption
spectra proceeded simultaneously, ond the assignment of excited
state frequencies presented in this section agrees with the analysis

of the absorption spectrum given in the following seetion),

The vacuum wave numbers of the emission bands, which are
presented in the first column of Table 7, are believed to be
accurate to + 2 em-l. The second column gives a rough measure of
the intensity of each of the bands, obtained from a microdensitometer

trace of the spectrum. The last column gives the assignment of the
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3.

THE_EVISSION PANDS OF THE JA" ——'At TRANSITION

Wavenumber Intensity Notation Assignment
26,322.1 (vvww) 9 V,* ¥, (s)
26,141,.6 (vvvw) origin Y, . k5
25,950.3 (vvvw) Cy
25,816.3 (vvvw) cH
25,678.8 (vvvw) cH
25,661 (vvvw) cH
25,642.2 (vvvw) CH
25,617.9 (vvvw) CH
25,593.6 (vvvw) CH
25,566.0 (vvvw) CH
25,528.3 (vvvw) CH
25,489.7 (vvvw) CH
25,4465 (vvvw) CcH
25,396.2 (vvvw) cH
25,343.7 (vvvw) CH
25,286.8 (vvvw) cH
24,575.6 (vvvw) ¢
24,477.7 () L° = ()
24 ,468.7 () y° v;-l%: (s)

24,451 ,7 (vw) ue Vo~ V, (s)



Yavernumber

24 ,438.6
24,392.6
24,374.9
24,3099
24,285 b
2k, 260,1
2k,238.1
24,207.9
24,180.8
24,127.8
24,104,7
24,000.3
23,9743
23,923.3
23,899.5
23,874.1
23,854.5
23,798.3
23,7764
23,734.5
23,718.8
23,691.1
23,664 .2

Intensity

(wvvvw)
(vvvw)

(w)

(vvvw)
(vw)
(vw)
(vw)

{(vvvw)

Notation

°

o

[} '
47 9, 12,

Co

Assignment
vo 5 v‘f
" 4 {
Y- Uq i v7+ Ulz (3)

2

]
U, + Y,
v.* lvq'uq

N o
Y, +3v,-20,

’ "

V,4Y, -V,

r n b ? "
vo"'vq Vg

Vo
] [ ]
VotV ~ VY,
" 7 "
Vo~ Vgt -V,
’ " ] ”
YU ¥V - lvq V-V,

"
Y,- U
]

9
¢ 3 L
Vo +20g - du,

VU, + Vg~ 2V

V-9,
" [ !
Y, - = Yy *Vn-¥,

] o r
Ve +, - 3vq UV,
Y, —2v,

] n
Y, 4V -3,

¥ "
+ =

Yo+ 2, —H U,

Vo = Vg Y,
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avenumber Intensity Notation fssignment

23,636.2 (vvvw) cH

23,626.4 (vvvw) co*

234593.3 (vvvw) cH

23 ,564.2 (vvvw) CH

23,530.7 ) 10, (1) U, VoY
23,507.7 () 8y (D ¥y~ Vg
23,491.9 (vw) cH

23,459.3 (vvw) CH

23,439.3 (vovw) CH

23,426.0 (vvw) cH

23439048  (vvvw) CH

23,367.8 (vvvw) cH

234359.4 (vw) CH

23,341.9 (vvvw) CH

23,323.8 (vw) CH

23,309.3 (vvw) cH

23,296.7 (vw) CH

23,291.6 (vw) CH

23,286.1 (vvw) CH

23,2764 (vvw) cH

23,264.5 (vw) cH

23,254.9 (vvw) CH

23,245.3 (vvw) CH

23,235.7 (vw) CH
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Wavenunber Intensity Notation Assignment
23,229.2 (vvw) CH
23,187.4 (w) CH
23,123 .7 {vvw) CH
23,033.6 (vvw) H (atomie)
23,016.3 (vvvw) CH
22,992.7 (vvvw) CH
22,978.6 (vvvw) CH
22,968.6 (vvvw) CH
22.,927.1 (vvvw) CH
22,906.8 (vvw) C,
22,871.1 C (vww) Cp
22,791.5 (vvae) L7 95 u,- Y, 2,
22,776.1 (vvw) g 12, Yo -v,,"+ U,':.
22,742.9 (vvw) [ 3¢ Uy~ Vg
'

22,720.8 (vvw) 5 9 vc,’?-’;*v;'vvl
22,6884 (vvw) 29! 12 yy-u,) ) Y,

” (] [ ] 4 (1
22,664.9 (vvw) [ 9? 12 Y~ Y, +20, Vgt Y, Y,
22,613.2 (s) by 9e vo—v,‘"n),'
22,5874 (s) 4 ot Y, v,:-f 2v9'-v9'
22,560.5 (s) 5 o Y, Y, +3u, - 20y
22,536.3 (ms) ’40, 7 vc-—v:-l-l} u" ~duy
22,507 .4 (s) 47 12, v°~v;'+v,;-v,;:
22,480.4 (ms) by 9, 12,  Upm Uy up -y +,- Wy
22,430 .4 (vvs) l&? Y, v‘;'



Wevenumber

22,405,7
22,308.8
22,283 .8
22,225.6
22,200,2
22,173.9
22,158.2
22,102,2
22,077.3
22,019.7
21,995.6
21,967.8
21,816.4
21,795.8
21,495.9
21,473.2
21,381.8
21,370.9

21,363.0
21,342.5
21,283.3
21,261.2
21,237.5

21,106.0

Intensity
(vs)
(s)

(m)

(s)

(s)

(s)

(s)

(w)

(w)

(w)

(w)

(vw)
(vw)
(vw)
(vwr)
(vvvw)
(vvvw)
(vw)
(vvw)
(vw)
(vw)
(vovw)
(w)

(vvw)

Notation

Fo3
=
N

Tr B
-9 =- ¢ =-
O
fi

o0
[$5)

O
»N

(-]

N

(&}

N

o)

67,

Agsignment
of ¥ i ¥

(1] o ? o
vo—u,, ~ vq +Y, - Y,

1] ’ " ]
V-V, + U= 204 #V,, - Y,

"

Vo~V - Vg
U~ v,‘"«r v; e vq"

" r L4
V- Yy + 2 ~-3v4

2

o8 "
v°'v¢l'vn,
"
'v'l lv "Un. Yo
2" v,,fv 32)9 v,,,v

U°~v4 A z)?
Y- U, vy - 30"
[[] [} ”
Y, °vg‘ “'lvq - ‘f't)q
Y, v ey 5-'%"-
Yo 'v'f 8
e ”
V-, -V,

"
vo = v%

BRI VAL T

([} ’—v
=, Uyt

L

\

"



‘avenumber Intensity Hotation Assignment
21,079.5 (w) Cq
21,049.3 (vvw) & 87 U~V -y
20,937.9 (w) 5 9, W, -2V, +o,
20,912.5 () 4, 9 20, +2 v, -V,
20,886.3 (vw) 43 9> 2, -2V, + 3u, -2V,
20,831.9 (w) 1&2 193: v,-Qv:-pv';-«v,;
20,756.8 (s) 43 v,- 2y,
20,7364 (ms) 43 9! y, -, ) -,
20,6402 (w) 4° 9° 12| U, -0, - Uy Uy -V,
20,5674 (w) 1 atomie
20,553.5 (m) u 9° V- vy -V
20,527.5 () ‘4 9 Y- A, +v¢,'~2 vq"
20,500.1 (w) 42 92 Vo - vy +2 vy -3
20,487.1 (w) 47 127 Vo2V~ VU,
20,467.2 () 829 12° U -Aw e vy -y,
20,366 ,6 (vvw) L2 9° Vo 2wy =20,
20,150.54 (vove) 4 87 y,-Av,"- vy
20,126.53 {vvvw) &*:_ 8? 9: 7),_.,-27)4" - vs," 47)9'-1)9 ;
19,830.2 (vvvw) c,
19,503.4 {vww) C,
19,4943 (vw) c,
19,357.7 {m) Co
19,28%.6 (vw) 43 95 Y- 3wt
19,258.2 {vw) 43 9 Y -3 +qu ) v,"


http:19,l.,.94

Wavenumber Intensity totstion Assignwent
19,235.1 (‘VW:’ co
' 14

19,176.7 {vw) I"; 12‘- vo'qu. Y, Y
19,102,7 (s) b3 w3y

2 ’ L
19,197.9 (ms) 45 9, U, -3v, +Y, Y,

] o ¢ u
19,201.5 (v} ﬁ; 9:’ 12, v, -3, Y +v’z-v,1

* The symbol (5) denotes bands assigned to the singlet-singlet
transition.



en

vibrational bends in terms of the normsl modes used in the
vibrational analysis of the ground state, presented in Chapter &,
while the third column is an abbrevisted nomenclature thut is used
to identify the vibrationsl bends in Figures 11, 12 ond 13. In
this notition, the normal vibration is lebelled asccording to its
nurber in Table 5, and is followed by a sbuseript n" and a supere
seript n', which identify the vibrstional guanta execited in the
slectronie ground snd excited steotes respectively. Combination
or dfference bands are designated as products of the normal

vibrations involved.

Befors discussing the analysis of the emission spectrum,
we must aceount for impurity bands in the speotrum thst are dus to
the emission by moleculsr fragments resulting from the decomposition
of propynal in the electrical discharge. Certsain bsnds could be
identified as arising from ispurities becsuse of their variation
in intensity with respect to the propynsl bands, under different
conditions of gas pressure amd excitation. These impurity bands
were Adentified from Pearce énd Oaydon . and are tebulsted in
Teble 6. Under the conditions of high vapour pressure of propynal
and fest flow rete through the disehsrge tube, it was possible to
eliminate almost completely the Herzberg and gnmtm binds of
esrbon monoxide from the spectrume. On the other hand, the speetrsa
resulting from €y and CH molecules could not be eliminited as
impurities bty changing the conditions of escitation.
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In the 3800 ~ 4000 3 region, lie a number of bands which
can be identified as arising from diatomic impurities. Ueak bands
appesring at 26,322, 26,141 and 24,468 em~! eznnot be aseribed to
impurities, nor can they be classified in the vibrational scheme
of the singlet-triplet analysis. Prand, Callomon and Hatsogdin
their analysis of the singlet-singlet absorption spectrum
have found bends at these wavenumbers which they were able to assign
in their vibrational scheme. Thersfore, it seems reasonable to
assign the observed weak emission bands at these wavenumbers to the
singlet system. These bands are identified as singlet bands on the

first page of Table 7.

As illustrated in Figures 11, 12 and 13, the main feature
of the emission spectrum is an intense progression which originates
at 24,127 em=1 and extends to the red with frequency intervals
diminishing from 1697 cm-1 to 1654 om-1 over the first three quanta.
The interval is assigned to the carbonyl streteching mode ))g. which

appears st 1692 cm~l in the infre-red spectrum.

4 set of weaker bands appearing at either side of the origin
band form a pattern which is repeated about sach member of the‘
carbonyl progression. These bands are too numerous to be assigned
to fundamentals, sequences or overtones of a single mode, and are
ascribed to various combinations of the low frequency modes \)9
and 1)&2 in the ground and excited ststes. Nearly all of the emission
bands are accompanied by bands extending to the red with frequency
intervals of 25 em'i. These satellite bands are assigned to sequences

arising from transitions between vibrationally excited levels in the
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ground and exeited electronic stites. ‘averumber intervils of

20k en~l and 182 em~! between the elsctronic origin and intense
vibrational bands which lie to the red #nd blue of the origin
raspectively, sre assigned to the fundsmental frequencies of this
mode in the ground snd excited slectronic states. Uince the
fundsmental and sequence hands of this mode have the same band
contour, they have the same polarisation. They are therefore assigned
to the in-plene bending mode of the CCC skelston 09. The assigne

ment of V. to the wevenusber interval of 206 em-l does mot agree

9
with the Reman analysis which assigned the diffuse band at 261 em~l
to this mwode on the basis of its depolsrisastion. /s the conmtours
of the vibrational bends are generally & mors raliesble method for
determining the vibrational symmetry, than &re the depolarisstions

of the Paman lines, it is necessary to reverse the “amen scsignment.

Bends appesr st 50 em~l to the blue of hoth the origin and
eirbonyl progression bands. These are sssigned s sequence bands
involving exeitation of one quentum of the l)m vibration in the
ground ind exclted stete. Thies fre uency sppecrs o8 & one guantum
addition to the ground stste. Our revised Raman data prediets the
band ¥ -U"  to lle at 261 em~l to the red of the origin. 4 band
does not appeér here, but an intense pesk is loeited st 273 ow=l
to the red of the origin to which this is sssigned. This discrepency
is believed to be coused by head formation within the band end the
famsn frequency of 161 em~! ia preferred for the U 1, wode.  The

assignment then gives s frequency of 341 es' to the outeofeplsne



btending mode 17;2. over 80 of the vibrational bands in the
aleectronie emission spectrum can be sssigned to the sctivity of

three vibrations V ; U", and U;z in the ground and the vibrations

9
v é snd V) {3 in the excited statss.

Ho excited stite vibrations of large wivenumbers ure sctive
in the emission spectrum, which indicates thst the molecule in the
electronically excited stste comes more or less into thermsl
equilibrium with its surroundings before emitting radistion. Under
these conditions, we should only expeect low fregquency ercited state
- vibrstional modes, such 2s V!

2
as is observed to be the case. These skeletsl modes should be

snd vi o to be setive in the spectrum,

approximately the same in both the singlet snd triplet exeited stites;
and our vslues of 182 and 341 em™1 for U; and V ig. sre close to

a0
Erand, Callomon and Wstson's corresponding values of 189 em~} and

345 em~1 for the singlet 1 sxeited stote.

By use of the ground state frecueneies of the CHO, CC, and
€O modes, V ;.Ug and U g, which were obtained from the analysis of
the infra-red and Raman spectra, it was possible to identify bands in
the enission spectrusm resulting from transitions in which these
vibrations were zetive. A weak prominence appessrs st 1385 em=L to the
red of the origin band, #nd is assigned to the CHO in-plane bending
mode U;. Analogous bands with the same intervsl and intensity
are associsted with the other members of the csrbonyl progression.

The V a..v; pend is overlapped by &n emiscion bend at 23,187 em=1
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due to the CH radical; however, it is possible to find the ))2
vibretion in combination with the second and third harmonies of the
Y " mode. A broad hump asppesring at 620 em=1 to the red of the

L

"
electronie origin may be tentatively assigned to the 1>0 - 1]8 band.

Although the infra-red and Reman spectra indicate that the
CHO mode \);G has & vibrational frequency of 990 em=1, the region
about 23,140 em~! in which \70» \;10 should appear shows no bands
of any appreciable intensity. Since the 'urle vibrational
coordinate involves motion of the carbonyl group it might be
expected to be strongly sctive in the spectrum. Additional bands
appear at 597 em™ to the red of each member of the carbonyl progression.
These are difficult to fit into any vibrational schere involving
the ground state fundsmentals combined with reasonatle values for the
excited state fundamentals. This frequency interval possibly
represents a sequence in which one quantum of "10 iz active in the
ground and execited stetes. This assignment would require a large drop
in frequeney for this vibrational mode from 990 to 393 em’l. on
excitation into the triplet state; such a drop has been observed for

this frequeney in the singlet excited state.

ITITI. ITHE ARSORPTION SPECTRUM LOW RESOLUTICN: A section of the

absorption spectrum of normal propynal HC=CCHO is reproduced in figure
10, (the absorption spectra asppearing as dark bands on a light backe
ground). The wavenumbers of the observed bands are collected in
Table 8, along with the intensities and the vibrational assignment of
the bands. /s shown in Figure 1€, bands of the emission and

o
absorption spectra coincide in the 4100 A region. The assignment of
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TABLE 8

ABSORPTION BANDS OF THE BA“ e TA Y TRANSITION

THE

Wavenumber Intensity Notstion Assignment

23,901.2 (vovw) 9. U+ U, -2V

23,925.2 (vvw) 9, vo-vy

24,000,9 (vvvw) 9 18, Uy~ 0 AW,

24,104.8 (ms) 9! u,+v,'-v,"

24,125.3 (vs) origin Y,

24,180.9 (vvvw) 9. 12 Vg +1y =V, + V" Vs

24,208.5 (vw) 12! Vo* Y “Va

24,2598 (vw) 93 Ve+3 Uy =2y

24,286.5 (m) 9% Up +2V,~ Uy

24,310 .4 (m) 9. U, * u,'

24,389.7 (vvvw) §. is Uy + Vg *+ U~ Uy

24,4893 (vovw) 92 SRFEIN

25,187.9 (vwe) b 9} U, ¢V, + 2V =3,

25,216.7 (vw) L;; 9; v, +v" +v¢,' =~ .‘2'09"

25,243,2 (vw) be 9, v°+v."—v:

25,450,8 (s) b, W, + U,
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the absorption bah&a then follows from the &ssignment of the emission
bands. At shorter wave lengths the spectrum is overlapped by hot
bands arising from the lno ——p 1Tr" transition. The carbonyl mode
V', may be distinguished on the absorption continuum &s an intense

"

band at 25,450 em~) along with the combinstion \)o +V ; -l;
at 25,243 em=1,



THE THEORY OF THE ROTATIONAL <TRI

i ¢ L: The rotstional motions of a molscule are

E MD%’F ¥
dynamically balanced about three mutually perpendiculsr axes, (the
prineipal _Vaxaa) which pass through its centre of mass. These are
customarily labelled &, b, and ¢ in such a way that the moments of
inertia (the principsl moments of inertia), incresse in the order
Ia< Ib< I, The moment of inertia of 2 rigid molecule sbout one of
the prineipal axes is given by

Ia3, art (8.1)
where r, is the perpendicular distence from the axis, my the mass,
and the summation taken over all nuclei. The directions of these
axes may be obvious in molecules with high symmetry, since they
must coincde with symmetry axes or lie in symwetry planes, and the
moments of inertia in such cases cin be obtsined direetly from
equation (8.1); otherwise, they must be calculated by the method of

Hi rsehfeldern.

Molecules may be grouped into five categories according to

the relationships between the principal moments of inertia.

i Ia = Ib = Ie - spherical top
i1 Ia = O.Tb = Ie « linesr top
111 I.( L, =1, - prolate symmetrie top
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- oblate symsetrie top
- asymsetric top

The total angular momentum of &
rigid molecule may be represented classically by a vector Z. At
esch instant during molecular rotation, P® may be resolved into
components of angular momentum 2., I and D, along the prineipsl
axes of the mloéulo. such that

P2 = p2 ¢ p2 + p2 (8.2)
The elassicsl energy of rotstion is
el +2f 422 (83)
21, 2L, 21,

where T, Iy, #nd I, sre the principsl moments of inertia.

For the prolate symmetric top, case (iii),the sngular momentum
2‘ about the & aexis is conserved., From the fact that Ib = Tgv and
from equations (8.2) and (8.3) -

Eep o+ P2 . 1) (8.4)

21y, 21, 24
According to quantum theory the rotstional energy levels are
quantised and are restricted to eertain values. The squere of the
total angulsr momentum P° is quantised snd must equal J(J41)h2/47 2,
where J is the quentum nurber and may tske integral values.
Similarly, the componsnt of the angulsr momertum, P, along the top
 axis is quantised so that P2 = K°h2/U% ? yhers K is the quantum

number. The energy of the prolate symmetric top is given by
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B(3,0)=(J(34)n% + ni..iu_. - .1..91«2 (8.5)
o “’xb LT Ok TR

If the rotstional constants are defined as A = h2/87 ZeI, end
B = h2/8T zclb, the rotational term values (em~l) become

F(J,E) = BI(J*1) + (h=B)K2 (8.6)
Since ¥ represents a component of J slong the top axis,¥ cannot be

grester than J and may hove possible values
E= 0 oo ¥ (8'?)

Each level with a given value of ¥>0 is doubly degenerate.

The snergy levels for a rigid oblate top I, = L)< I, sre
given by

F(J,K) = BI(391) + (C-m)K? (8.8)
for fixed J; the energy, therefore, increases as X decreases, whereas,

for the prolate top the energy increases as ¥ increases.

In the asymmetric top, the two-fold degeneracy of levels
with the same volue of ¥ is removed, and for each value of J there
are 2J+1 different energy levels. For an asymmetric top, the
quantum number ¥ is not defined, since the angular momentum about
the a axis is not conserved, but if we suppose B to be incressed
gradually from P = C (prolate top) to B = A (oblate top), there should
be a continuous chsnge in energy of the levels. The lowest level
for a given J in the neareprolate top is the lowest level for the
same J in the neir.oblate symmetrie top and so on. Thus, the level

J =1, X = 0 of the prolate symmetric top must become the lower of
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the twe components into which the J = 1, ¥ = 1 level of the oblite
symmetric top split. Mwmbar@f’paga 45, showe the correlation
diagram 1illustrating this point. FRach rotstional level may be
identified by its J value and by the prolste and oblate ‘H values,
¥_1 &nd Ky to which it correlates in these limiting cases. Thus,
the level may be designited as JK—-. i L

Although ¥ 4is not strictly defined for an asymmetrie top,
for a nesr.prolste top we may still use equation (8.5) providing
the rotstional constant ® is repliced by the effective rotational
constint B = (R+C)/2. 4 convenient parsmeter thet messures the
asymmetry is K = (2F.A.0)/(4eC), which becomes -1 for & prolate
syametric top and +1 for an oblate symmetric top snd varies between
these two values for asymmetric tops. For propynal,K= .0.9(9 in
the ground state and K= .,984 in the triplet excited state.

Corrections are also needed to equation (8.5) for the effect
of centrifugal distortion. The energy levels of a non-rigid prolate
symwetric top are given by

F(J, =PI 341) +(A=-B)¥22D 2 ( 341) 2u I (341) 12Dy (8.9)

for & molecule which is & symwetric top in its ground and
excited states, the rotetional selsetion rules for a transition
directsd normsl to the a sris are

A JesQ, +] - perpendiculer bands

(8.10)
Af=+1

and when the transition moment is directed parallel to the top axis,



Ad=o, +1
" 7« perellel bands (8.11)

AX =0
The wavermmbers of the rotstional lines, in & spectrsl band sre
given by the difference between the term vilues in the ground ind
excited stotes as

Ve BB (L) (AR E2 (AnaB0) kP (8.12)
where the double primes are used to denote the ground stute and the
single primes the excited state,

Trensitions which occur between states with fixed vslues of

K' and %", sccompanied by the changes -1, 0, + 1 4n the total
quentun number J, result in the formetion of P, 0 and R branches.

¥ brench

ot = J . 1, Je w3 |

V=Y, +(FE) 2L (BT ) e v, (8.13)
¢ broanch

g = J, g® = g

V=v, +H{B1EN) I (BrT") I+ U, (Ba1k)
2 branch

Jt = J 4 1 A §

V=u | HELEO ORI B eV, (8015)
These brenches form & series of sub-bands when the guantum number K
changes by C,+ 1. Hach of these sub-hands mey be referred to an
origin, which is where the hypothetiesl J" = 0, J'= 0 line would
oecur. The frequencies for these subwband origins are given by the
equation

Vo= - (A%ap"))K? (8.16)
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for a parallel type band, and for the perpendicular band the

origins are given by
v = (4002 200K (((B0-(nB)E (8.17)

This approximstion is valid for large velues of the quantum number
¥. Propynal is 2 nesr prolate symmetric top in its electronie
ground snd excited states that we are considering, snd the
souations developed above for the rotational line frequencies were

used in the analysis of rotstional sub-bands with K> 3.

STATE: In the ground state
of wost non-linear pelyatowie molecules, the total sngul:r momentum
is & result of rotstional motions of the nuclei about the prineipsl
#xes. The unpsiring of the spins of two electrons in the 3 A" state
of propynal introduces additional angul: r momentum assoclisted with
the spin and orbital angular momenta of the electrons,besides the
angular momentum due to molsculsr rotation of the nuclei sbout the
prineipal axes. To describe the rotational energy levels in this
state, additional terms have to be introduced into the rotor energy

expression to account for the inerasction between these momenta.

The origin of the electronic angulsr momentum, and the spin
angular momentum is now considered using the vector model. In a
system composed of @ single electron rotsting in the central force
field of & single nucleus, the angular momentum of the electron may
be represented hy the vector 1, whieh, neglecting the effect of
“electron spin, is & well defined constant of the wmotion. Pesides this
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orbital wotion, the electron spins om an sxis through its centre of
mass with anguler wowentum represented by the vector g. Peciuse

of the orbitel mwotion of the electron of chirge e in the redial
elactrie field of the nucleus, there will be 2 magnetic field at

the alasctron normal to the plane of the orbit. In this field, the
magnetic moment associsted with the spinning electron, like a

small magnetie top., undergoes & larmor precession sbout the fisld
direetion. The magnetic moment of the electron can then align
itself either parallel or antiperallel to the magnetic field.

“hen the magnetic moment is aligned in the fleld direction, the
spin angulsr moment is dirscted antiparallsl to the orbital

anguler mowentum, snd the total angulir momentum Jd=1~s8. Vhen
the spin and orbitel angulsr momenta sre psrsllel to each other,

d =1 % 3, #nd the magnetic moment is opposed to the magnetic field.
Since the total energy of the system is lower when the spin megnstie
woment is aligned in the direction of the field, and higher when it
is opposed to the field dirsetion, the effset of spin anguler
momentum is to split the electronic stute inte two components, the
lower energy level of the doublst 1 - g and the higher level,

1+ 2. The splitting between the two stztes in the electronic doublst
is & funetion of the magnitude of spin-orbit coupling, which is a
measure of the strength of the megnetic field 2t the electron.

In a polyatomic molocule, the spheriecsl symmetry of the
alectric field which exists in =n stom is destroyed. 43 a

result, the slectronic angular momentum, &nd the rotationsl anguler
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momentum &re not conserved. The total angulsr mwomentum, excluding
the slectronic spin angulsir momentum, however, is approximstely
& constant of the motion sbout & spece fixed axis,

In the vector model, tha elsctronic angular womentum is
represented by the vector L, snd the rotational amhr womentum by
2+ The resultant § = I + L is referred to as the orbitsl angular
momentum vector. The component of } along the top axis, for a
symmetric top,is represented by the vector X. The total angular
momentum vector J is then the vector sum of Y and 3. ¥%hen there is
mors than one unpaired slectron, the spin angular moments of the
individusl electrons couple together; the sum of the vectors
repregenting the spin anguler momenta 1s denmcted by §. The resultant
spin vector J and the orbital.rotational vector § can only add to-
gether to give the total angular momentum vector U in accordance
with the following relstion between the guantum numbers defined by
d = (N8), (W48el) see (Ne8). DBocause the ensrgy corresponding to
each of these values is different, each stute with given values of
8 and N 45 split into 25+1 components.

Hionderson end Van Vleck snd Hendersor heve derived sn
sxpression for this splitting of the rotstionsl levels in asymmetric
rotor molecules having spin angulsr momentum. This theory hss been
aprlied to the rotational structure of the singlet-triplet bands in
formaldehyde by Robinson and DiGlorgic . Sinee formaldehyde is very
close to a symmetric top, the energy correction terms srising from
the spin angulsr mowentum were used by these suthors only in the
prolate symmetric limit. The trestment used by RNobinson and DiCiorgio



may be adopted in this investigstion, since propynal is also almost
s symmetric top in the ground state, snd is not expected to be

apprecisbly more ssymmetric in the excited state.

In the 2A" state of propynal the magnitude of the total
spin sngular momentum § is equsl to one (in units of h/27), The
total sngular momentum J can have three values, ¥ + 1, N, and } - 1
corresponding to each of the three spin components of the 3&* state,
From the equations of Hendsrson snd Van Vlieck the rotational term
values, Fy, Fp and Fy, {the subseripts 1, 2 and 3 corresponding to
d=H+1,d=Ysnd J =} - 1 respectively) for esch of the three
members of the multiplet are

By (RN ) (B E2e | A K2 4 el 2w | N3 mORad)
N(N+1) [ N(NeL) (28-1) (28+43) (8.18)

rp ()N + (AR A 12+ s [AR2 ¢ d3/2-2n(w)
H(aeL) | N(§+1) (2u.1} (28+3)  (8.19)

iae BRG 0

Fy (MK PN #(ABY KL A K2+ sl (=2) (W2)#| 2 22 + L i (
(2H.1) (2843)

H(N+1) B(§+1)

where M, ¢, and u, ave parameters which deseribe the megnetiec intare
setion between the angulsr momenta. These ares not the fundamentsl
coupling constants, although they can be related to the electrie dipole
and pseudoquadrapole constants by expression given by Robinson and
DiGiorgio. ‘

The corrections due to intersction between the moments are
small, and can be ignored to a first approximstion. The frequencies
for the rotational lines may be obtained ss3 the difference between

the term values for the ground snd excited states, PY(N!,XN')-Fr(N", K"},
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In the ground electronic state of propynal the spins of the electrons
are paired end the spin angular momentum is equal to zero. The
orbital-rotational angulsr momentum snd the total angular momentum
are equivelent, and the quentum number J" and N" are identical,
Disregarding the spin-orbit correection terms in equations (8.18),
(8.19) and (8.20), the term values for the ground and excited states
are given by

F(N,K) = BN(N41) + (A-B)E2 (8.21)
The frequencies of the speetral lines from the differences between

the term values ars,

J! = §1el

Py branch Nt = N2, N =N

V =V, H(BIB) N (JBRT) 2B + U, (8.22)
8y branch Ht = § wl, N" =H .

V=V (BB - (FE)N U (8.23)
31 briénch Nt = N B = N

V=U, HBCE) B BN 4V (8.24)
LN

P, branch Bt=H.l, N =0}

VU #(B BN (BN +V (8.25)
Gy branch Nt =N B* = N

Ve, +(BEONEEN ey (8.26)
Rz branch RtaN+1l, ™m=Y§

Y=y +(B-E")NP+(GRI-EM)N + 2B Y (8.27)
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Jr = N )
PB branch B = N, Rt =N
VoV, +(FF )N +(BE)N “V, (8.28)
13 NY = N+ ], N =N
V=V SO +(TFEN + eV, (8.29)
RB Bpanch ' = N +2, B =N
V=Y +@-F)NRH(5B-B)N + 63 (8.30)

These equations illustrste the faect that in thn»abatnoo of
the spin orbit enrrection terms, five branches can be present in the
rotational structure, which have the form of O, P, Q, R and 5
branches for the limiting ceze of a symmetrie top; the eorrslation

between the nomenclature and thet in equations (8.22) to (8.30) is

NI

P = Ql and P2

Q - %y G and PS
R = Rz and ga

8 = RB

When the spin-orbit correction terms in equations (8.18) to (8.20)
are included in the term values for the triplet staote, the sbove
coincidences are removed and 4n general, the full nine brenches can

occur for sach (K' ¥¥) transition.



CHAPTER O

ROTATIONAL ANALYSTS OF THE A" w-e 14t TRANSITION

L ANALYSIS OF THE (0.0) BAND NEGLECTING W.S COUPLING:

The upper portion of Figure 16 reproduces the microdensitometer profile
of the rotstional structure of the (0-0) band of the ~A" <mm 1A
transition in propynsl. This was photogrzphed in the first order of
the Thert Spectrograph, using a path length of 60 meters, and a
pregsure of 5 mm. Hg. for the sbsorbing gas as explsined in Chapter 5.
it the long wive length side of the central intensity maximum, which
occurs at 4144 Z, are a series of heads labelled Baw Hyo Ego wee
which extend to the red with increasing separaztion between successive
hesds. £/ complex structure with little sppasrent ragularity sppears
between the heads, and at the short wove length side of the band centre.
Only an approximate snalysis can be given for the rotastional structure
in this band, since individual rotitional lines could not be completely
resolved.

The wavenushbers for the eontres of the ¥ heads for HC=CCHO
and DC=CCHO are collected in Table 10, It is possible to fit these
to the equation

V= v+ eonstex X2 (9.1)

for values of ¥ between 3 and 15. Tt then follows, from equation

(8.16) that the sub-bands form part of the K structure arising from a

91.
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1c
11
12

14
15

2%,123.35
26,120.39
24,116.67
24,112.10
2,106 .80
24,100.65
24,093.56
24,085.85
24,077.19
24,067,687
24,057.72
24,076.74
24,034 .98

BCECCHO

24,147,97
24,145 .0k
24,1461.32
24,136.85
254,131,462
24,125,325
24,118,540
24,110.64
25,102,12
24,092.91
24,082.87
24,072.10
24,060 .61
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transition directed parallel to the axis; the molecule approximates
to a2 nesreprolate symmetric top not only in the ground but 2lso in
the excited electronic state. The observed polarisstion confirms the
pradictions given in Chapter 5 that & mixing by spin-orbital inter-
setion of the 3&” with Ty stete is primerily responsible for the
transition. Since the separstion between the adjscent sub-bands

ineraases as the wavenumber decreases, it follows that

(a0 = BY) (A" - B) (9+2)

The maxima assigned to the ¥ sub-structure result from the super-
position of many closely spaced rotstional lines, and mey be either
unresolved © branches, or heads in the other branches. If head
formation is responsible for these peaks, their positions would not be
expected to persist with such small deviations from the value calcu~
leted by equation (9.1) when extended to low values of ¥. Uence,
these peaks 2re most probably unresolved ¢ branches.

If rotstional distortion is neglected, the difference in
wavenumber between the origin of the X sub-bands :nd the origin of the
(¥ + 1) subband is

av, = a0 - 5 - r 2 )] Pera)?) -

-2 [w - B') « (a* - 'ﬁn)](m/a) (9.3)

The plot of the separstions of the origins A‘Q& as a function
of X is therefore 2 straight line. If (A" . B") is known, then
(A' « B') c=n be obtained from the gradient. The straight line should
intersect the ¥ axis st ¥ = -1/2.

Curvature of the line may be caused by non-rigidity of the

rotasting molecule. It follws from equstion (8.9) that the corraeetion
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thst must be added to esuation (9.3) is equsl to
(o - o) [{Kﬂ}i‘-yﬂw(z}‘; - D) (UK 46K +£41) (94)
and if 480 > Ex2+x+l, the expression reducaes to
-~ " 3 .
(1:»7"r Deyc (W) (9.5)

The plot of the sepsration of the centres of ¢ branches agsinst K
for the origin binde is shown in Figure 14 for HC:OCHO. This is
lineszr over the range ¥ = 3 to ¥ = 15, hence clearly showing that the
rotstional distortion is negligibly small. Deviation of the plot
from linearity is considerebly less than 1 em=l at X" = 15, so that
according to equation (9.5), lmi - Dy [< 8x 107° em-1,
Figure 14 also shows that the X" mwbering of the heads in
Table 10 is correct, since wvhen the line is extrapolsated it intere
asets the ¥ axis ot & vslue close to ¥ =-§, in sgreement with
squation (9.3) From the slope of this plot for HC:CCH0 and DCsCCHO
the zpproximete vilues are obtained in sccordsnce with eguation (9.3).
POZOCHO (A% w BY) o (A" o B*) 20,408 em™>  (9.5)
DOCCHO (20 = BYY w (A" o B%) =-0,502 om-1
¥ore accurate waluss for these differences were cbtained by fitting the
wavemarhbers of the heads in Table 10 to equation (8.,16) by a2 least
squares trestment. This ylelded the wvalues
HOOCHO Y = (24,126.86)# 0.12)~(0.4090 # 0.0007)E% ew~d  (9.7)
DE=CCHO V= (24,151.12)% 0.1%)-(0.4039 + 0.0014)X2 em-1
3ince the veluss of the rotstionsl const:nts in the ground state

are knoun from the microwave studiaa‘l. these equations give the excited



state values
HO=CCHO (A' = BY) = 1,704 em~1 (9:8)

DC=0CHO (A! - BY) = 1.6790 em-l

iecurate values for B' sre dif?iculi to obtzin, siace they
mast come from an analysis of the closely-spaced and incomplestely
‘resolved fine structure thst constitutes the sub-bands.
Unfortunstely, no theoretical investigstion has yet been made of
the relative intensity fectors for the rotational lines of a singlet.
triplet transition in an asymmetric top, and so it is not possible
to prediet which of the rotetional branches, squations (8.22) to
(8.30), appear prominently in the spectrum. However, in their
rotstional analysis of the corresponding (0-C) band in the singlet-
triplet system of formaldehyde, which has the same polarisstion as
the (0-0) band under investigation here for propynal, Hobinson and
Dlﬁiargi&n found that only the Py, Ry, Py and R3 brinches appeared
strongly. It is ressonable to assume thst the ssme branches will be
observeble in the case of propynal; the predietions in Chapter 5
indicate that only transitions to two of the spin components of the
triplet stats should appesr strongly, a2s in the case of formaldehyde.
In the latter molecule, the Ry and Py brenches were not separately
resolved, and appeared as 2 single G-type branch, which we here identify
as responsible for the peaks that generste the ¥ structure. The other
praedicted branches, Pl and RS' should heve the appearance of O~ and 3~

type branches respectively.
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Since the Q branch in each observed sub-band ls degraded to
higher wevenurbers, we cen expect that TV 27", and therefore head
formation only occurs in the O(=P,) branch. e sssume here that spin-
orbit intersctions are relatively small, and no evidence to the
econtrary appears in the spectrum. The condition for head lormstion
is @V /au=0, and vhen this is applied to equation (8.22), the
rotational constont for the upper state is chtained as

B= Br(an + 1) /(28 - 3) (9.9)
where !éﬂ is the velue al the head. 2 study of the obssrved rotstional
intensity distribution lesds to the expect: tion thet if the heads
oecur at N, LC, they should be detectsble in the spectrum, whereas
for larger values of Hy they should be too weak to be observed. o
such heads are observed in the s ectrum, and therefore it is possible
to fix & rough upper limit to E's If the values Y, = 40 and
Pr= 0,1555 em~l (otteined from the known ground state geometry) sre
inserted into equation (9.9), the value 7'= 0,1636 én-! is obttained,
so thet the sctusl velue of B'is expected to lie between this figure
and the ground state velue of 0.1555 em™',

Figure 15 illustretes the manner in vhich 2 clogser estimate
for Truas otftainod.A Yt'shm & portion of the rotetlionsl fine
structure extending to lover wsvenumbers from the X" = 10 (.brinch
maximum, & region that also contains lineshelonging to the ¥» = 11
and T" = 12 sub.bands. The fine structure is complex in appearsnce,
but nevertheless does show & regulsr pstiern of lines separated by
approximetely 4%, which is the spacing thet would be expected between

sucecessive menmbers of an O-type branch on the assumption Bt=0",
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The wavenurbers in the lines of the P, braneh in HC=UCHO
were gileulated for the range of possible values for Frand the
family of curves for W" = 0 - L0 were plotted as shown at the
bottom of Figure 15, These were positioned so that the ¥" = ( line
coineided with the high wavenumber sdge of ene of the ¢ branch
maxima, in this case having ¥" = 10; and vertical dotted lines
ordginsting upon the suspected O brench rotati-nal lines were found
to intersect the family of curves fasirly consistently st the value
BY = 0,1561 + 0,0007 em™l. ‘e may therefore accept this value with
some confidence, although it is impossible te achieve complete
certainty under the speetral resolving power whiech could be achieved.
A misassignment in the numbering of N by + 1, that could result from
uncertainty in the poaition of the sub-bsnd origin, would only

introduce an error of : 0.0002 em=l 4n the value of "5'.

2 similar determinstion for DCsCCEC yielded the value

Et= 0,1466 + 0,0008 cm~l,

“hen the moments of inertia for a planar asymmeirie top molecule
aps determined froéz the measured rotstionsl constants for a vibronie
bandm then there alwasys exists & small inertisl defact A in the
ralation

I,=L, =1, +A (amngz) (9.10)

is usually quite small; in gm ground state of HC=CCHO, l‘a = 7.4313
I, = 104 ,7467, I, = 112.3499 and A= 0,1718. If we assume thet

propynal is planar, or almest planar, in the excited stste snd that
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A cen be ignored, then the a&ymmtria top rotationsl constents B' and

Y can be caleulated from the formulue

Bt e L(AY . TY) + (002 4+ T ) (9.11)
Cr = (A +EY) o (A2 4+ B DN

Lhen the values of '« B' (9.18) and of L given above are

ingerted in these sguations, we obtain

HCFRCHO DC2CCHO
At 1.863 1.825 em-1
B 0.1649 2% L SR, |
e 0.1513 0408 -1

The rotationsl energy levels for the two combining electronie
stetes were calculated in asymmetrie rigid rotor a@pwximtim by
the method of Bennatti, Toss ond mllsnma & Pendix (15D computer.
The computer was prograszmed to caleulste 21l the rotstional term: values
from the rotationsl constants for velues of ¥ ranging from 1 -« 30.
The positions of the rotational lines in o™l were then obtiined as
the differences betwesn the term velues in the ground snd exelted
states, using the ssymmetrie rotor selsction rules for a transition
polarised along the a axis, together with the selection rule AN = 0,4 2
that generstes the 0, 7 and & branches. The 0 and »‘iﬁw\hr&mhaa wers
prosumed to have the seme relsitive intensities as in formaldehyde and
the intensity of the lines in esch branch to reich & maximum at N = 20
and to be negligibly small at ¥ = 40, in sccordance with the relstive .
thermal populations of the ground stste levels. The decresse in

intensity of the rotstional lines comprising séch sub-band as X
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increases was estimated from the intensities of the observed C
branch maxima, The resultant esleulated spectrum is shown in
Figure 16,

The assumptions that it was necessary to mike about line
intensities, in the absence of theorstical vilues, are fairly crude.
However, in any case, it is difficult to sveluszte the integrating
effect of the finite slit width of the spectrograph upon the
rotational lines, and 80 & close agresment between the obssrved snd
ecaleulated spectra cannot be expected. With these reservations, it
is seen that the two spectra are in fairly good sgreement. The
intensily maxima appear in aspproximaztely the same positions; at the
(E* = 0) band origin, s large number of strong lines appesar in the
caleulated spectrum which are unresolved in the central maximum of
the obgerved structure. The strong line appesring midway between the
observed K" = 6 and X" = 7 maxima is very likely caused by head
formation in a branch originating at K" = 1 that is seen to be con-
verging to lower wavenumbers. No intensity mexime sre calculsted to
appear on the high wavenumber side of the central maximum, and none

are indesd apparent in the spectrum,
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On the experimental side, the limiting factor that determined
the depth of this study was the avsilability of isotopie forms of
propynal in sufficlent quantity snd purity, since the weterial
. polymerised st room temperature and this process was ucecelersted by
the setion of visible and ultraviclet light. The infra-red spectrum
was determined for the three speseiss HC=COHO, DC=CCHO and HC=CCDO,
but only the Ramsn spectrum of liguid MCSCOHO was obtained. The
production of the singlet.triplet emission speetrum consumed large
quantities of propynal snd wes necessarily restricted to only the
apecies HC=CCHO, The low resolution absorption spectrum studies were
also confined to this wolecule, the DC=CCHD samples being ressrved for
obtaining high resolution absorption speetra of the (0-0) origin band.
The speecies HC=CCDO wie not availeble in sufficient guentity to £ill
the multiple reflection cell thit was used to detset the weak singlet-
triplet absorption bands. Oynthesis of this species was not attempted,
sinee the commercial firm from whom our sample originstad inforwed us
thet the prepsrastion his proved sxtremely difficult even for their
skilled orgeniec chemists.

The analysis of the infre.red snd Raman spectra provided a
satisfactory basis for analysing the emission spectrum of propynal.

Comparison of this with the s«bsorption spectrum of the singlet-triplet

103,
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system ensbled the origin band to be determined ind a reasonably
sstisfuctory rotstional anelysis of this bsnd has been carried out.
This snalysis shows that the obhserved polerisstion of the band

sgrees with thet predicted from theory for a BA" - 1 elactronic
trensition, and is different to that observed for the (0-0) band

in the corresponding singlet.singlet transition. Transitions to

only two of ths thres components of the excited state sre appurent

in the spectrum under high resolution, in agresment with the
observations that have besn made in the corresponding transition in
formaldehyde. Spineorbit intercotions asre relstively small in the
triplst state of propynal, and their effects could not be detected in
the spectrum. Although it wes not possible to determine sufficient
peramsters for the geomstry of the upper state to be csleulsted, the
wolecule remsine a near-prolate agymeretrie top (W =.0.984)in the
triplet state., The n —p» g* transition must be lurgely eonfined to
the esrbonyl group, and in a first spproximetion we may sssume thet
only this group undergoes chénges in geometry upon the slectronie
promotion. Iet us accept the vilue of C.1 X for the increment in
r(C:0), which has the value 1.215 Z in the ground stete upon ﬂxcitﬁtiuni
This is the velue for the extension in the singlet excited stete
obtained from caleulations on the intensity distribution of the V'

4
]
progreasion, and is close to the extension of C.092 ! accompanying
e7
the singlet-triplet excitstion of formaldehyde . T4 is then possible
to csleulate from our rotstional constamts that the CCO angle

decresses from the ground state velue of 123° by approximitely 4° 4n
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i05.

the triplet state of propynal, assuming that the remaining geometry
of the molecule is unchanged. However, it is quite likely that the

molecule is, like formaldehyde, none-plénar in the excited state .



1.
2.
3.
by
5.

7
8.

10,

11.
12.
13.
15,
15.
16.
17.
18.
19.
20.

21.

106,

RIBLIOGRAPHY

J. A. Howe snd J. H. Coldstein, J.Chem.Phys.23,1223 (1955).
C. C. Costain and J. R. Morton, J.Chem.Phys.31,389 (1959).

J. A, Yowe and J. H, Goldstein, J.Am.Chem.Soc.80,4846 (1958).
F. Willie and L. Saffer, Ann.Chem.liebigs 568,34 (1950).

¥. J. leonard, Fditor, Organic Synthesss, 36,66 (1956).

Jo T+ Bdeall end E. B. Wilson, J.Chem.Phys.6,124 (1938).

J. C. BEvans, J.Chem.Phys. 22, 1228 (1954).

J. K. Wilmshurst, J.Mol.Spectrose. 1, 201 (1957).

R. A, Wyquist and ¥W. J. Potts, Spectrochim.icta 16,419 (1960)

Gs C. Pimental and A. L. MeClellan, The Hydrogen Pond.
W. H. Freeman, San Francisco (1960).

J. R. Platt, J.Chem.Phys.19,101 (1951).

S. F. Mason, Quart.Rev.15,287 (1961).

v. G. Krishmé and L. Goodman, J.Chem.Phys.36,2217 (1962)

J. W. Sidmen, J.Chem.Phys.29,64l4 (1958).

Jo U, White, J.Opt.Zoc.im. 32,285 (1942).

B. Edlen, J.Opt.Soc.Am. 43,339 (1953).

G. W. King, J.Sci.Instr.35,11 (1958)

G. R, Harrison. ¥IT Wavelength Tables. Wiley, New York (1939).
J« H, Callomon, Proc.Roy.Soc.i 244,220 (1958),

R. W. B. Pearse and A, G. Caydon, The Identification of
Molecular Spectra. Chapman and Hall, London (1950).

Je C. D. Brand, J. ¥. Callomon and J. K. G. Watson, Can.d.
Phys.39, 1508 (1961)


http:J.Opt.Soc.Am

22.
23.

2k,
25.
26.
27.

2B.

107,

Jo O.Hirschfelder, J.Chem.Phys. 8,431 (1940),

G. Hergzberg, Infrared and Raman Spectra of Folyatomie
¥oleeules. Van Nostrand, “ew York (1945),

R. S. Henderson and J. H. Van Vleek, Phys.Rev.7h,106 (1948),
R. S. Henderson, Phys.Rev.100,723 (1955).

G. W. Robinson and V. E. DiGiorgie, Can.J.Chem.36,31 (1958).
V.E. DiGiorgie end G. W. Robinson, J.Chem.Phys.31,1678 (1959).

" 2‘?0 mm@tt. I. G« Ross and B, Js %XIEQ Jn&lc&%ﬁ'&”&@.
L,342 (1960)



	pg i362
	pg ii363
	pg iii364
	pg iv365
	pg v366
	pg vi367
	pg 0361
	pg 1368
	pg 2369
	pg 3370
	pg 4371
	pg 5372
	pg 6373
	pg 7374
	pg 8375
	pg 9376
	pg 10377
	pg 11378
	pg 12379
	pg 13380
	pg 14381
	pg 15382
	pg 16383
	pg 17384
	pg 18385
	pg 19386
	pg 20387
	pg 21388
	pg 22389
	pg 23390
	pg 24391
	pg 25392
	pg 26393
	pg 27394
	pg 28395
	pg 29396
	pg 30397
	pg 31398
	pg 32399
	pg 33400
	pg 34401
	pg 35402
	pg 36403
	pg 37404
	pg 38405
	pg 39406
	pg 40407
	pg 41408
	pg 42409
	pg 43410
	pg 44411
	pg 45412
	pg 46413
	pg 47414
	pg 48415
	pg 49416
	pg 50417
	pg 51418
	pg 52419
	pg 53420
	pg 54421
	pg 55422
	pg 56423
	pg 57424
	pg 58425
	pg 59426
	pg 60427
	pg 61428
	pg 62429
	pg 63430
	pg 64431
	pg 65432
	pg 66433
	pg 67434
	pg 68435
	pg 69436
	pg 70437
	pg 71438
	pg 72439
	pg 73440
	pg 74441
	pg 75442
	pg 76443
	pg 77444
	pg 78445
	pg 79446
	pg 80447
	pg 81448
	pg 82449
	pg 83450
	pg 84451
	pg 85452
	pg 86453
	pg 87454
	pg 88455
	pg 89456
	pg 90457
	pg 91458
	pg 92459
	pg 93460
	pg 94461
	pg 95462
	pg 96463
	pg 97464
	pg 98465
	pg 99466
	pg 100467
	pg 101468
	pg 102469
	pg 103470
	pg 104471
	pg 105472
	pg 106473
	pg 107474

