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INTRODUCTION

In this thesis the results are reported of an investigation of the
spectra of the three diethynylbenzenes, ortho-, meta- &nd para—Céﬂd(CCH)z,
and their deutcratcd'isotopes: The latter are;: para—CGHJ(CCD)z, para-

.C604(CCH)2, para-CbDa(CCD}:, meta-CbHJ(CCD)SQ ortho—C6D4(CCH)2 and ortho-
CGD4(CCD)2.

The diethynylbenzenes belong to a class of derivatives of benzene

which has received very little spectroscopique attention n the literature

1n the past. The analysis made here for the vibrational spectra of the di-

ethynylbenzenes leads to a better understanding of the internal bending modes

of the acetylenic and the analogous cyano groups. Previous differences in
the 3551gnménts of the far infrared frequencies of benzene deriv#tives with
these substituents a;e resolved 1n this study.

The ultraviolet spectra of the diethynylbenzenes are of special
interest, because of the strong conjugation in these molecules between the
ring and the substituents, as is seen from the present work and a review of
the ilterature. Two absorption systems are commonly observed in the ultra-
violet spectra of benzene andaxts derivatives at wavelengths larger than 200
nm. The diethynylbenzenes are unusual in that they display threé absorption
systems 1n this region. These observations can be explained qualitatively
in terms of the interaction of thg n~electrons of the substituent with those
of the benzene ring. These interactions are estimated quantitatively via
calculations on the energies of the excited electronic states. The calculated
and observed positions of fhé three absorption systems of the diethynylbenzenes
provide novel and essential information on the correlations between the higher

)

exciged electronic states of benzene and these of its derivatives. -



(

The geométrics of the aromatic ring in fhe ground and excited
electronic states o% benzene and‘Bubﬁjixutgd benzenes have 1nt;igued chemists
for many years and many publications have appeared which deal with this topic.
Yhe methods employed for elucidating this structural ﬁroblem are cxaminqd
crftlcally. Quantitative structural informataion is derived frdm the changes
in rotational constants for hydrogenic and perdeutero para—diethynylbe;zene

upon electronic excitation. Open-shell CNDO calculations are also used to | %}.

gain an insight into the changes that occur in the benzene ring geometry of

1

substituted benzenes upon electronic excitation. l%
Basic spectroscopic theory 1is not reviewed here. ‘The reader is referred

. (4
(1,2) g(3) (4)

to the texts on this subject by Herzberg , Kin and Varsanyi . These

are only referenced where specific information has been taken from them. Like-

4

wise, basic molecular orbital theory is not presented, but can be found in the

(5) (6)

-

texts by Parr and Dewar . Specific reference to these two sources is
made wh?re appropriate. Only those equations which are examined in detail are
§iven i% this study.

BN



CHAPTER 1

-~

The Ground State Geometrf of the Diethynyibenzenes

Introduction

- |

» 3 ~

) / .
In this chapter the ground syate geometries of the three diethynyl-

) .
. » . .
benzenes (DEBs) will be discussed. No structdral data is available for these
. - ’ > )
molecules. Therefore correlations are sought with the known structures for
the monosubstituted benzenes, fluoro-benzene ($F) and benzonitrile (¢CN).

B
E?

Three different structures havé been proposed for ¢F and two different geo-

metries have been suggested for ¢CN. The differences between these geometries
are determined by the position of the substituent-carrying C-atom, This =
nucleus is displaced towards the center of the ring in one geometry and in the

other, it 1s further from the center than in the undistorted benzene ring. No

-

unambiguous choice can be made between these two structures. The rotational.

constants calculated for these two structures differ slightly from the experi-

0

L] -4 .
mental values, while the geometry calculated from these experimental values 1s

.
somewhere in between the above two structures. '

This makes it possible to set upper and lower limits for the pa;éqgters

- ~ -
that determing the relative position of the subsfituent~carrying C-atom. This

-~

range includes the parameters for an undistorted benzene ring.
Extrapolation of these findings lead to calculated rotational constants
tor the DEBs with an uncertainty of about 0.5 to, at most, 1%. This uncertainty

1s of minor i1mportance in the succeeding chapter, where ratios of rotational

constants have been calculated. This uncertainty is important in the final

13

chapter where geometry changes upon electronic excitation will be calculattd

from differences in rotational constants. ¢

-



1.1. Estimation of Bondlengths

The bondlengths between two nuclei is the distance between tﬁggéjatéms
at rgstx IThis equi librium distance (re).can be found from_the rotational
structure of vibrational bands. This procedure has been followed for a few
small molecules. Bondlengths for the vibrationless ground state can be deter-
mined by microwave spectroscopy, crysiallographic analysis and electron
diffraction. The resulting effective bondlengths (ro) are different for ﬁ?‘
1sotopic molecules Fnd L bondlengths are usually chosen as values which fit ﬁm
best ali data for the isotopes studied. An improvement in the T dimensions -
can be achieved in éw& ways:

1. by taking into éanideration the zero-point vibrations(7a). The result-
ant interatomic distances (rz) correspond to the corrected average
distanéc between the nucleéi.

2. . by determining the position of a particular atom in a mo}ecule by

(7b)

isotopic substitution The resulting molecular substitution

structure (rs) is indeﬁéndent of the isogﬁpes studied. The ro bond-
. lengths are very neariy eguél to the r, &i;tances, where these are
available for comparison,
Bondlengths will be estimated below for the acegyienic (CCH) group, the bond
linking this group to the benzengfring and the bénzene ring itself (¢).

Microwave(s) and spectroscopic studies{g_ls) have shown that the

effective bondlengths of the écetyrenic triple bond and C—H bond occur in

l

" the following narrow ranges for any substituted acetylene: rO(C C) = 1.205

+0.003 R} ané'ro(c—-u) = 1.056% 0.004 A. The r_ values have been shown to fall

within the range specified for the T, bondlengths(lé). .The above values of

1.205 R'and 1,056 & have been used throughout this study.

te
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The effective bondléngth of the ¢—CCH linkage has been estimated as
1.44 £ .02 K(13). This range can be narrowed by comparing analogous CCH and

cyano (CN) compounds. Illustrative examples are given below(2’14).

-

r, = 1.458 r = 1.376
_HLC e ,1.4‘573 C=N\ H—C=C - C=C—H
r = 1.458 r, = 1,382
. H,C r = 1.459 C=C—H H—C=C T = 1.378 C=N
. .

Obviously a very small chi:ge in bondlength\occurs when a CCH group is
replaced by a CN group. This conclusion is supported to some extent by thel
nearly identical rotatioqal constants for ¢CN and ¢CCH.

A microwave study on ¢CN(15)'has resulted in a rs value of 1.455 A
for the ¢—CCH l?nkage: This value is very close to the T bondlengths in
acrylonitrile and propyne. It has geen assumed in this study phaé the bond
between the ¢ and CCH parts has a value of 1:455 R for ¢CCH aﬁb the DEBs.
Recently, however, the microwave spectra of.the isotopes of ¢CN were re-
examined by Casado et %ﬁ(16) and an improved T value of 1.451 & has been
proposed for the ¢ —CCH bond. The difference between this improved and the
origlnal\value is‘rather small. The above authors have estimated T, = 1.444
X for this bond. The difference beﬁ&een the r, and r, bondlengths is closely
related to the benzene ring geometry.

The effective C~C and C—H bondlengths of benzene have been estima-
red(?) as r (C—C) = 1.397£0.004 & and r (C—H) = 1.084%0.004 K.

The replacement of a hydrogen atom gy a substituent will be éccom;
panied by a change in t%e geometry of the ¢ ring. This change.will dépegd

on the nature of the substituent. In what respect a given substituent in-



(17) and

fluences the geometry of_%he $ ring is largely unknown. Only for ¢F
¢CN(15’16) have the r, structures been determined by microwave spectroscopy.
These studies have shown that for both molecules the unsubstituted pért of

the ring undergoes a very small change in geometry and that the substituent-
carrying C-atom is closer to the center of the ring compared to thé unsub-
stituted ring. This follows from the measured shortening by about 0.01 A of
the two benzengf C—C bonds that have the. substituent-carrying C-atom in common.

This shortening is accompanied by an incriase in the bond angle between these

two C—C bonds by 1.8° and 3.4° for ¢CN and ¢F respectively.

oI

The distortion found for ¢CN can also be expected for $CCH bec;use of
the similarities, outlined above, between analogous CCH and CN compounds.

Thas d;stortion can also be extrapolated to para-DEB, since opposite C-atoﬁs
are substituted.. For the latter éompound, a benzene ring is then predicgted
with four sh;rt and two long C—C bonds and an angle greater than 120° between
the two short bonds. This will be called the antiquinoidal structure.

It can also be argued, however, that the benzéne ring is distorted in
the typical quinoidal manner with four long and two short_C—C bonds. Aécord-
1ng to resonance theory, two CCH groups in para position give rise to increased
conjugation resulting in a quiﬁoidal structﬁre. The reference compound then
is para-benzoquinone in wnich the substituent-carrying C-atoms are further
éway from the center of th; ring cémpared with ¢ ahd in which the angle
between the adjacent C—C %onds has decreased to 118.6;(18).

This hypothetical quinoidal structure is not at all unreasonable if
a coﬁparison is made with the T, structure of ¢$CN/¢CCH. This T, structure‘
was found(lﬁ) t; deviate from a regular hexagonal benzene ring in a direction

opposite to the distortion found for the r structure. The distinction’

between the rS(antiquinoidal) and rz(quinoidal) structure is thus determined



by the in- or outward displacement of the substituent-carrying C-atom with
respect to ‘the regul&% hexagonal ring.

It will be clear that the geometry question hinges on the position
of the substituent-carrying C-atom. This position is'determined by the
following parameters: the benzene C—C bondlengths that ha;e in common the
substituent-carrying C;atom, the angle between these bonds and the length of
the bond between the benzene ring and the substituent. Numerical values for

~

these parameters'will be examined in detail in the next section for ¢F and
~ &

¢CN/oCCH.

1.2. Estimation of Rotafional-Constants

,Mﬁﬂr'.§£H%;

. It has been demonstrated in the precéeding section that the geometry
1s dependent on‘fhe particular s¢® of internuclear parameters used. A dis-
tinction should thus be made between the rotational constants calculated for
the T, T and r, structures. The estimation of the rotational constants
(and the geometry) of the DEBs would be greatly simplified if it could be
'shpwn that thefgxégggtants are very nearly independent of the sgt of inter-
nuclear parameters used. The rotational constants have been calculated for
the structures that pave been suggested for ¢F and ¢CN/$CCH. These calcﬁlated
rotational constants will be comparedlwith the effective rotational constants
as determined via microwave\spectrOSCOpy. The rotational constants have been
calculated by slightly modifying the computer program described by So(lo){
?—E- ) : .

Cvitas et 31(19) have proposed the T géom;try for ¢F given in Tablé
1.1, set I. (The numbering of the.C-atoms for ¢F is the same as defined fér
¢ééH in Fig. %.1.) The above authors arrived at this structure by assuming

that .substituents only affect the position of the substituent-carrying C-

-~ atom in monosubé;ituted benzenes. Of all possible structures those were

e
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chosen, that reproduced satisfactorily the &ffective.rotational constants for
variously para-disubstituted benzenes. Set Ii in Table 1.1 corresponds to the

~

T, structure as found from isotopically substituted fluorobenzenes. Set II1
£

-,
£

has been determined theoretically via a calculation of thé minimum ground state
energy in CNDO approximation by varying bondlengths and bond angles. The
details of this calculation will be discussed in a later chapter. /

. »
Table 1.1

Bondlengths (Rj and Rotational Constants (cm—l)
-
for Several Structures of ¢F

ry R 7, s rg A o (R L) Aem Yy Blem™) clem™h

I 1.397 1.397 1.397 1.319 121.0 0.1889 0.0858 0.0590

1I 1.383 1.395 1.397 1.354 123 .4 0.1887 0.0862 0.0592
III 1.397 1,365 . 1.395 1.348 122.5° 0.1906 0.0862 0.0594

The data in Table 1.1 reveal that the theoretical and substitution structures

are very similar and that the T, geometry is quite different from these. The
substituent—carrying C-atom 1is displac;d towards the cente£ of the ring by

0.012, 0.044 and 0.028 R for Set I, II and III, respectively, compared to an un-
distorted benzene .ring. The differences between these values are very large
in comparison with the differences in r and L values for simpler molecules(l4).
Cvitas et al(lg) do not claim a great accuracy for their strucfure (Set I).

The physical significance of the distortions 'suggested by these authors could

therefore be doubtful!

¢CCH a -
.t <

It has been argued earlier in this chapter that the geometries for

¢CN and ¢CCH should .be &éry nearly identical. This makes it possible to pre-
) By ki .
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dict the T, and r, structures for ¢$CCH. These and the corresponding rotatiéﬁal

constants have been tabulated in Table 1.2, together with an effecti;e and an

undistorted structure. The numbering used in Tablé 1.2 is as given ih Fig. 1.1.
Data Set I has been ébtained by So(lo) by matching the C—C bondlengths

to the effective rotational constants, assuming a slight, uniform expansion of
“»

the benzene ring. Set II is based on the (antiquinoidal) r_ structure of
¢CN(17) and the bond between the CCH group and 4 was assumed to have a length
of 1.455 R. Data Set III corresponds to the theoretical structure obtained

via a procedure analogous to the one used for ¢F. This theoretical structure

(12}

possesses typical quinoidal character and is thus similar to the T, geometry.

N Tal;le 1.2

Bondlengths (X) and Rotational Constants (cm_l)

for Various Geometries of ¢CCH

i 1 1

rl,z(ﬁ) r, ;B rg A 1) o) r7’8(;&) £.CCiC, Afem™™) B(em ) C(em )

T 1.4005 1.4005 1.4005 1.4325 1.205 120.0° 0.1888 0.0510 0.0402
II 1.389 1.396 © 1.397 1.455 1.205 121.8° 0.1892 0.0512 0.0403
III 1.405h 1.395 ° 1.396 1.423 1.209 118.5° 0.1900 0.0509 0.0401
Iv 1.397 1.397 1.397 1.455 1.205 120.0° 0.1896 0.0507 0.0460

The data in Table 1.2 show that the quinoidal (Set II) and the antiguinoidal
(Set 1I1) geometries do not reproduce the effective moments of inertia. So's

procedure (Set I) resdlts in a geometry in bgtween those in Set 11 and III.

~7

The position of the substituent-carrying C-atom is shifted by +0.035, -0.025,
and +0.018 & for Set I, II ;nd III-respectively, %n comRarison to a regular ¢
ring. The differences between these shifts are very much larger than analogous

differences for smaller moleculescll), This indicates that ‘these differences

ry n
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are of a procedural rather than a molecular origin. It is thus impossible
to make a physical signiffEant choice between the three structures discussed

for ¢CCH. As a result, the parameters that define xﬁé position of the/sﬁb-
—— J

stlﬁuent—carryiné €-atom cannot be quofed more accurately than.LégCIEZ = 120

+ 2° = 1.397 = 0.010 & and r = 1.44 + 0.02 K.

1,8

The data in Table 1.2 reveal that the calculated rotational constants

» T1,2

are nevertheless within 0.5% of the experimental values, using T8 < 1.455 X. R
This value was chosen on the basls of the original value for the an;?%gqus T g%
bondlength in ¢CN(15) . o

Data Set IV in Table 1.2 shows that the calculated rotational constants
for a regular hexagonal benzene ring and r1,8 = 1.455 & also reproduce the
experimental rotational constants within 0.5% error,.

We now proceed to discuss the rotational constants of the DEBs. These
constants have been‘calculated for para-DEB for the geometries given in Table
l.g. The numbering of the C-atoms is indicated in Fig. 1.1 and will be used R
throughout this study. ) . .

A comparison of the bondlengthsﬁand bond angles in Tables 1.2 and 1.3
" shows that Set 1 corresponds to the antiquinoidal T structure, Set II to the

quinoidal r, geomé;ry, and Set ITI to an intermediate, regular hexagonal ring.

The r_  structure has been determined theoretically for para-DEB also.

-

Table 1.3

i

. !
Bondlengths (K), Bond Anglés (Degrees) and Rotational Constants (cm )

for Several Structures of para-DEB

-1 -1 -1
rl,z(K) r2’3(R) rl’S(K) r7’8(ﬁ) £C,C,C, Alem™) Blem ) C(em 7)

I 1.389° 1.396 1.455 1.205 121.8° 0.1885 0.0238  0.0211

II . 1.406 1.395-- 1.423 1.209 118.6° 0.1899  0.0235  0.0209°

IFL  1.397 1.397 1.455 1.205 120.0° 0.1896 0.0234 0.0209
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The data in Table 1.3 cannot be used to sélec; a best structure, since the
rotational constants are not known for any DEB. The above discussion of ¢CCH
suggests that the rotational constants for. the DEBs can be determined within
0.5 to, at most, 1%, if a regular ring is assumed and all other parameters as
for Set IV. .

Finally, the assumed rotational constants for the three DEBs are
collected in Table 1.4 together with the asymmetry parameter x [=(2B-A-C)/(A-C)].
These constants have thus been calculated for benzene C~—C bondlengths of 1.397 s

X, a length of 1.455 R for the ¢—CCH linkage, an acetylenic triple bond of !

4

1.205.R, aromatic C—H distances of 1.084 X, acetylenic C—H distanfes of 1.056 EE
ey . ’
&, benzene bond angles of 120°"and acetylenic bond angles of 180°.

Table 1.4

Estimated Rotational Constants (cm—l) and” the Asymmetry Parameters

. for the DEBs
A (cm‘l) B (cm“l) C (cm_l) K
L
ortho-DEB 0.0684 0.0435 -  0.0266 -0.19
meta-DEB 0.0894 0.0300 0.0225 -0.78
para-DEB . 0.1896 #0.0234 0.0209 -0.98

The numerical values of x show that para-, meta- and ortho-DEB can be describeds
as a very near prolate symmetric top, a near prolate symmetric top and an asym-
metric top, respectively. .

Conclusions

In this chapter it is shown that a probable ground state geomqtry can
be estimated for ¢CCH, but it is too crude to distinguish between a slightly

quinoidal or slightly antiquinoidal ring structure. The main difficulty is

v e
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the location of the substituent-carrying C-atom. If this atom is positioned
in the middle of the above range, that is assuming an undistorted benzene ring,

the calculaﬁeq rota{iggal constants were found to differ about 0.5% from the

experimental values. Extrapolation of these results for ¢CCH to the DEBs

.

resulted in rotational constants with an uncertainty of 0.5 to 15%.

LY

In the next chapter rotational constants will be used to check the

analysis of the vibration spectra using Redlich-Teller product ratios. These

. contain ratios of rotational constants and can thus not be quoted in more than

il

two significant figures. In a later chapter, geometry changes upon electronic
excitation will be estimated from differences in rotational‘canstants'between
the ground and the e#cited electronic state. In order to be able to say any-
thing meaningful about the geometry of an excited electronic state, th;’differ—
ences in rotational constants should be larger than 1%. This conciusion is
thought to hold also for other substituted benzenes, for which the ground state

-

substitution structures have not been determined via microwave sSpectroscopy.

£

g
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CHAPTER 2

Experimental Work

2.1. Synthesis of the Diethynylbenzenes

4
Acetylenes are usually prepared by dehydrohalogenation of dibromides

5
or dichlorides of olefines with potassium hydroxide(“o). The halogen compounds

that yield the DLBs upon dehydrohalogenatiaon have been synthesized in three

different ways.

1. Bromination of divinylbenzenes

(21)

The method given by Hay
A commercial mixture of divinylbenzenes and ethylstyrenes.was brominated in
chloroform solution. On cooling‘1,4—bis(1,Z-dibromoethyl)benzene crystallized
out- and was recrystallized from chloroform. The pure material was dehydro-
brominated with KOl in tertiary butanol. The fesulting solid para-DEB was
purified by sublimation. The s;turated vapor pressure of para-DEB at room
temperatﬁre is 0.4 torr. The bromination residue contained 1,3-bis(1,2-di-

L)

bromoethyl)benzene and considerable quantities of dibromodiethylbenzenes from

‘the ethylstyrenes in the staxting material. The former compound was isolated

via recrystallization from ethanol and was dehydrobrominated according to the

!
process described for para-DEB. The meta-DEB thus prepared did however contain

some para-DEB that could not be removed by distillation. The presence of the
ﬁara compound indicated that 1,4-bis(l,2-dibromoethyl)benzene does‘not pre-
cipitate completely on cooling the Lrominated starting mixture of éivinyl- ’
benzenes and ethylstyrenes. A different route was therefore followed for
synthesizing pure meta-DEB (see below).

A small quantity of ortho-DEB was prepared.from 1,2-bis(1,2-dibromo-

ethyl)benzene by elimination of hydrogenbrpmi&e with KOH in t-butanol. The

-
A

14

was followed for the synthesis of the DEBs. Wk
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starting material was kindly provided by Dr. A. J. Leusink of the Institute
of Organic Chemistry, TNO, Utrecht, The Netherlands. The saturated vapour
pressure of ortho-DiLB was measured as 0.35 torr at room temperature.

2. Reaction of diacetylbenzenes with phosphoroxychloride

The pure meta compound was prepared from meta-diacetylbenzene,

D
according to the following scheme proposed by Watson(22)
0 W ‘ )
It POC% 3/DMF |1 £+ e Ho0
C—CHy) , . > C=C—C=N(CH), | —>

in dioxan

1,3-diacetylbenzene

Ce tl -
| | n NaOH/H»0
C=C~C=0), —> CEEC——H)2
- dioxan ,
1,3-bisfl-chloropropen- . 1,3 diethynylbenzene .
3-al)benzene - . ¢

-

The saturated vapor pressure of the pure meta-DCB was measured as 0.35 torr

at room temperature.

3. Reaction of phthaldehyde with CBr2==P¢3 ,

The synthesis of ortho-DEB was carried out by Dr: R. Bell in these

laboratories, starting from phthaldehyde and dibromomethylenetriphenylphos-

phorane (Cqu==P¢3).

. H C"H
— _ ‘e
C_§ CBro==Ps3 C=CBr»> 4 moles n-Buli, i{1»0 ¢
0 o RN
4 H o
61 C=CBr -70°C 1n hexane CSSC
g 2 —~H

The reaction product was isolated by vacuum distillation. The commercial

n-butyllithium contained hydrocarbons with a boiling point close to that of

ortho-DEB. The presence of) these impurities was evident from the NMR spectrum.

o
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[he above preparation was done on a small scale, so that only a small guantity
of ortho-DEB was available. The sample was vacuum distilled several times to
remove the impurities. The distillations were stopped when about 0.5 cc of

sample was left.

svnthesi1s of the deuterated DLBs

The acetylenic pratons were replaced by deuteratium atoms by stirring

=

a mixture of the following composition: 0.1 mole triethylamine, 0.05 mole DLB En
i =

and 1 mole of D->0. The deuteration ot acetylenic protons is base catdly:ed(“S).

In this study triethylamine has been used, because the DEBs are soluble 1n this 1%

Lewis base, whic? is immiscible with water., Lvery hour the DZO/”ZO mixture was
pipetted off and replaced wath tresh DZO' The degree of deuteration was followed
by recording the NMR spectra. It was found that four to five exchanges were
sufflcieﬁt to deuterate more than 95% of the, acetylenic protons.

The above procedure was used to convert para-CGHA(CCHz) {para-hg) into
para-Cli, (CCD) , (para-d2), meta-CcH,(CCH), (meta-hg) into meta-Cli,(CCD), J
“tmeta-ds). Oxltho—CbHJ(CCll)2 (oartho-hg) could not_be deuterated, because no
sample was'left of the original 0.5 cc, after recording the I.R., Raman and
U.V. spectra.

Ring deuterated para-DEB, para—Céba(CCH)2 (para-d,), was custom-

synthesized by Merch, Sharp and Dohme (Montreal). Perdeutero para-DEB (parh-

Jg) was prepared from this compound according to the exchange reaction described

-

above.
Ring deuterated ortho-DEB was prepared by Dr. R. Bell according to the
scheme: H
B
CH3 D:O/D+ CH3 Bro Cc r,
e 250°C/24 hrs. K hv s H
- = B
CH3 H 0 CH3 ‘ ‘ Cc T,
i H

. | .
Na-oxalate C—0C—CouH Hz0" ¢=0 .
> D ——> D
4 ~ ‘ 4 CH==0
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The succeeding steps, leading to ring deuterated ortho-DEB, are identical to

the reactions given above for the synthesis of hydrogenic ortho-DEB.

ot sample was obtained. The sumﬁle was distilled only twice, although the

-
y ,¥2
. . > ,\\ A
The above synthesis was carried out on a small scale and-about 1 cc¢ . ﬁgg?
v Ay
-y .
v::(-
U RRL
(

amount of 1mpurities was about equal to that present in the hydrogenic sample
recerved. After recording the l.R., Raman and U.V. spectra of ortho—Cébd(CCH)q

(ortho—dd) enough sample was left to synthesize and to record also the spectra

-~

of ortho-C604(CCD)2 (ortho-dé).

-

\

A. The infrared spectra

\

L

2.2, The Vibration Spectra . .
-

The in?rared.spectra of the isotopes of the DEBs were recorded with‘

a Perhin-Elmer 521 double beam grating spectrophotometer in the 250 to 4000
cm ° region. -The calibration of the instrument was checked by taking the
spectra of indene and cyclohexanone. The wavenumber accuracy of intense_sharp
bands in the spectra of the DEBs is about il cm-l and 2 to +5 cm*1 for broad
ﬁﬁd/or Weék signals. - ‘

The spectra of the liquid samples (mepa— and ortho-DEB) we}e recorded
with a variable path length cell with KBr windows. Two KBr plates (14 mm each)
were placed an the rcfefénce beam so that the strongest bands beloy 500 gm_l
could b? observed. The wavelength region from 150 ta 600 cm_} wés further
investigated using liquid cells fitted with polyethylene windows,. These
windows were rcpiaccd for each isotope. ’

The spectra of the isotopes of the solid para-DEB were recorded in’
€S, (500-1300 cm’ '), CCL, (1600-4000 en” !

hexane (below 600 cmhl). The spectra at frequencies lower than 600 em™! were

also recorded by spraying a thin teflon or Krylon coating over a thin layer of

the solid sample\oh 0.05 mm thigk polyethyleig. Blanks prepared similarly did

)

), CH,Ct, (1400-1800 cm™!) and cyclo- .



not show any, absorption below 600 em b, -

A Perkin Elmer 301 double beam érating spectrophotometer was used
to examine the region below 300 cmnl. The 'instrument was flushed thoroughlf
before use (48 hours with dfy N2 at a flow rate of 10 liters/min). Du;ing
runs a Jower Flow rate was used: The instrument(was equipped with a new Hg
lamp and a new (Golay detector. It was expected that the instrument could be

used down to 50 to 60 cm—1

in this condition. This is the instrumental limit
according to the manufacturer. It was found, however, that the available
energy is extremely low at wavelengths smaller than gbout 100 cm-l; The
spectra of the liquid samples were recorded using the ;bove mentioned
variable path lenéth cell equipped with polyethylene windows. The spectrum
of the para-ﬁtBs were recorded using polyethylene, as a support for a thin
layer of the solid sample coated with teflon. The spectra of the DEBs were
examined in the single beam mode. down to about 9Q cm_l. No absorptions were

-

found for para-DEB in the frequency range from 325 down to 90 Em;l, while two
© s1gnals were obsérved for meta- and ortho-DEB in this region (at 180 and 120
cmnl). Polyethylene showed an absorptibn&around 80 c:m'1 and the polyethylene
support was thereforé replacéé by TPX(24). Tﬁis is a new.polyolefine with a
transmission greater than 60% below 100 cm-l. Two miliimeter thick discs of
this material were kindly provided by Dr. J. B. Rose of 1.C.I., England. It
was impos%xble howeVe; to find any absbrption'below 100 cm-1 with this material
as a support for the solid ﬁara—DéB.. This result does not necessarily indicgte
that para-DEB does not have any absorption below iOO ém~l,nbecause of the ~

extremely low intensity of the Hg-arc in this region.

B. ‘The Raman spectra

The Raman spectra were recorded with a laser Raman spectrophotometer.
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The exciting radiation was provided either by the red 632.8 nm neon line from

a Spectra-Physics Model 125 He/Ne gas laser or by the greeﬂ S514.5 nm argon -
line from a Spectra-Physics Model 165 argon gas laser with variable output

from 20 to 900 milliwatts. The Raman lines were recorded on a Spex grating
monochromator unit with photoeiectric recording. The polarized laser light

was completely depolarized before it entered the monochromator. The latter

was calibrated using a Fe/Ne hollow cathode tube. The estimated uncertainty m

-1 -
in .the measured frequencies is %2 to %5 cm ~.

.

Initially the samples were sealed in pyrex capillary tubes. The

-a"i

sample was found to turn yellow rapidly at the spot where the laser beam was
focussed. This yellowish pol}mer (see below) raised the background radiation
to such an extent that the _weaker baﬂés of the saﬁpLe‘were obscured. The
polymerization was prevenied By using a spinning cell. This cell was made

from a 10 cm vycor flow cell with an internal diameter of 20 mm. The middle
part of this flow cell wae drawn out conically in a hot flame and provided

with a graded seal. The conical part and the lower part of the greded seal
were provided with an alumi;ium cover. A sleeve in this cover made it possible
to attach the cell to a rotary motor. No obéervaple polymerization oecurred

when this cell was used. -

2.3. The Ultraviolet Absorption Spectra

A low resolution survey of the ultrav1olet absorption systems of the
DEBs was carried out with a Cary Modei 11 double beam recording spectrophoto-
meter in the 200 to 350 nm region. The vacuum ultraviolet spectrum of para-
DEB was recorded photoelectrically in the range from 120 to 200 nm-using a
McPherson Model 225 1 meter double beam scanning monochromator. All these

/

spectra were recorded using 10 cm absorption cells.
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Very intense absorption systems were observed a} 260 and 180 nm for
para-DEB, at 245 and 220 nm for meta-DEB, and at 260 and 220 nm for ortho-DEB.
These systems are so intense that they could be recorded using 10 cm cells
filled to the saturated vapor pressure of the compounds at about -25°C.

The intense 260, 245 and 260 nm absorption sygtems of para-, meta-
and ortho-DEB respectively, were also studied with a llilger large quartz
prism spectrograph and a 1.5 m Bausch and Lomb model 11 spectrograph using
10 cm cells with the sample in the side arm at temperatures from -20 to -30°C.

Rl

An absorpt¥on system with discrete vibrational structure was photographed for

e;ch DEB in the 280 to 300 nm region, when 50 cm and 1 m cells were used filled '™
to the saturated vapor pressure at room temperature. In order to observe weak
bands in the above region, 1.53 and 6.10 m White type multiple reflection cells
were used. Pathleﬁgths varied from 3.6 to 360 meters.

High resolution spectra of the isotopes of the DEBs were photographed
ona 6.10 m Ebert plane grating Epectrograph in the second order. The second
order linear dispersion at the plate of this instrument is about 3.35 mm/A in
the region from 270 to 300 nm. The resolving power in second order is about
300,000. The slitwidths were chosen in accordance with the optimum calculated
values and varied between éO and 30 microns. The samples were contained in
the 1.83 m Whate-type multiple reflecti®n cell ‘at room temperature and the
maximal pathlengths used were about 100 meters (60 traversals). .

It was very difficult to photograph weak bands in the diécyete absorp-
tion sy;tems of each of the DEBs in the region from 270 to 300 nm, because of
some stray light at the plateholder. The'following adjustments have Qeen made

(25)

to the Ebert spectrograph, similar to the one described by King to

eliminate .this stray light. The standard procedure was followed to line up
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the external optics .including the 1.83 m multiple reflection cell.

1. -Baffle

After removal of the grating turntéb}e, the baffle (Fig. S,‘ref: 25)
was taken out. The lower rectangle was adjusted to a height of 16 mm, corres-
ponding to a baffle position of 76.2 cm from the entrance slit. The baffle
was next carefully placed in the proper position and the grating turntable
was replaced. Slight baffle adjustments were made until the grating image ES‘\
was: evenly illuminated. 1
2. Mirror

The increase in height of the entrance rectangle resulted in a dramatic
increase in stray light at the plate holder. In order to eliminate this stray
light, a strip of black cardboard (2.54 by 25.4 cm) was positioned horizontally
ovef the middle part of the mirror and was lowered gradually until Fhe grating
(top) was just not eclipsed. The prober position of the cardboard strip could
be determined easily by obéerving the zeroth order reflection. A similar pro-
cedure was followed with a cardboard strip at the bottom éf the mirror.- This
obstruction was moved upwards until the bottom part of the grating was just
not eclipsed.
3. After these adjustments were made,.no stray ligHt could be seen with the
nahed eye. Photographically, however, a slight fogging could still be observed
after prolonged exposure times. This light was removed completely by lowering
the grating turntable as much és possible (about 1.5 cm) by adjusting very
gradually the three long screws below the grating casing. This lowering made

it necessary to repeat the final adjustments of the cardboard strips (see 2).

2.4. Photography and Reduction of Spectrograms

The spectra were recorded using a 450 Watt high pressure Xg-arc. Kodak
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Spectrum Analysis No. 1 film was used inh combination with Kodak D-19 developer.
Film processing was done according to the recommendations by the manufacturer.
Exposed film was developed for 4 minutes at 20°C, except when it was necessary
to obtain a higher contrast for very weak bands. 1In this case exposure times
were halved successively and the development time was prolonged to 6 to 10 .
minutes,

[

The absorption bands, together with selected iron arc lines, were ‘ !

measured with a McPherson travelling microscope with a precision of 10_4 cm.

Al

A quadratic dispersion curve was calculated from the wavelengths of the iron
arc lines (M.I.T. tables). The wavelengths oé the bandheads were obtained
from this curve and converted to vacuum wavelengths. The accuracy of the
wave numbers so obtained was #0.1 £o 0.5 cm_l, depending on the sharpness of
the bands. The features in the origin bands of the isotopes of para-DEB were
measured several times from at least three different plates and then averaged
in order to obtain.a higher accuracy. The wavenumbers of extremely weak or
diffuse bands were measured from photographic enlargements of the spectra or
wcre measured by interpolation from microdensitometer tracings recorded on a
Joyce-Loebl Model Mh IIIC instrument. The rotational profiles of bands of
interest were recorded also on this instrument.

2.5. Polymerization of the DEBs

A yellowish tinge developed when the colorless, pure DEBs were kept

at room temperature. The color deepened with time on storage at room temper-

-

ature or on héating. para-DEB can be detonated with a hammer or by heating
to about 120°C. ,
After the U.V, absorption cells had been ﬁsed for a few hours, a thin,

dark yellow film was formed on the entrance window. A 10 ¢m cell, containing

,

O n'if‘
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some solid para-DEB, was pdrposely irradiated for a prolonged time. The para-
DEB that was not deposited on the windows was removed by evacuation of the
cell. No absorption bands could be founﬁ with this film,in the light path,
although the transmitted light intensity was markedly decreased. Similar
observations have been made for ¢CCH and have been ascribed to a polymeriza-

(10)

tion product This product was removed by So by heating the cell windows ﬁ&k

'
1

to about 600°C with the cell containing air.’ Recently the polymerization ®

product of ¢CCH and meta-DEB has been shown by Bracke(26)

to decompose in air
at 600°C. The above author found also that the polymer dissolved in chlorinated
hydrocarbons. .

In this study a U.V. filtér, between the light source and the absorption
cell, was used to cut down the amount of polymer formed. This was reasonably
effective for para- and_metaQDEB.‘ For ortho-DEB, however, the cell windows had
to be cleaned after irradiatiné the sample for a few hours. Also some polymer

was formed on the mirrors of the multiple reflection cell. This made it necessary

to re-aluminize them every few hours.



N . CHAPTER 3

The Vibrational Spectra of the Diethynylbenzenes

a

"Introduction -

The analysis of the vibrational spectra of the three diethynylbenzenes
(DEBs) is presented in this chapter. A total of forty-two normal frequencies
will be assigned for each DEB. The analysis isggreatly facilitated by sub-
dividing the normal modes of vibration into thirty benzene (¢) modes and six
modes for each acetylenic (CCH) group. )

The displacementg of the C and H nuclei are a basis for the irreducible
representations of the point groups to which the DEBs belong. This provides a
classification of the normal modes of vibration according to the symmetry‘

LY

classes of the point groups. This method of labelling the vibrations is very
helpful fgﬁ;the analysis.. It“does not make it possible, however, to discuss
the gen?éal features of the vibrational spectra. An '"in" and ""out-of-plane"
cléssification is more suitable in this respect, because there are only thirteen
out-of-plane vibrations for each relevant point group and most importantly,
these vibrations deﬁ}ve from the‘same benzene and acepylenic modes of vibration.
The twenty-nine in-plane vibrations are partitioned according to Varéanyi's
definition of radial and tangential vibrations (see below). -

The above cléssifications will be discugsed in detail in the first part
of this chgpter. Most of the material presented in this section is adapted
from Varsanyi's authoritative book on the vibrational spectra of benzene der-
ivatives(q).

Each of the above three gfoups'of vibrations (tgngential, radial and

ocout-of-plane) is hext considered in more detail from the point of view of

qualitative analysis, The infrared (I.R.) spectrum of every substituted
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acetylene derivative, .for instance, shows three characteristic intense bands

‘which correspond to the triple bond stretching mode and the acetylenic hydrogen
stretching and bending modes. The normal frequencies of three of the six modes
of vibration of the CCH group can therefore be predicted by analogy.. Likewise,
every benzene derivative has’beeﬁ found to possess a large number of character-

istic absorption frequencies. At least fifteen of the thirty fundamentals of
iz J

the ¢ part can be assigned for.each of the three DEBs by analogy with reported g
=S

studies on other benzene derivatives. .
Af?ér thé assignment of these characteristic absorptions, three groups
of vibrations remain for which the assignment is less certain, namely, the
(radial) in-plane bending modes of the CCH group, the (tangential) C—C
stretches of the ¢ and CCH parts, and, finally, the low frequency out-of-plane
vibrations. Each of these three main difficulties is fully discussed in
Section 3.1.A, B and C. In this way the analysis of the observed spectra does

not have to be interrupted with lengthy arguments on the above issues.

3.1. Classification of the Normal Vibrations

s
The classification used here for the normal modes of vibration of the

DLBs is based on the thirty benzene modes and the six modes for each CCH group.
The numbering of the thirty ¢ modes, as well as the accompan}ing displacement
diagrams, have been taken from Varsan}i and follow Wilson'; nbtation(4)g
The replacemént of two benzene H-atoms by CCH gkoups changes two in
and out-of-plane C—H bending modes [B(C—H) and Yy(C—H)] into two substituent-
sensitive in and out-of-plane bending modes [8(C—CCH) and Y(C—CCH)]. Like-
wise, two C—H stretching modes [v(C——CCH)]thgva to be replaced by two substit-
¢ .

uent-sensitive strétching modes [v(C—CCH)]. A total of six benzene vibrations

is thus changed into substituent-sensitive vibrations. For defining which

S
k)

<

-

~re
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benzene modes will be considered substituent-sensitive, a rule is applied
/ that is more gehg{?l than Varsanyi's conventions. This results in minor
di fferences in the numbering of the substiiuent-sensicive vibrations.
Definition: The C-atoms adjacent to the substituent-carrying C-atom have to
oscillate out-of-phase with respect ;anhe substituppd C-nuclei.

For some molecules two benzene vibrations satisfy this criterium.
These benzene modes were then considered substituent-sensitive, in which the
substituted C-atoms Were oscillating with the largest amplitudes.

The CCH group in ¢CCH gives rise.to six modes of vibration(27).
These modes are also_appropriate descriptions for the DEBs, although each mode
occurs twice in the latter. In one mode, the nuclei in the.CCH group move in
phase and in the other mode, they oscillate out of phase with respect to the
atoms in the other Céﬁ group. The following terms and lette;s will be used
for the épproximate description of the CCHLmodes: y(EG——H) for the';qetylenic
C—H stretching modes (A and B), B8(zC—H) and y (=C—H) for the in And.out—of—
plane acetyleni¢ C—H bending modes (E, F and I, J), v(C=C) for thé stretching
modes of the triple bond (C and D}, and, finaily, 8(C—C=C) and j(C—C=C)
will indiéate;the in and oﬁt-of-plane acetylenic skeletal bending moées (G, H
and K, L). The schematic displacement diagrams, as given in Fig..S.l,-have
next been used to classify the 42 normal modes of vibration in§o the symmetry
classes_of the point groups of the DEBs. The point gJGups for para-, meta-
* respectively.' An

and, ortho-DEB are given in Fig. 1.1 as D2h’ C and C

2v

asterisk is usually added to the point group of ortho-disubstituted ben:zenes,;

2v

to indicate that the two-fold symmetry axis bisects opposite C—C bonds of the

$ ring instead of passing through opposite C-nuclei. The conventional number-’

ing, also given in Fig. 1.1, reveals that the Y and Z axes for meta-DEB corres-

(4,28)
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popd to the Z and'?‘axes respectively for ortho-DEB. This interchange results
in different symmetries for the same benzene mode for ortho- and meta-DEB.

Benzene mode 4, for instance, falls into the b, symmetry cilass in the C

1 v point

2

‘group and in the a, class in the CZV* point group.

The symmetry, designation, frequency and approximate description of all
2 modes.of vibration for the three DEBs have been collected in Table 3.1. This
information is reorganized 1in Table 3.2 according to the‘*spectroscopic conven-
tion of listing and numbéfing the vibrations in order of decreasing symmetry and
frequency. This table also contains the abbré&iétions R, T and O, The symbol O
stands for out-of-plane vibration. There are 13 such modes for each DEB. The
rema;ning 29 in-plane vibrations have been split into radial (R) and tangential

()

(T) modes of vibration Radial modes involve only displacements along the

lines connecting opposite nuclei of the benzene ring, while tangential modes
are characterized by displacements perpendicular to these lines.

The three criteria applied above for subdividing the 42 vibrations will
be used in the next section' to find the characteristic ¢ and CCH vibrations.
The tangential modes will be dealt with first, since these are easiest to under-
stand.  The radial modes will be discussed next and they will be found to be
more complex. Finally, most difficulties will be encountered for the out-of-
plane vibrations and 1t will prove very fruitfulf to examine the out-of-planggﬂ"

modes of ¢$CCH and ¢CN.

A. Tangential vibrations

There are in total 15 tangential vibrations, namely 3, 14, 15 and the
degenerate pairs 8, 9, 18, 19, E and F, and G and H. The approximate displace-

ment diagrams for these modes have been depicted in Fig. 3.1.A.

,

The .four acetylenic modes E,'F, G and 1l will be distussed first. The

-
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The symmetries, descriptions and frequencies of the benzene and acetylenic

modes of vibration,

Design. ‘ v
1 993
2 3073
3 , 1350
4 707
5 990
6a

606
6b
7a

3056
7b <
8a &

1599
gb #
9a

1178
9b
10a

846
10b
11 673
12 1010
13 3057
14 1309
15 1146
16a

404
16b

An asterisk

Dbh
élg

alg

indicates a substituent-sensitive vibration.

DEh LZV
:lc a]
a a
& !
b»5g * b2¢
ng b,
*
b2g by
ag 81
ag* al
*
b3g b,
ag ay
ng bso
ag al*
ng b,
1g a2
b,y b,
b3u b1
b1y 1
» *
blu e
b2u b2
* *
b2u bs
au as
bESu .bl

a)

a)

az

Description

T v{C—C)
v (C—11)
B (C—H)
¢ (C—C)
y (C—H)
x(C—C—C)
v(C—I1)
v(C—C)
g (C—H}
y (C—H)
y (C—H)
a(C—C—C)
v (C=-H)
v(C—C)
8 (C—H)

$(€—C)

.*-iﬁ‘ggg Bg%
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Table 3.1 (cont'd.)

Design. v Dﬁh D2h sz- CZC Description
17a a a* ap
u
967 yy y (C—H)
17b . b3U b1 * bl *
18a b an b,>*
- \ lu t <
1037 Clu # (C—11)
- 18b qu b, ay
19a b a) b»s
lu - .
( 1482 ey _ v (C—C)
1.)13 qu b? 31
=0a b ay b,
3064 1y lu w(C—11)
20b b,,u b, a,
A a a) ay
3300 g v(iC—il)
B bIU bQ bz
C a a) ay
2100 g v(C=C)
D blu b2 b2
E b b2 ba ’
650 38 B(-C—H)
I b2u a)] a)
G b, bs by
500 vE R(C—C=C
H b, ay a)
I b bj b,
650 3u - y( C—H)
J b’g an dn .
K be ar az o
500 y(C—C=C
L b b; by
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Table 3.2
The classifications of the normal modes of vibration

of ortho-, meta- and para-DLB

% sara-DLB (Do) meta-DER (Cay) ortho-bEB (C>,*),
| A vl C—ID R A u( C—1) R - A u( C—ID R
2 L2 (C—ID R 20a . (C—Il) R 2w (C—H) _ R
3 C v (C.2C) R | 2 W(C—H) R | 20b (C—H) R
1 84 v(C—C) T 7a vw(C—H) R | C w(C=) R
; 1 s(C—cCcly R Yy )¢ T R ' 8a v(C—0) T
~9a S (C—ID T 8a (C—C) T L 19b W (C—C) r
Y1 w(C~CCHY R 19a +(C—C) T |14 (C=0) T TN
L ba (C—C—C) R} 13 w(C—cCcH) k™ 7a w(C—CCly R 1 Bz
T10a vy (C—ID) 0 byg | 18a «(C—H) T 9a B{C—1I) T \
[ 10D y(C—ID 0 12 v (C—C) R 18b 8(C—H) T
a (c—0) 0 I o(C—CCH) R 1. v(C—CCnD R
L7y (C—=1D) 0)bog F 8(=C—H) T P p(:C—H) T
K y(C—C=0) oz H r{(C—C=C) T H g(C—C=C) T
5 y(C—CCH) O l 6a 1(C—C—C) R 6a a(C—C—C) R
b v(C—H) R 9a ’(C—CCH) R ] 15 B(C—CCH) T
8b v(C—C) T 10a y(C—H) 0 17a y(C—0) )
3 8(C—H) T J y(:C—H) 0 10b y(C—H) 0
6b a(C—C—C) R b3g | lba #(C—0C) 0)ay a4 $(C—C) 0]
L g( C—1D) T K y(C—C=(C) O J y(.C—H) o 2
G 3(C—C=0) T]l 17a y (C—CCl 0 l6a $(C—C) 0
9b 8(C—CCH) T 5 y(C—H)~ 0 K y(C—C=0() oz
I 17a vy (C—H) oM 10b y (C—H) 0 5 y(c—CcH) ©
| _loa $(C—C) 03 |11 y(C—iD) 0 Ty (C—ID o %]
B uw( C—H) R F 3 e (C—0) 0 10a y{(C—H) 0
20a v(C—ID R I y(EC—H) 0 ! I vy {(:C—H) 0
D~ (C=C) R 16b &(C—C) 0( 16b 3 (C—C) o( 1
1a v(C—C) T by L y(C—C=z==C) O L y(C—C=C) O
13 o (C—CCH) R 17b y(C—CCH) o) 17b y (€C—CCH) o\*__
18a #(C—H) T B v(-C—H) R 4 B v(:C—H) R
3 12 v(C—CCH) R 20b v (C—1iD R 20a v(C—H) R
31 20b v(C—1H) R D v(C=0) R 7b v(C—H) R
32 19b v(C—C) T 8b v(C—C) T D v(C=C) R
33 14 v(€C—C) T 19b v(C—C) T 8b v(C—C) I
34 15 R(C—H) T bay, 3 B(C—H) T 19a v(€C—C) I
38 F o A(:C—H) T 14 v (C—C) T, 3 B(C—H) Uy
30 H 3(C—C=0 Tj 9b g(C—1) T ¢ I3 v(€E—CCH) R 7
37 4| 18b 3(C—CCH) T 18b 8 (C—H) T ‘9b B (C—H) T
38 1T Yy (C—H) 0 7b v(C—CCH) R 12 v(C—CCH) R
39 I y( C—ID 0 E p(:C—H) T £ B(:C—H) T
30 leb ¢(C—C) 0)bz, G B(C—C=C) T G B8(C—C=C) T
11 L y(C—C=() 0% 6b a(C—C—C) R 6b a(C—C—C) R
42 17b y{(C—CCH) O 15 B8(C—CCH) T 18a B(C—CCH) 1




Fig. 3.1.A.

Schematic representation of the
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tangential modes of vibration.

B
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B(zC—H) fundamentals E and F are very éasily recognized in the I.R. spectra

by very “intense bands around 650 cm—l. The B(C—C=C) fundamentals G and H

-

are characterized by weak or medium intense bands around 500 cm_1 for aromatic

(27) (1,29)

. acetylenes and around 350 cm-r for aliphatic acetylenes

The remaining modes derive from benzene vibrations. These vibrations
are numbered differently for each DEB and therefore approximate descriptions

w%ll be used, such as B(C—H). The normal frequencies of the four B(C—H)

o ' ' s 4,30-34
.modes occur in narrow wave number ranges for analogous ben:zene derlvatlvesg ?

Thésé vibrations can thus be assigned é¢asily by analogy. The same procedure 0

-

can be followed for the C—C stretching modes [v(C—C)] 8 and 19, that occur.
also in well defined, narrow frequency ranges. The cyclohexatriene or Kékulé

vibration, mode 14, is usually very hatrd to find in I.R. spectra, For ortho-

- Al /
DEB this mode.falls into the totally symmetric cldss and corresponds to a

strong polarized band in the Raman spectrum. In the I.R. spectra of para-

L]

and meta-DEB, a weak signal occurs in the same region. This absorption has

e

been assigned to the Kékulé mode by analogy.
The remaining two tangential vibrations are the, in and out-of-phase

bendfng/modes of the whole CCH group. The corresponding B(C—CCH) mode for
A .

4CCH and the B(C—CN).vibration for ¢CN, have been assigned in a number of

Y -

(27}

wuys: King and So have agreed with the value of 350 cm_1 proposed, by

Evans and Nyquist(ss). Padhye and Rao (36) however.preferred a value of 164
(37

cm . This assignment has been sdpported by Danchinov et al on the basis

of normal coordingte analysis. The latter authors predigted a value of 194
em™ ! for the 8(C—CN) fundamental of ¢CN. Jdg%bson(éé)_on the other hand has

proposed the value of 380 cm-l for ¢CN,'becausé the spectra of several

aromatic nitriles show a characteristic medium intense absorption around 400

» . . -~
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-1(39 ‘ . . .
cm 1( ). All these assignments have in common that a medium intense band

is chosen far the bending mode of the whole CCH/CN group.
In this study a total of six 8(C—CCH) fundamentals have been assigned,

for each DEB two. The (four) nontotally symmetric B(C—CCH) vibrations were

found-to correspond to very weak I.R. and Raman bands around 400 em™l.  The

totally symmetric B(C—CCH) vibrations for ortho- and meta-DEB have Dbeen

positively identified with the polarized Raman bands at 440 and 456 em™! res-

pectively. These assignments are supported by the weak and very weak signals

1 for a number of para-disubstituted benzonitriles(ao) in

found at 390+30 cm”
addition to the medium intense band in this region. The latter characteristic
fundamental will be fuéther discussed in Section 3.1.C., where the far I.R.
spectra of ¢CCH and -¢CN will be re-examined.

It éan be stated conclusively fhat some difficulty was encountered

only in the assignment of the two tangential B(C—CCH) modes.

B. Radial modes

Fourteen radial modes of vibration can be distinguished for\each of
the DEBs viz. 1, 2, 12; 13 and the degenqrate pairs 6, 7, 20, A and B, and
C and D. The schematic diagrams for the;e vibrations are given in Fig. 3.1.B.
The four acetylenic modes can be readily assigned. The v(:C—H) modes

-1(1,29)

A and B are always found around 3300 cm and are very intense. The

v(C=C) modes C and D always occur at 2110%5 cm-l and are weak to medium

7 - -
intense in the [.R, spectra(l’”9’41). The ten remaining radial modes will be
o ) .
referred to below by their approximate descriptions. The four v(C—H) modes

o ©-1(4,30-34
(2, 20a, 20b and 7a or. 7b) are invariably found at 3050%40 cm 1( ? 0 ~ l.

Only overlapping bands can cause problems in this region. The two v(C—CCH)
) o ‘
vibrations (13 and 7b or 7a) cannot be discussed separately, because of the

. . /
» ; °
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g . Schefmatxc representation of the radial modes of vibration
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N\

coupling of these modes to the benzene v(C—;C) vibrations 1 and 12. This

interaction can be explained best by analogy to the coupling occurring for

(

9CCH. Nyquist and Potts 29) have reported that the C—C=C stretching mode

1s found always from 900 to 960 cm,~l for a large number of alkylacetylenes.

(27,35)

-

However, ¢CCH does not show the expected absorption in this region
This can be explained by a coupling to the ¢ modes 1 and/or 12. These fwo

vibrations occur around 1000 cm-l too and involve also mainly displacements
“
~
of C-nuclei. The same coupling of radial C—C stretches is possible for meta-

"

DEB. A considerably simpler interaction should be found for para- and ortho-
DLB. For these molecules the vibrations 1 and 7a are totally symmetric and
the vibrations 12 and 13 fdll into the same nontotally symmetric class (see

Table 3.2). The two totally symmetric modes have been found readily froE;the
(30) e

Raman spectra, by analogy with the Raman spectra of the xylenes and

(33’34). The above vibrations were observed in this study, around

»

fluorobenzenes
1200 and 800 cm—1 in.thé Raman as well as in the I.R. spectra. The sum of the

~

vbserved frequencies is equal tﬁ the sum of ¢ v(C—C) mode (1000 cm-l) and the

 (C—C=C) mode for alkylbenzenes(zg) (950 ém—l). This supports the above

arguments to some extent, |

This coupling could be much more complicated for monosubstitution .
and meta-dlsubst}tution becauselthe totally symmetric vibrations 1 and 12
can both interact with v(C—-CCH).‘ Fortunatel&, a strong polarized band is
alwayg found_ip the Raman spectra at 1000+10 f.:m_1 for ali mono-, meta- Pnd
l,3,5>substitufed benzenes. Th&s result is readily explained by Whiffen's
disﬁlacemen} diagram for the ¢ mode 12, in which only the C-nuclei 2, 4 and

(42)

6 oscillate with sizeable amplitudes’. . These C—éioms do not carry a

substituent in mono-, meta- and 1,3,5-substitution and the frequency of
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vibration p (mode 12) is therefore constant.

This implies that vibration 1 couples with v(C—CCH) in the same way
as found for the other types of substitution and that we should find the un-
perturbed, nontotally symmetric v(C—CCH) mode for meta-DEB around 950 cm—l.
Finally only vibrational pair 6 is left to discuss. An inspection of the

approximate diagrams in Fig., 3.2.B., reveals that the C-nuclei 1 and 4 have
¥
zero amplitudes for vibration 6b. This vibration should thus be found very

close to the benzene value of 606 cm™! for both ¢CCH and para-DEB. Vibration

6b has been found for ortho- and meta-disubstituted benzenes anywhere from 300

-1(4,30-34)

to 500 cm Likewise, vibration 6a has been found to ogcur also

within a rather wide frequency range. The assignment of vibration 6a is

C——

simplified by the fact that this vibration is one of the two or three totally

symmetric vibrations below 600 cm_l. This completes the discussion of the .

-

radial modes.

C. OQOut-of-plane vibrations

The out-of-plane vibrations--4, 5, 11 and the degenerate pairs 10, 16,

17, 1 and J, and K and L--are schematically represented in Fig. 3.1.C. All

thirteen fundamentals have been found at frequencies below 1000 cm°1 for

benzene and all its derivatives(4’39-34).

The frequencies of the four y(C—H) modes can be assigned readily

with the help of their summation bands. For para- and ortho-DEB the assignment
[ 4 )

of these bending modes has been facilitated by the frequency shifts that occur

upon ring deuteration. The summation bands of the‘y(C——H) vibrations occur in

the 1.R. in the region from 1600 to 2000 cm'l, the so-called "finger-print"

region*®) . The skeletal benddng mode 4 is the only other benzene vibration
' . 4,30-34
that has been assigned by analogy wi th o;her,substltuted.benzenes( ).
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Schematic representation of the out-of-plane modes,

Fig. 3.1.C.
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This fundamental is found at 70025 cm ® for the three DEBs

The fundamentals of the y(C—H) and ¢ (C—C) modes of vibrétion are
thus found at frequencies h%gher than 600 cm_l. The remaining out-of-plane
ben:gne vibrations occur below 600 cm-l, as well as some tangential and
radial modes (see above). This regiéﬂ should thus be rather crowded.
| The I.R. spectra of all CCH compounds recorded in this studyw showed
very strong bands at 640 and 615 cm-l. The same pattern was found in the
I.R. spectra of liqu}d ¢CCH(27). The high resolution I.R. spectra of ¢CCH
vapor have revealed that the B(=C—H) and y(=C—H) bending modes that corres-

a7

pond to these absorptions are strongly Coriolis couple Unfortunately,

the vapor pressures of the DEBS were too low for recording vapor phase sﬁectra.

It has however been assumed'that the I.R. active acetylenic Hydrogen éenaing
modes of the DEBs are also Coriolis coupled, because of the similarities
between the liquid phase spectra of ¢CCH 'and the DEBs. These bending modes
will be fully discussed it the next ;ection. ‘

' Six out-of-plane vibrations are left unassigned at,this point for

each .DEB. Thése vibrations are indicated with curly brackets in Table 3.2.
It is readil¥¥ seen there that a g?ouﬁ of three similar but-of-plane vibrations
is found five times for thé three DEBs. The vibrations in question are the
.benzene skeletal bending mode 16, the aéetylenié skeletal Bending mode
y(C—C=C), and the y(C—~CCH) mode. The'éaﬁe group of three vibrations occurs
for ¢CCHj 22,vo3 and vyy,) and thé fundamentals have been assigned to absorp-
tiens at 530, 349‘and 162 cm-l(27). A similar battern of absorptions has been
. i .

observed a total of four times in the spectra of ortho- and meta-DEB. For

' para-DEB, the bands at 530 and 350 cm'1 were readily identified in the I.R.

spectra. The absorption corresponding to the out-of-plane bending mode gf
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the whole CCH group, however,‘cguld not be found above 100 cm—l, the practical
lower limit of the Perkin-Elmer instrument used (see Chépter 2).

The Raman active group of three vibrations of para-DEﬁ is split into
two acetylenic vibrations with bZg symmetry and mode 16a is seen to have a,
symmetry (see Table 3.2). The displacement diagram in Fig. 3.1.C. for the
latter mode reveals that the C-nuclei 1 and 4 have zero amplitude. The fre-

duency of this vibration can therefore be assigned the value of 4005 cm—1 by

analogy to ¢ and ¢CCH(4’27).

A strong band with the lowest frequency in the ~
Raman spectrum of para-DEB was found at 197 cﬁ—l and has been assigned to the
y (C—CCH) mode with ng symmetry. The other low frequency acetylenic mode
with b2g symmetry has been assigned to the next lowest frequency band with a
medium intensity. This signal did not occur around 350 cm'l, but was found as
hlgh as 477 cm_l. It is important to note that the frequencies of this
characteristic group of three vibrations add up to the same total in all cases
mentioned. This indicates that consiqerable inperéction occurs between these
three vibrations if they fall into the same symmetry class.

It is interesting to note at this point that the in-plané skeletal
bgnding'mpde for ¢€CCH occurs at 513 cm-l, while the "pﬁre" (C—C=C) mode
for para-DEB occurs at 477 cm'l. The skeletal bending modes of the aliphatic

molecules CH,CN and CH,CCH have been measured at frequencies of 360 and 330

3 3
cm- respectively(l). Also, thé species CCN and CNC show bending modesﬂ
around 325 cm—l(l). The same values have thus been found in the I.R. specﬁra
of ¢CCH aﬁd the three DEBs. ‘It is suégested, therefore, tha% the benzene
skeletal bending mode 16b--in which the C-atoms 1 and 4 oscillate with large

aﬁplitudeé--is coupled strongly to the Y(C——CEEC) and y(C—CCH) modes. This

coupling is responéible for the high value of the normal frequency of mode 16b, -
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i

the low '"aliphatic'" value for the y(C—C=C) mode and the low value for the
bending mode of the whole substituent. The descriptions ¢(C—C), y(C—C=C)

and y(C—CCH) indicate; at best, the general features of these coupled vibra-

tions. .

The above arguments are in accordance with the assignment for this’

(38)

characteristic éroup of three vibrations for ¢CCH. Jacobsen , however,

has assigned to this group in ¢CN the frequencies of 550, 170 and 160 cm—land

a medium intense band at 380 cm—1 was associated with the B(C—CN) mode. . It

P i

is proposed here that the group of three puB-of—plane vibrations should be e
assigned'to the absorption bands at 550, 380 and 160 cm-l. This shggestion
introduces two difficulties, namely, the band occurring at 170 cm_1 has to

be explained, énd the B(C—CN) mode has to be assigned to some other band.

The latt;r (tangential) mode has been discussed already in Section 3.1.A. It

was seen there that this band probably occurs around 400 (:m_1 with a rather

(40)

low intensity It is thus not unreasonable to aésume that this weak signal
is obscured by the more intense y(C—C=N) fundamental.

The other difficulty--the occurrence of two bands very close in
frequency--can pest bé explained by examining the Raman spectra of the following
closely related molecules. Jacobson(38? found a shoulder at 170 c:m_‘1 on the
160 r:m-1 bénd of ¢CN, while King qnd So(27) found only one broad al?sorptioni
around.160 cm-1 for ¢CCH. Likewise, Laposa and.Nalepa found only one broad
band ;n this reéion for pheﬁylisocfaAate (¢NC)(44). In this study, a b;rely
discernable shoulder was found-at 201 em™! on the broad 197 cm ! hbsorption
of para-DEB. . ! ‘ A

The above mentioned molecules have also been studied at low t?mperatures.

Laposa and Nalepa(44) were unable to resolve the broad signals for ¢CCH and ¢NC.

-



In this study it was fqund that the 197 cm™ signal of para—DéB became very
much sharper at low temperature (-100°C) and atweak‘signal appeared very
clearly at 201 cm-l. The observations for para-DEB thus rescmble closely
the results obtained for ¢CN. These observations can readily be accounted
for if it is realized that thermal energy (1/2 kT) at room temperature
corresponds to about 200 cm-l. Therefore, the first excited vibrational
state oé the lowest out-of-plane vibration is appreciably populated. Tﬁ%
shoulders on the bands of ¢CN and para-DEB, as well as the broad signals for %
¢CCH and ¢NC, can then be ascribed to trénsitions from the first to the -
second excited vibrational state,‘if som; anharmonicity is assumed. Even at ‘%§
lower temperatures, the first .excited vibrational state is still sufficiently
populated to give rise to an observable transition from the first to the
second excited vibrational state. This transition should, of course, be much
weaher thanpat room temperature. Unfortunatély, the broad signal at room
temperature makes it impossible to compare the intensities of the shoulder
‘and the weak band.

It was mentioned.above already that the absorption corresponding to
the [.R. active y(C—CCH) mode of para-DEB could not be found in the far I.R.
down to about 100 cm-l. Steele et 31(45) have obgerV¢d that the lowest I.R.
active vibration of aromatic molecules is often found to be Raman active in
violation of the ;election ruzes. For this reason, the Raman spectrum of
para-DEB was examined as close to the exciting line as péssible. A strong

- ~

band was found at 68 c¢m - followed by four progressively weaker bands at

intervals of 10 cm™!. The intensity ratios of these peaks with respect to
the 68 cm-1 band are found as 100:66;52:20 at room temperature. At a temper-

ature of -100°C these ratios reduce to 100;60:43:12. These observations,
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first of all, are consistent with the explanation given above for the occur-
rence of two bands for the tﬁC——CCH) mode of para-DEB. Secondly, the very

low frequency of this Raman forbidden band supports the proposed coupling

between the vibrations in the characteristic group of three out-of-plane
xlbiftiéhs. This coupling of the benzene mode 16b with y(C—C=C) and y(C—CCH)
results in a fundamental with a frequency of‘160 cm_l for ¢CCH. The introduction
of another CCH group results in a decrease in frequency because of additional N

coupling. For ortho- and meta-DEB, the frequency is lowered to 120 en”t. For

8

para-DEB, however, an even lower frequency can be anticipated because the C-
nuclei 1 and 4 oscillate with larger amplitudes than the substituted C-atoms

in ortho- and meta-DEB.

This completes the preliminary study of the vibrational spectra of the

three DEBs. The methods followed for ;ubdividing the vibrations into groups
have been very useful for interpreting the vibrational spectra. The fore-
going is illustrated in Fig. 3.2, where the gxpected frequency ranges are
given for the fundamentals of the three DEBs.  These ranges are taken f;om
Varsany£(4) and are supplemented with the expected depolarization ratiés of

the signals in the Raman spectra. °

3.2, Analysis of the Spectra

The analysis of the spectra of the isotopes of the three DEBs will be
presented in five parts., Part A Heals with the spectral region from 3500 to

2100 cmul, in which the C—H and C—D stretches occur. Part B spans the range

~

from 2100 to 1400 cm-l in which most of the C—C stretches occur. Part C in-

volves the frequency range from 1400 to 1000'cm'1, in which the aromatic C—H

~ bending modes are found.. In the region from 1000 to 600 cm"l, Part D, five

characteristic out-of-plane fundamentals can be easily identified. Finally

y -~
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i Part E, the region below 600 cm-1 will be discussed.

The spectra of a total of nine isotopes of the three DEBs have been
recorded. These isotopes and ghcir abbreviations are repeated here (see
Chapter 2): para—C6H4(CCH)2 (para—hﬁ), para—C6H4(CCDJ2 (para-dz), para-
CbDJ(CCH)2 (para-d4), papa-C(){}u(CCD)2 (para-db), meta-CéHd(CCH)2 (meta‘hs),

met;l-CbHJ(CCD)3 (meta-dz}g ortho—C()Hd(CCH)2 (ortho-h_), ortho~C6D4(CCH)2

6
(ortho—d4) and ortho-CbD4(CCD)2 (0rtho-d6).

The frequencjes and intensities of the observed bands have been
collected i1n Tables 3.2.A, B and C for the isotopes of para-, meta- and ortho-
DLB respectively. Tﬁyse tables also contain the assignments proposed for
these molecules,

Part A. The very intense acetylenic C—Hl stretches A and B occur in the I.R.

at 3333 cm-l in the gas phase and at 3300 cm"l in solution. In the Raman

1

spectra medium 1ntense broad signals are observed at 3300 cm ~ for liquid

¢

samples and at %268 cm°1 for the solids. These frequency shifts can be

. . . . . 27
.attributed to the interaction of the acetylenic H-atom with its surroundlngs( ).

IThe vibrations A and B decrease by about 700 ':m'l upon deuteration of the CCH

R Y

A <

groups.. The aromatic C——ﬁ skfé?cﬁes‘hrefﬁound‘at 305050 em ) and bad over-
1dpbfﬁg ;ccurs 1n the I.R. for ortho-DEB and in the Raman spectra for meta-DEB.
Mhe totally symmetric¢ vibrations could be assigned with the help of the
measured depolarization ratios of the Raman bands. The C—H stretching modes
decrease 1n frequency by nearly 700 cm-l upon ring déﬁteration. Nume rous weak
bands d4re observed in the I.R. spectra in frequency range A, in addition to
the above strong fundamentals. \

An unambiguous assignment is impossible for most of these signals.

Howaver, some regularities have been found. It has been observed, for instance,

L



Frequencies (cm"l) and assignments of the I.R. bands

para-h6
3940 vw
I898 wvw
3689 vvw
I6l6 vvw
3480 *vvw
3390 sh
3305 wvs
3112 ww
3080 m
3040 m
2976 vVw
2025 vvw
2862 vvw
2804  vvw
2500 vvw
2398 wvvw
2320 vvw
2275 vvw
2110 ms
1908 m
1792 w
782 w
1719 vvw
1664 m
1040

1662

1499 vs
1489 vs
1455 vww

*

<

para-d,
3385 vww
3306 m
3110 wvw
3080 m
3039 m
2969 vvw
2928 vvw
2865 vvw
2802 vvw

1

2591 vs
2500 vwvvw
2396 vvw
2324  vvw
2278 vvw
1980 ms
1910 m
1792w
1784 w
1717 vvw
1665 m
1600

1500 s
1480 s
1456 vvw

An asterisk indicates

Table 3.3.A.1.

of the isotopes .of para-DEB

para—d1
3940 wvw
3900 wvw
3689 vww
3615 vvw
3480 *vvw
3385 sh
330S wvvs
3120 wvw
3065 vvw
2802 vwvw
2782 “vvw
2422 vvw
2340 vvw
2297 m
2286 m
2260 vvw
2110 s
2024 vvw
1868 vvw
1820 vvw
1770 vvw
1688 vvw
1640

1600

1580

1438 wvw

a broad band.

para—d6
3390 vvw
3305 m
3125 ww
3060 vvw
2804 vvw
2782 vvw
2590 vs
2422  vvw
2340 vvw
2296 m
2285 m
2259 wvvw
1981 s
2020 vvw
1864 vvw
1815 vvw
. 1772 vvw
1686 vvw
1598
1580
1433 vvw

assignment

V19
V12
V21
Voy
Viy
Vo

V2y

+ 4+ o+ 4+ o+

+

V2u
Vah
Vay
Vi
Vaouyu
Vi 2

V2y - Vi

V31

vy

v2s

ES

V25

Vig * V33
Vo7 t V33

\)l;

+

v28

viz * V27

2v32

V2

Vou

V21
Vi,

V17
vy
v7

V3l
v2s

vs
V5

V2g6

+

+
+
+
+
+

+
+

+

P SR I

v

DHO
V26
V29
Vi
V3g
V27

V3
V27

v28
V22
V29
V3g
v3s
V17
visg
Vi3
V3y

"Vv3s
} polymer

vinD+ va7
Vio * Vuo

V27

viy * Vag

D

D

45

3



para-h6

1401 s
1375 .vw
1345 vvw

1305 wvw
1293 vw |
1260 w
1225**vs
1197 sh
1174 sh
1122 VVW
1100 ms

1054  vvw
1015 m

950 ww
908 vvw

834 s
834 s

804 vw
763 VVW,

724 VVWg

‘646 vs
615 vs
S47 ms

486 ms,

399 - vvw
370 wvw

325‘ m

Table 3.&,!\.‘1; (cont'd.)

para-d2

1401
1374
1350

1303
1292
1260
1231
1198
1170

1115

1100

1058
1014

980

. 934

955

-884

835

812

760

- 720 .

650
617
573
545

520

482

464
400
370

312

VVW
VVW

*vw

VVW

VW

para-d4

1404 Vs

1350 wvvw
1320 m

1295 *vw
1258 w'
1222%*vys
1170 wvvw

1096

104S wvvw

948 " vvw

866 sh
851 m
320 m
804 vvw
780 vw
760 wvw
741 s
725 vs
690 sh
648 vs
615 vs
536  vvw
484 s

469 s

350 sh

315 @

" para-d

1403

1350
1320
1360

1258
1220

1170

1085°

1das

980
- 954
930

861
851

819

800
780
760
740

13

722
685
650

630

614
575
528
520

" 486

486
464

350
3Q9

6

vs

ms
*VwW
vVw

VVW

VW

sh

VVW
*sh

VVW

" 46

v

assignment

V27D

V32

V33
Vg + Vyo0
v18D+ V3Sg
v32©, Va3

}V19+V35,V19+V39

}

v
vV1s
Vig
V2
Vg
Vg
V21

8

V39

Yy

V3g

V38D
Yyl

v3 oD

+ 4+ +F 4+ O

D+

B, D
v3g©t vy

vVig t Va3

vag

V19D* V3sD

D
D

vi2D+ vig

vi2D+ vig
V22
2vg

vVig * Vul

\)210+ \’NOD ’

“290

vig
V30
Vayt

Viy * V39
voov22.

Va1 * V37

V38
vos3 ¥ vy
. V30
Vig * V40
v3s
Vg, V18

V39

V40

14

* V3g
v3s

_ Vuo
v V39
V23

" V37
V23
vy

D



Frequencies (cm-l) and assignménts of the Raman bands

para—h6

3300
3064

© 3054

2985,

"R

2108

1606
1601
1306

1207

1195
1176
1176

957

724

676

653
632
618
535
477

*VW p
VW P
w dp
\ALY

vs p(.1)

h p(.4)
vVw

vw p(.2)
vw p(.3)
s p(.3)
s p(.3)

VVW
wp(.1)

vw
VW

m dp(.8)

W

m dp(.7)

m dp(.7)

’
,
.

’l
y

..para-d

3066
3053
2983
2596

2566

2104

1985
1973
1926
1605

1600 |

1305
1205
1196

1171

1171

954

809

796

724

650
626

547
542
506
498

// Table 3.3.A.2.
R4

-~

of the isotopes of para-DEB

2

vw p(.2)
w dp(.7)
VVW

m p(.4)
w

vvw p(.3)

s p(.2)
s p(.2)
Tl

sh
a PCS)
VVw
v p(.2)

s p(.2)
s p(.2)

VVW .

AL

VW dp(.?i

w dp(.9)

sh ’
m dp(.8)
sh

s dp(.8)"

para—da—
3300 *vw p
2291 m p(.1)
2273 vw
2257 wvw .
2108 vs p(.4)
1575 s
1570 s P-4
1202 vw p(.1)
1175 s p(.1)
1122 vvw
1018 vwvw

949 vww

869 s p(.1)
862 vw p(.1)
837 vvw

810 wvw

773 vw p(.1)
766 m p(.1):
677 Vvw \
652 .vw

631 .w dp(.8)
631 w dp(.8)
619 ms dp(.8)
511 w dp(.7)

m dp(.8)

466

para-d

2598 m
2565
2291 s
2271 wvw
2253 wvw

-3

1985 wvs

1925
1575 s
1568 m

1168 s

1120
1018
985

948
870 s

863 wvw
840

811" vw

775 vw
763 m -

651 .
630 m
630 m

547 “vw
534 m
505 sh
496 s

6

VVW

47

assignment

Vi

Vo

Vis
V26+V32
Vi

vz +*Vag

VZD’VXSD

VgtV 7+Va).

v27+V29
V3

ij
Vg+v7
vaD-vy
Vy

V16 °

Vy7

2v12
v1g*v2o
Vs

Vg
vg*vyi
V17
ZVIBD,Zv
V12©*Visg
V10
v7tvyy
Vs
v37¥vyuo
V23*Vu0
v7

vigP
Vg
V37tV
v :
V11
v3g+Vy o
V11

vig
vig -
V12

V29

V13

vy gD
vi2D .

\



para—hé

460 vvw

385 *vvw

375 *vvw

201 sh

197 s dp(.8)
109 vvw

98 W

77 sh

68 s

_ﬂ)fille 3,3.A.2, (cont'd.,)

para-dz

458
380
362
189
(182
93

-74
368

vVw
*VVw
*VVw
sh
s dp(.8)
vw

sh
s

para-d

(
370
370
193
186
92
83
72
64

4
)

*vvw
*vvw
sh
s dp(.7)
vvw
w
m
[

para-d

450
390
370
186
177
92
83
72
63

*vvw
*Vvw
sh

VVW

w s =

48

assignment

Vg

V21

2\)1g 2
“lh(141% ‘
vig (143)
Vu2(423)
vy (423)
viy2 (423

vy (42¢)

|

——

Y
B ﬂ

o0
1Py



Table 3.3.B.

49

Frequencies (cm—l) and intensities of the I.R. and Raman bands

of meta-DEB
‘meth—hé meta—dz‘

1.R. Raman T. Raman Assignment
3940, ww 3940 vvw V]2+Vog,V1+V3g
3904 VW 3910 VVwW V17tV29,Vvi+tVvosg
3416 « VW 3620  vvw V1gtVag
3303 VVvSs 3302 m Vaogtv,y
3088  vw . 3088  vw- vy g
3065 W 3065 m p(.2) 3064 W 3066 m p(.2) Vatugy -
3028 vw | 3028 VW vy
2963  sh 2965 sh
2930 ww 2928 vw polymer
2825  ww . 2924 ww

2590 vs 2588 w p(.2) V1,V29
2858  vww 2454  vvw ‘ V33+Vay
2400  vww 2400 vww 2vy
2340 vvw 2340 VVW
2260  vww 2260  vvw . .
2108 s 2109 vs p(.2) [[2108 wvw 2107 vw p(.2) Vs ,V3]
1979 s 1978 vw p(.1) vsD, v P
1945  ww 1948 sh 2vo)
1885 W 1884 w . {)15;"\)21
1820 ww 1822  wvw Vs1+Vo2
1790 ww 1790 wvw 2vi16
1705 vw 1707 vw VigtVvas
1672 vw 1678 VW Voo+Vog
1641 VW 1638 vvw impurity?
1600  sh 1603 m 1602  sh . 2vo 3
1592 ve | 1591 ms dp 1592 vs 1597 *ms dp(.7) | >
1570  vs 1572 m p 1570 vs 1572 m p(.2) Vg
. 1520 VVW :
1495 vvw 1493 VVW
1475 Vs 1473 Vs V33
1450  vvw 1435  vvw :
1404 vs 1406 vw 1405 Vs 1406 vw V9
1372 vvw o
1348 VVW . 1342 vvw Viy
1310,  ww 1311 vw dp 1308  vw 1310 vw dp Vis i
1284 sh 1275 *vvw p( 3i 1288  vw 2B(=C—H) ,2y(sC—H)
1260 sh | PL-21262  ww 1265 *vvw B+y (5C—H)
1250 **vs. i1226 W - :
1236 s p(.1) I' 1233 s p(.1) vg
1206 vw p(.1) 1202 vvw 2vyg
: 1177 vvw -v1gtVvae
1165 vw 1169 m p(.2) 1166 VW 1168 m p(.3) v10*V13
g 1142 vvw 1139.  vw 1142 vw dp(.8) | v3s
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Table 3.3.B. (cont'd.)
meta‘hG meta‘d2
I .R. Raman I.R. Raman Assignmeﬂt
1111 vvw - intensity a bands at 290(
1090 s 1090 vvw ' 1088 s 1089 vvw vg ’
1078 sh 1080 sh ‘ Va7
998 ww 998 vs p(.1) 997 vs p(.1) Vio
986 vvw x 988 vvw Vig+vig
*
4 os0 w'* 28,2v, 8+
Q76 Vw Vo
966 VW . ) Vig
894 vs 898 vvw 894 wvs 894 wvvw Vig
865 s 885 s Vigs+tuyg
812 \'AM 812 vw vigtvy)
797 wvw 800 ww vy1tvag : ;_'_“;,
793 vs 794 vs Vo3 ",
760 vvw : 760 sh . 2\)1 5> 2\)q2 Ty
703 m p(.1) “ 700 ms p(.2) vi] -
683 s ) 682 s vy '
690 vvw . 2\)19
647 vs 660 to 620 650 w 650 vvw V12,V39
618 s *vw ) V17,V25
603 sh 606, m dp(.7) 607 wvw 606 m dp(.7) Vig
557 © vw 557 wvw dp(.8) || 561 ww 560 vw dp(.8) Vog
525 vvw ) ‘ V)ygtvsrg
. ' 524 wvw dp(.7) V]1g+Vog %
480 m 522 ms AT
> . 497 vs. . 495 *m dp(.8) V12,939,910
- 480 m p(.3) - 475 mp(.1) V13,V1y
470 ms V25
! 464. ms . Viy7
(....‘.) ' . 457 vw dp(.?) Vy i
455 m 456 w p(.2) 440 m 442 w p(.1). vy
{ ) 386 *vvw © 385 wvvw 380 *vvw Vg
363 s 366 vw dp(.7) 355 ms 357 wvw dp(.8) Va7
343 "m dp(.7) 333 m dp(.7) Vg
180 185 *m dp(.7) 170 172 m dp(.8) Vg
120 122 *s dp(.8) 110 117 s dp(.7) Voo
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that the very strong 3300 em ! band in the I.R. has associated with it the
characteristic vibrations of the.CCH group, namely 8 and y(=C—H), y(C—CCH),

2(C—CCH) as well as the y(C——CEEC) mode. For para-DEB,-the smallest differ-

ence in frequency with the 3300 cm-1 band is found, namely 80 cm'l. This

Y.

supports the discussion given in Section 3.1.C, Also a band is found at 382

cm"1 from the v(=C—H) fundamental for para-DEB. This signal is assigned to

the 8(C—CCH) fundamental on the basis of the discussion in Section 3.1.A. and

the very weak signal in the Raman specfrum at 380 cm_l.

&

have to be attributed to inipurities . For para-DEB and meta@EB, these signals %L

The region from 2800 to 3000 cm—l showed bands for all isotopes that

were of very léw intensity for freshly distilled samples. For ortho-DEB, how-
ever, very spfong bands were observed that decreased 8n1y slightly in intensity
upon distillation. This obse;vation cannot be explained by a polymerization
of the sample. As dis;ussed in Section 2.1, the N.M.R. spectrum of ortho-DEB
indicated the preéence of hydrocarbons wiph alhigh boiling peint. These
originate in the commercial n—butyll%thium solution in a mixture of hydro-
carbons, of which n-hexane was the major component. In order to find other
I.R. banés a?ising from.this impurity, the n;butyllithium-~in 10 cc of the‘
hydrocarbon solution:;was decomposed with water. The lithium hydroxide was
remoyéa By filtration and fhe n-hexane was di;tilléd off. The residue, dis-
solveq in CC£4, showed very Strgng banés in the I;R. at the same frequencies
as recorded for ortho-DEB in_the region from 2860 £o 3900 cm—l. When.the
iﬁtensities of these bands in the.spectrum of the.residue were matched to
those for ortho-DEB u31ng a varlable path length cell, it became'immediateiy _
Lapparent that the following bands in the spectrum of ortho-DEB arise from\

the hydrocarbon impurity: 1462(s), 1452(sh), 1424(vvw), 1405 (vvw) and 1378

(m) cm;l.
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Part B. The triple bond stretches C and D have been found as strong bands
at 2105#5 cm-1 for the CCH isotopes and 19805 cm-l for the CCD derivatives
1n the I.R. and Raman spectra. The fundamentals of vibrations 8a, 8b, 19a

and 19b are easily identified in all spectra. A small drop in frequency

(25 cm'l) occurs for pair 8 and a slightly larger decrease (75 em™ ) is
found for pair 19 upon ring deuteration. The vibrations 8a and 8b are Raman

active only for para-DEB and differ very little in frequency. The 1600 cmf1

band is slightly broader than other Raman bands and a shoulder has been

1

detected at 1605 cm = with difficulty for para-h. and para-d,. A unique

assignment for the vibrational pairs 8 and 19 has been possible for all DEBs

with the aid of the depolarization ratios of the signals in. the Raman spectra.
In the I1.R., the summation bands of the y(C—H) modes are found in the

so-called '"fingerprint" region from 1600 to 2000 cm-l. These weak bands could
| (42)

_ be assigned readily in all cases with the help of Whiffen's generalizations
Some evidence is found for impurities in bands at ‘1602 and 1640 cm’
in the I.R. spectra of para- and meta-DEB. These signals probably arise from

dn ethylenié type bond in the polymerization products. In the I.R. spectrum

of the polymerization product of $CCH and meta-DEB for instance, strong signals

6

p

~
Vo

- : . -1(26
are found around 1600 and 1500 cm ! and a weah absorption occurs at 1700 cm ( ).
A medium intense, broad band is found in the I.R.»speétrum of the multiple
distilled ortho-h, isotope at 1700 cm—l. The less pure, ring‘deuterated com-

pounds show a strong absorption at 1708 em™!. This signal is caused by some

.unreacted starting material (phthalaldehyde). The I.R. spectrum qf phthalde-

hyde did not show any other impurity bands except the very weak signals at
1595 and 852 en b,

~ -

Part C. The region from 1400 to 1000 <:m"1 is more complex than the dbove two

spectral ranges (see Fig. 3.2). Apart from the B(C—H) modes and the Kékulé '

[
| .3
!W
NG
PRI
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«

mode 14, we can expect in this region also some of the céupled radial C—C
stretching modes, discussed in Sgction 3.1.B. The situatiéh is further com-
plicated for the CCH isotopes by the‘stroﬁg combination band(s) of the
;cetylcnic bending modes L, F, T and J. Notw}thstandin; the large number

of CCli isotopes studied, nothing can be said gbout the summation band(s),
because one broad hump is observed in the solution spectra. The vapor -
pressure of the compounds is too low to enable observatiorn in the gas phase.

' d
Below each DEB will be considered separately. ﬁ?‘

para-DEB. The I1.R. active B(C—H) mode§ can be identified easily in the

spectra of the‘four isotopes by analogf to the halogenobenzenes(30’33’34).

T'he tgtally symmetric Raman active B8(C—H) vibration is féund as a strong

polarized band at 1176 and 1171 cm—l for para—h6 and para-dz. The nontotally

symmetric Raman active C—H bending mode could be recorded only at a high

laser output (700 milliwatt). . These Raman active B(C—H) vibrations show

stmi lar decreases in frequency upon ring deuteration as the halogenobenzenes(33’34).
In the Raman spcctfa of para—d4(and para-d6, strong poléri:ed signals

occur at 1175 and 1168 cm-l. Thesé have been assigned to the substituent-

sensitive C—C stretching mode 7a. Strong polarized bands are found at 1176

and 1171 cm'1 1n the Raman spectra of paraJh6(and para-dz. These signals have

been attributed to the fotally symmetric v(C—C) mode 7a, because the bands af

1206 and 1196 cm™ ! are too weak to be likely candidates. The tﬁtally symmetric

. (C—H) vabration is thus assumed to be accidentally degenerate with the v(C—C)

vibration for para-h, and para-dz. The data in Table 3.2.A.1. reveal that all

6
I.R. si1gnals in the region from 1200 to 1300 cm'1 decrease significantly in
A ‘ ) » o
intensity upon deuteration of the CCH groups, except the band at 1260 cm .

This absorption is la}gely unaffected by ring deuteration and has therefore

7

been assigned to a substituent-sensitive radial C—C stretching mode (vag).
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The remaining I.R. active vibration, the Kékulé or cyclohexatriene mode, can
be assigned to either of the weak bands at 1375 and 1345 cm_l. The former
value has been chosen by analogy to ortho-DEB (see below).

meta-DEB.  In the Raman spectrum of meta-hﬁ and meta-d,, only one strong ’
. NS HU az -] .

polarized band is found at 1236 and 1233 c¢m ~ respectively, and 1s assigned

to the totally symmetric substituent-sensitive v(C—C) mode vg. The khékulé

vibration, vq,, has been assigned to the very weak band at 1348 cm-l, because

tt is the signal closest in frequency to the strong 1378 (:m_1 band measured

tor ortho-h . This value also agrees with the proposed assignment for $CCH m

6
(4,83,34)

{1330 cm-l). By‘analogy to other meta-disubstituted benzenes the

» U—IH) fundamental with the highest frequency should occur in the range from

4bout 1250 to 1300 cmul. No definite assignment can be made, however, because

of the summation band(s) of the in and out-of-plane bending modes of the
acetylenic hydrogen atom found in this region as a broad, very strong band.
The chosen frequency of 1310 cm'l can be verified only with the spectra of
the ring deuterated meta compounds. The fundamentals of the other two non-
totally symmetric 3(C—H) vibrations could be identified readily in the I[.R.
spectra. The totally symmetric C—H bending modes did not give rise to a
stxung polarized Raman band. Only a very weak signal could be observed in
the expected narrow frequency range and no depolarization ratio could be

*measured.
_ \
vrtho-DEB. The Raman active 3(C—IH) modes for ortho—hb have been assigned to

the strong polarized signals at 1037 and 1163 cm—l, by analogy to other ortho-

(4,30)

Jdisubstituted benzenes No data is available for comparison for the

. -r
ring deuterated 1sotopes. However, a decrease in frequency of 250 to 300 cm

(4,33,34)

accurs commonly for the B(C—H) modes upon ring deuteration The

4 . .
totally symmetric Raman active B(C—D) fundaméntals can thus be expected in



58

tne region from 700 to 900 cm-l. Only two strong, polarized bands are found
it this region for ortho-d4 and ortho-d6 and these can thus be 1dentified
unambiguously. The nontotally symmetric I.R. active #(C—H) and B(C—D) funda-
mentals have been assigned by similar arguments.

In the Raman spectrum of ortho-hb, two other strong polarized signals
are tound at 1378 and 1204 cm—]. The latter has been i1dentified with the
substituent-sensitive v(C—C) vibration, by analogy to para- and meta-DEB.
The 1378 <:m-l s1gnal then must be assigned to the remaining Kékulé mode (v)).
the above two tfundamentals are shifted less than 100 cm-l upon ring deuteration. ™
[t should be noted here the Kehulé mode is readily identified for ortho-DEB
and that this cyclohexatriene mode has been assigned to a weak band, closest
to 1378 cm'l, for para- and meta-DLB. The remaining [.R, active vibration can
be expected to occur around 1200 cm‘l, by analogy to the substituent-sensitive
.{C—() mode for para- and meta-DEB. The assignment is straightforward because
only one band is observed in this region.
Part 0.  The region trom 1000 to 600 cm'1 possesses the following features.
in the I.R. the lower part)of this range is dominated by very strong bands
4t 045 and 615 cm'l for all CCH i1sotopes. These signals correspond to the
tundamentals of the vibrations E and F, and I and J and have been discussed
dlready.  For the CCD 1sotopes, the strong summation band(s) oaf these funda-
mentdls appear at 950 cm'I. For para-d2 and para-db, however, two strong bands
are tound at 930 and Y980 cm_l. These signals are probably overtones of the
in and out-of-plane bending modes I and F at 464 and 48. cm-l respectively
(see below). The Raman spectra of the DEBs contain a very weakh, broad signal °
around 950 cm‘l for the CCD and CCH isotopes. For the latter isotopes, the

wavelength region from 600 ta 650 cm—1 is obscured by a broad absorption

hump, cqorresponding to the 8 and y(sC—H) fundamentals.

o
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The aromatic out-of-plane C—H bending modes have been assigned for

all 1sotopes by analogy to the fundamentals reported for the halogenobenzenes

(80) (42)

and the xylenes Whiffen's generalizations on the y(C—H) fundamentals

have also been very helpful. Deuterium substitution results i1n a decrease in

trequency of about 15% for para-disubstituted halogonobenzenes(bo’bd). With

the help of the data available for these molecules, the vy (C—D) fundamentals
would be identified ;eadily for para—d4 and para—dﬁ. When 1t was assumed that
4 stmilar drop 1n frequency does occur for the ring deuterated isotopes of
ortho-DEB, three of the four fundamentals could be identified. v;hD, however,

is predicted to occur in the region of the intense bands at 615 and 6.0 cm-l.

lhis tundamental could not be observed in the I.R. and has been assigned to the

weak depolarized Raman band at 642 cm"1

. This 1s the only examplé that the
depolarized Raman bands did not only confirm the I.R. data for the out-of-plane
modes of vibration. The benzene sheletal bending mode 4 could be identified
unigyuely for all isotopes, because its position is defined within a very small

. - . . . b4 s 4
range tor all types of dlsubst1tut10n(4’3° 3 ).

Below the remaining C—C
stretehing modes will be discussed for each DER separately. The assignment of
these 1s greatly simplified by the fact that they correspond to the few polar-
1:ed Raman bands in this range. .
(n the Raman spectrum of para-DLB, only one polarized signal is found

in regtion D, namely at 812 cm*l. The Raman active substituent-sensitive

(' —=C) vibrations have thus been found at 1176 and 812 cﬁ-l for para—hs.

lhe data in Table 3.2.A reveal that small frequency changes occur upon deuter-
ation of the CCH groups and the benzene ring. In the I.R. spectrum of para-

] very weakh bands only were found in the regioh where the v(C-—C)_fundamental

16,
- _1 .
can be expected, apart from the strong band at 834 cm ., Upon deuteration of

the CCH groups, a sharp peak appears on the low frequency side of the strong
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band at 834 cm_l. It has been assumc§ that the ;(C——C)‘fundamental isyobscured
by th¥s strong band in the spect?um of paraLhé. The two substituent-sensitive
.(C—C) vibrations thus occur at 1260 and 835,cm.1 in the I.R. spectrum of
para-hG.

In the Raman spectrum of meta-h6 and meta-dz, two strong polarized
s1gnals are found im the region 1000 tog600.cm-1, namely at 998 and 702 cm—1:

The fonmer’frequency is found for all mono-, meta- and 1,3,5-substituted

benzenes and cén be described best with Whiffen's vibfation p (see Section B~
3;1.8)(h3). The Raman active v(Q—;C) fundamentals fo;‘meta~DEB are thus found i?;
at frequencies of 1235 and 705 cm-l. The 1.R. active v(C—C=C) stretching

mode has been assigned to a weak bahdiyith a frequency of 966 cm ! by analogy . ??

(29) ‘ ¢

to alkylacetylenes

%he‘above regults‘have been explaihed already in Section 3.1.B.*and
it was seen there that péra- and ortho—D?B should show a close similarity.

In the_Ramén spectrum’of ortho—h6, one of the‘v(C7—C) stretches has’
been assigned a frequency of 120°4.cm?l in Part C. Upogﬁring deuteration this
(rcquénéy is shifted down %o 1i26 cmul. This ig a rather large shift compared
to the éeé%éase found for para-DEB. The drop iﬁ'frequpnéy upon ring deutérg—
tion of the v(C—C) mode in range D should thus preferably be chosen as small
ag’posgible. " This condition is met satisfacporily by Fhe 706 cm-l bqnd'of
orthp-‘h6 and the 678 and 674 cm—1 bands of ortho-d4 and ortho-dé..‘A similar
dfgument-has been aﬁplied in assigning the I.R. activg substituent-sengitive
stretching modes’ . ) . . ‘

i; the above parts A,.B, C apd D, the frequencies have been assigned
" of the €—H stretching and bending modes, as well as the C—C stretching modes.
The_lattér class of vibrations has been disgusse? thoroughly here, because of

1ts importance in the U.V. spectra.

]
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Part L. it has beep outlined in Section 3.1. why ten to fifteen fundamqbtals
can be expected in the region below 600 cm—lk This region will thus be rather
crowded. With the aid of the discussion in Section 3.2.C., however, it is
poésibie to discuss separately the in and out-of-plane vibrations in this
range. The latter will be examined first. It should be noted that the Raman
spectra in this‘region are not as useful as infthe parts discussed above,

because of the very small number of polarized bands and the large number of

“r

depolarized signals. The latter only confirm the I.R. data.

For all isotopes of ortho- and meta-DEB two fundamentals with very low

frequencies have been fpund, namely at 125 and 175 cm'l.t Also, tﬁq medium

-strong bands occur at about 330 and 370 c:m_1 for these molecules. Finally,

Cat least two absorptlons can always be found ln the reglon from 500 to 600 cm -1

<

that can be correlated with, the fundamentals of the vibrations 163 and 16b
<

PRl ]

The same pattern has been found for ¢CCH and ¢CN. The  above bands have been
explained in Section 3.2.C. by a coupling between the vibrations 16b,y(C—C=C)
N S N - ~ .
and y (C—CCHY. It was argued there also that there should be strong coupling
between the three T.R. active out-of-plane vibrations for para-DEB. The
vibrations of the other set of thxee out-of-plane vibrations have different
symhctrles, Vib;ation 16a falls into the a, class and the frequency of the

fundamental has been predxcted at 400 cm ?. ‘This prediction was based on the

—
o

JlbpldLemcnt dlagrams for v1brat10ns l6a and the frequency of thls fundamental
?.' -
ror s, ¢CN and ¢CCH. The substltuent vibrations y(C—€=C) and v (C—CCH) fall

1ty the b, symmetry class and ‘have been assigned to the medium intense bands

2g .
at 197 and 477 cm -1 for para—h6. It is 1mportant to note that the. spectral

region between these frequencies\\tzws only two very weak 51gnals ~No medium
intense band is thus found around 350 cm 1~as in a11 other cals,es.~ It can be

concluded then that the.y(C——CEEC) vibration has a normal frequency close to

Lal
2 .

2

i 5‘&'%7



_ below, during the dlSCUSSlOﬂ of the in- plane fundamentals below 600 cm

.the analogous tn-plane vibration, 477 and 530 cm"1 respectively. These

observations have confirmed the coupling scheme proposed in Section 3.2.C,.
Further support has been provided by the frequencies of the I.R. active out-
of-plane nibrations namely 545;-325 and 68 cn—lffor para-hé. This assignment
has been discussed in detail in Section 3.1.C. and is. not repeated heret

Deuteration of the CCH groups results in a small drop‘in,frequeney'(<10 cm-l)

of one or two of the fundamentals of this group of three out-of-plane .

vibrations. Upon ring deuteration a shift of about 60 cm_1 is found for the

vibration with the highest frequencyf Therefore, this vibration is assumed

" to derive from the benzene skeletal bendlng mode 16. These isotopic shi'fts

have been observed for all compounds studied, except for the "pure" y(C—-C__C)

v1bration with b2g symmetry for para d2 and para-d6 This will be explalned
-1

" The corresponding vibrations are indicated w1th square brackets in Table 3.2

and‘it is seen ghere that a very similar pattern should be found in the spectra
of meta— and ortho;DEB. ‘ .

The assignnent of the in-plane vibration& is complicated by the fact
that deuteration of the CCH groups.reduces‘the fundamentals of the,aqetylenic
hydrogen bending modes (E, F, I-and J) by nearlf‘125 em™ ! to about 500 em™t.
In the same region-the fundamentals are found of the B(C—C=C) vibrations.
These two-types of bending vibrations are thus neafLy degenerate and both are
localized on the Substituent: If these vibrations fall into the same symmetry
class, stgnlflcant anteractlon can occur (fermi- resonance) The data in Table
3. 2 reveal that-this interaction might occur between the modes F and H, and E
and G for all three DEBs. The same interaction can be expected between the

out-of-plane acetylenic deuterium bending mode and .the "pure" y(C—C=C) mode,

both with b2g symmetry for para-dz‘and para-d6. It was seen above that the
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fundamentals of the group of three out-of-plane Qibrations were only vefy
slightly affected Ey deuteration of fhe CCH groups. It does not seem 1ikeiy
therefore that the yQEC;-b) vibration influenceé significantly the coupling
between these three out-of-plane ;ibrations. The spectra of each DEB will
now be considered separately. ' ”

na;a-DEé. A comparison of the data in Table 3.2.A. reveals that two new
strong I.R. bands ‘appear in the region .of 450 to 520 bm-l upon deuteration
of the CCH éroups. " The total oﬁ threé sﬁfong bands iﬁ this range have to be

assigned to the fundamentals of the vibrations I, F and H. It is assumed that

the strong signal at 464 o:m'-1 corresponds to the y(=C—D) vibration, because

out-of-plane acet}leﬁic fundamentals occur always at slightly lower frequencies

v

(29)

than the frequencies of the @nalogous in-plane .vibrations . The strong bands’

at 482 and 520 cm” ! for para-d, and para-d. can then’be assigned to the vibra-

1

2 6

_tions F and H. Sfrong bands are found at 930 and 980 cm . These can be neatly

1

) identified as overtones of the.fundamentals at 464 and 482 cm . Thereforg the

1 (.C—=D) and g{zC—D) vibratioﬁs have been assigned to the absorptions at the

‘latter frequerfcies, The 520 c:m-1 band is”consequentlf assigned to the funda-

mental of the g(C—C=C) v1brat10n

it is 1mportant to note that the separation between the B( =C—D) and
1(.C—D) fundamentals is equal to the separatlon for the analogous hydrogenlc
vibrations. The difference for these B(= C——H) and v (z C——H) v1brat10ns has been
cxpigined by valence bond arguments by Nyqu1st aqd Potts. ‘Only one summatlon
band 1s found for the B8 and Q(EC——H)'Vibrations. The acétylenic deuterium
bendxng modes , however, give rise to overtones for both fundamentals. It is
suggested that thls is due to the resonance between the B(C— C__C) and g(=C—D)

V1brat1ons.

A splittiné of 40 cm'1 between these Ffundamentals is thus found in the

TN

=

ilT
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I.R. The occurrence of resonance is supporfed by the Raman spectra of the

CCD isotopes of para-DEB. Here, tyo_se%s of bands are also found that have

4 . -1 ) - :
the same separation of 40 cm K ,These bands have been, assigned to the funda-

méntals of the B(=C—D) and B(C—C=C), and to those of the>y(£C——D)]qnq'the .
v (C—C=C) modes-of vibratloh. | | ~ . -
" The assignment of the fundamentals of para-DEB is completed by
1dontifying the very weak signals a£ 370 cm'1 in lhe Raman and I.R. Spectra
with the beodlhg modes of the whole CCH group and by assigning, the very weak
signal at 45525 cm"l in the Raman _sp-ectra to '_the totally .s'ymmetric ring de- h

. . . , L3
formation vg. The assignment of this fundamental is identical for para-DEB : Y

and $CCH. This is in accordance with the, displacement diagraﬁ for ihis:

vibration Ksee Fig. 3.2).

meta-DEB. The data in Table 3.2.B. reveal that two new bahds appear at 470
and 464 cm_% in the I.R. spectra of meta-bEB upon dzuteration of the CCH

groups. These absorptions have been attributed to the y(=C—D) bending modes

by. analogy to the bands observed at 464 cm'I

N

stfong bands at 497 and 522 cm-l in the I.R. spectrum of meta-d indicate

for para—'d2 and para;dé. The

that the 8(sC—D) and B (C—C=C) v1brat10ns Vig and Vy0 interact in the same

wdy as the analogous vibrations of para- DEB (ferm1 resonance) . The nontotally
-1, .

symmetric ring deformation v,; can be seen clearly at 457 cm ~ in the spectrum

Of'meta-dz. For méta-hé-thlsAsignal is obscured by the stronger band at 455

_cm"l.— The nontotally syﬁmetfic bending mode of the whole CCH group has been _ !

assigned to the very weak oand at 385 cm—l. The totally symmetr1c counter-

-1
part of this vibration is assigned to the polarlzed Raman line at 456 cm . for

meta-h6. For met_a-d2

fundamental of such a vibration. In the Raman spectrum of'mqta-h6 and meta—d2

. . . . - 1
only .one more polarized signal could be detected, namely at 489 and 475 ¢cm ",

this frequency decreases 14 cm 1,_as,expected for a
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. -
For ‘n}eta;h6 no other signal occurs close té this frequency of 480 cm_-1 and
it has been éséﬁmed thereﬁoré that theyB(C——CEEC).and «(C—C—C) vibrations
(viz and vy respgctively) are accidently degenerate. For meta-dz, however,-
a very broad signal occurs at 495 em™! with a half width of .about 30 cm ).

It is not pnreasonable to assume that the ;ibrations F . and H aré coupled and

that the correspon&ing fundamentals are hidden in this broad absorptioﬂ. The

totally symmetrlc ring deformation v, has therefore been assigned to the . -
absorption at 475 cm 1, and the fundamentals of F and H have been arbltrarlly

pu.t equal to 495 cm_l, the freq’uenpy of the absorptlon rr}ax1mum. ’ % J
ortho-DEB. The analysis of ;he region ar;;hd.SOO cm'-1 for égtho-DEB is greatly ',
complicated by the observation af only'one very strong and broad absorpt;on iﬁl ; ggﬁa
‘the T.R. at 500 cm-l'and of oniy two strong infrared bands, namély at_g17 and ,l'*
500 cn”', in the spectrum of ogfho—d6. This implies that the fundamentals of

the vibrations F and H, E and G, and I and J have frequencies of either 517

or 500 cn” ) for ortho-d . By analogy to the CCD isotopes of para- and meta-

DEB, the higher value has béenlassumed only for the frequency of the B(C—C=C)
fundaméntal. . ' - . ’ - 0

Wi th, this.assumption the igtally symﬁetric vibfations.can:be readily
asblgned to the polarlzed Raman bands for the three 1sotopes The frequéncy '
ut vibration G (Vuo) has been a351gned to the absorption at 505 and 500 cm -1
for ortho-h and’ ortho-d respectlvely. The bending mode of thé whole CCH

.Broup has been associated with the very weak absorptlons at 390 cm l. The “fre-
Juencies of ;hese two acetylenlc v;bratlons thus correspond’ closely to the
frequenc1es "found for para- and meta-DEB. Flnally the frequency of the ring
deformatlon vy ha$ been ass1gned to the‘lnfrared "absorptions at 414, 410 and
409-cm'l for orthéfﬂé, orth;-d4.and oxj_tho—d6 rgspectiﬁelyi This Fompletes_the
assignment for ortho-DEB, but it leaves‘gnexplained the mediup'intense signals

¢ N « . €
« , v



Table 3.4.A.

Ground State Fundamental Frequencies {cmil)

_of the Isotopes of para-DEB

66

T34

17b° .

-y (C—CCHY

L

68

. . para-hg para-d, para-d4 para-dg sym.
1 A v(sC—H)} R 3303 2596 3303 2597
2 2 v (C—H) R 3064 3066 2291 2291
3 C v (C==(C) R 2108 1984 2108 1985,
4 8a  v(C—0C) T 1606 1605 1575, 1575
5 7a v(C—CCH) R - 1176 1171 1175 1168 ?g
6 9a 8 (C—H) T 1176 1171 869 “870 .
7 1 v(C—CCH) R 812 " 809 768 763
8 62 o (C—C—C) R - 460 458 452 450
Q 104 v (C—H) 0 . 797 796 631 630 big
10 10b - y(C—H) 0 957 . T 954 810 811
11 ;4 $ (C—C) 0 727 724 652 651
12 J Yy(sC—H) O 618 ° 498 619 496 b2g
13 K y(C—C=C) O 477 . +542 466 534
14 5 y(G—CCH) O 197 182 186 177
15 7b . v(C—H) R . 3054 3053 2291 2291
16 8b v (C—C) T 1601 1600 1570 1568
17 3 B(C—H) T 1306 1305 1018 . 1018 :
18. 6b a(C—C—C) R " 653 650 631 - 630. b3g
19 E. ‘B(EC—H) T 632 506 631 505
2 - G B(C—C=C) T 535 547 511 547
21 9b "B(C—CCH)- T 375 . 380 370 380
22 17a y(C—H)- O 950 950" 782 780 a
23 16an  ¢$(C—C) . O. " 399 400 350 350 - u
24 B ! y(s=C—H) * R 3305 2591 3305 2590°
25 20a v (C—H), R 3040 3039 - 2286 2285
26 D - v (C=C) R 2110 1980 . 2110 1981
27 -+ 19a v(C—C) .T 1489 1490 1404 1403 bilu
28 . 13 v(C—CCH) R 1260 1260 "1258 1258 .
29 18a B8 (C—H) T 1015, 1014 850 850
30 12 v(C—CCH) 'R 835 812. 725 725 -
31 20b v(C—H) ~ R 3080 <3080 2297 2296
32 19b v(C—C)- T 1401 1401 1320 - 1320
33 14 v(C—C) . T . 1375 1374 1320 1320 _
15 g (C—H) T 1100 1101 820" 819 bou
35 Fe B(=C—H) T 646 482 648 - 486
36 H . B(C—C=(C)T 486 - 520 484 520 .,
37 18b B(C—CCH) T 370 .370 370 370
38 11 y{(C—H)- O© 834 835 . 742 740
39 1 y(zC—H) O - 615 ° 464 615 464
40 16b $(C—C)" O © 545 547- 484 486 bz,
41 L vy (C—C=C) 0.~ 325 312 315 310
42 - 0 68 64 63
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‘Ground State Fundawmental Frequencies‘(cm_l)

of the Isotopes of meta-DEB

Table 3.4.B.

H

&
N

8 (C—CCH)

meta-hg meta-d, " sym.
1 A v (=C—H) R 3303 2590
2 20a v (C—H) R 3088 3088 -
3 2- v (C—H) R 3062 3064
K 7a v (C—H) R 3028 3028
5 C v (C=C) R 12108 1979
6 8a v(C—C) T 1571 1571
7 19a v(C—C) T 1405 1405
8 13 v (C—CCH) R 1236 1233 a)
9 18a ., g (C—H) T 1090 - 1088 .
10 12 v(C—C) R . 998 997
11 1 v (C—CCH) - R 703 700
12 F 8 (2C—H) ‘T 647 495
13 H g(C—C=C) . T 480 495
14 6a o (C—~C—C) R 480 475
15 9a " B(C—TCH) LT 456 . 442
16 10a . vy (C—H) 0 894 894
17 . .3 vy (C—H) 0 . 618 464
18 16a . $(C—C) 0 .606 606 ay
19 K y(C—C=C)" 0 343 333.
20 17a vy (C—CCH) : o} 122 119
‘21 5 “ y(C=H) - +7 0 976’ 976
22 10b Yy(C—H) - ~ 0. 865 864
23 11 vy (C—H) 0 793 794
24 4 $ (C—CY 0 . 683" 681 - b
25 . I v (EC—H) "0 . 618 ° 470 1
26 . 16b ¢ (C—=C) 0. 559 560 ’
27 "L y(C—C=C) - 0 366 . 358
28 - 17b v (C—CCH) .0 185 172
29 B v (zC—H) R 3303 2588
30 © 20b © v(C—H) R 3088 3088
31 D v(C=C) R - 2106 . 1979
32 8b v(C~C) T 1593 1592
33 19b v(C—C) T 1475 1473
34 "3 B (C—H) T 1310 1310
35 ‘14 " v (C—GCH) T 1348 1342 b
36 9b R (C—H) T 1142 1142 2
" 37 18h B (C—H) T 1078 . 1079
38 7b v (C—CCH) R , 966 966
39 " E 8 (:C—H) T 697 497 |
40 G .B(C—C=0) T 480 522
41 6b o (C—L—C) R 455 " . 457
15 ' T. 388 .. . " 382

67



Gro@nd State Fundamental Frequencies (cmﬁl)

Table 3.4.C.

g of the Isotopes of ortho-DEB

g (C—CCH)

390

5
* l\. ortho-hg ' ortho-dy ortho-dg  Sym.
1 A v(=C—H) R 3297 3296 2587
2 2 v {C—H) R 3078 2288 2289
3. 20b v(C—H) R 3078 2288 2289
i C v (C==C) R 2108 2109 - 1972
5 ‘8a v(C—C) T 1562 1530 1530
6 19b "V(C—C) T 1474 1388 1390,
- 14 v(C—C) T 1378 1272 ° 1271
8 7a v {(C—CCH) R 1204 1128 1124 aj.
9 9a B(C—H) T 1163 856 857
10 18b B (C—H) T. 1037 833 832
11 1 v (C—CCH) R 706 678 674
12 F' B (=EC—H) T 640. 640 500-
13 6a o (C—C—C) R - 552 542 543
14 . H B8 (C—C=C) T 511 508 517
15 15 B (C—CCH) T 440 439 428
16 17a vy (C—H) 0 950 . 789 789
17 10b vy (C—H) 0 - 875 740 740
18 4 $(C—0C) 0 706 - 605 605 )
19 J - y(sC—H) G 615 618 500 ap
20 16a $(C—C) .0 586. * 500 500,
21 ¢ v (C—C=0C) 0 33§ 325 316 °
22 5 y (C—CCH) 0 ©. 130 130 123
23 10a v (C—H) 0 910 776 775
24 11 y(C—H) 0 760 642 642
25. I vy (EC—H) 0 615 618 500 b
26 .16b ¢ (C—C) 0 552 500 500 . 1
2 L vy (C—C=C() 0 371 337 338
2 - 17b vy (C—CCH) 0 182 170 162
29 - B v(=C—1) R 3302 3300 2590
30° 20a . v(C=—H) R 3078 2278 2277
31 7b v(C—H) R 3064 2278 2277
32 D . v(C=C) R’ 2108 - 2106 1980
_33. 8b v(C—C) T 1592 1562 ..1563
34 19a v(C—C) - T. 1436 1340- 1338 .,
35 3 B(C—H)" T 1290 11008, 1006 by
36 13 v (C—CCH) R 1181 1140 © 1137 ‘
37 . 9b B (C—H) T 1137 - - 872 . 872
38 ™12 v {(C—CCH) R 807 760 750
39 E B (=C—H) T 640 640 500
40 G g (C—C=C) T 506 500 517
41 6b a (C—C—C) R 414 411 408
42 18a T 395 390 .
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at 563 and 462 cm 1 for ortho-dg.
A study of the vibrational spectra of ortho-, meta- and para-dicyano-

benzene would be very valuable for confirming the interpretation of the spectra

-

of the DEBs, presented above. The fundamentals for the DEBs are collected in

Table 3.4 and they will be used to calculate experlmental Redlich- Teller pro-
duct ratios (R-T ratios). These R-T ratios will be compared with the theoretical
values for these ratios. This procedure provides an easy qualitative check on

the proposed assignments. First of all the uncertainties in the experimental

-

" and theoretical R-T ratios will be examined.’ . . "\

The theoretical R-T ratios are.dependent on the rotational constants
for thosg symmetry classes that trans%orﬁ as‘the rotati;ns: The uncertainty
in the rotational constants was estimated in Chaptef 1 to be at most 1%.. An
uncertainty of maximally 1.5% can then be expected for the R-T ratioa of the
vibrations that belopg‘to the same symmetry classes.as the:rotatiohs. Mo%e
than two figpificant figures can thus not ba'gi?en for these R-T ratios. For
calculating product ratios at all, it has totba aasumed éhat isotopic supstit;
ution does not affect. the force field. _Genefaliy this assumption is valid,
but it can riot be expected fonhgfd for tha cases in which fefmi—resonance'aas
found.po‘occpr aetween thé B(=C—D) and g(C—C=C) vibrations. The calculated’
R-T ratios are then based on an invalid criterium and it is impossibla to say
what accuracy these theoretical quantltles have in these cases (the v1brat10ns
with bag, b3g and by, symmetry for para- DEB and the V1brat10ns with a1 and by

symmetry for.ortho- and meta-DEB). The theoretical R-T ratios for these
The

.

symmetry classes are not glven in more than two significant flgures.

remalnlng product ratlos have been quoted in two significant flgures also for

-~

consistency in notatlon.
The uncertainty in the experimental R-T ratios 1is determined_by the

4
> . .~
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accuracy with which frequencies have been measured. Several recordings of

the same spectra.have learned that this error is t1 em™! for strong sharp

~1 . .
bands, 1 to 2 cm for medium intense bands, 2 to 3 cm ! for weak or broad

, -1 .
signals, and 2 to 5 ¢cm = for weaker and/or broader bands. Major contributions

to the uncertainty in the ¢xperimental R-T ratios are made by broad and/or -

weak low. frequency absorptions. An appreciable error can also result from

the accumulation of a large number of small uncertainties. It 1s estimated

able cases.

" that an uncertainty of a few percent {2-3%) could occur in the most unfavour-

The theoretical and experimental R-T ratios have been reported in

Table 3.5 for para-DEB. An agreement to within the estimated error is found

for all isotopic pairs and symmetry classes, except for the bpg, bjg and by

vibrations of para-d; and para-dg with respect to para-hg.

Table 3.5
Experimental and theoretical R-T ratios for the isotopes

‘of para-DEB

Sym para-dp " para-dq ’ Eara-dg para-d»
S para-hg ., para-hg . para-hg para-dé
th. exp. th. | exp. th. exp. - th. exp .
ag 71 .73 .50 .51 .35 | .37 .50 .51
byg |{1.00 {°1.00 .78 .79 .78 .79 .78 .79
b2g | .73 | .86° 71 |, .71 | .52 .63 72 .74
big | .73 | .83 -] .51 sz | s .46 51 55
ay 1.00 i.00 " .71 |72 .71 .72 71 72
by | .71 172 51 | .51 36 |- .38 | .51 .53 .
by |. .71 .80 | .51 50 | .36 .40 .51 .51
b3y .71 72| .72 .72 151 .53 72 73
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fhe Jifferences for these symmetry classes are pathological. The following
argument learns that the diécrepancies are caused by the interaction between
the R(.C—D) and B(C—C=C) vibrations. 1t was found above that an excellent
agreement existed between the theoretical and experimental R-T ratios for

.
}er-dj with respect to para-hg. In other words, ring deuteration docs not
utfect the force field significantly. The same excellent correspondence can
be expected for the product ratios of the para—d2 and para—d6 isotopes, if
the «(.C—D) and 3(C—C=C) vibrations interact to the same extent in both
isotopes. The theoretical and experimental ratios in Table 3.5 for this pair
ot 1sotopes shows that this interaction is the same in first approximation.
Onl; for the vibrations with bz, symmetry is the difference slightly larger

than the estimated error. It should be noted also that the ecxperimental R-T

ratios are consistently larger than the theoretical quantities for the ag and
{

b, symmetry classes for the isotopic pairs para-dj/para-hg and para-de/para-he.

[hese differences can be explained by some interaction between the acetylenic
modes A and C, if at least this diffgrencc is physically significant.

The calculated énd experimental R-T ratios for the two isotopes of
meta-DEB are given 1n Table 3.6. Also tabulated are the ratios of the two

ring deuterated isotopes of ortho-DEB with respect to ortho-hg.

Table 3.6
Experimental and theoreti¢al R-T ratios for the isotopes

of meta- and ortho-DEB

>y ' = ' - ortho-d
Symm. class % n ] %:%:%gé ‘ . 5‘;?-.'}5'.‘1?3
th. | exp. th. exp. - th. exp.
a; . 50 | .53 25 .25 13 13
as 72 | a7 .52 52 ,37 .38
by S 69 | .69 52 | .sa .38 .39
‘ A B ¥

.y
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A satisfactory agreement is found for all cases, except for the-ay and b,
symmetry classes of the CCD isotopes. The large differences indicate that
interaction of B8( C—DJ and R(C—C=C) also occurs for meta- and ortho-DEB.

Conc lusions

-

. The agreement between the theoretical and éaperimental R-T ratios,
fubles 3.5 and 3.6, supports the coupling schemes suggested in the preceeding
paragraphs for the radial C—C stretches and for the low frequency out-of-
plane vibrations. The first group 6f vibrations is very important for the
analysis of the U.V. spectra. The proposed assignment of the low frequency
eut-of-plane fundamentals has led to a new understanding of the internal
bending modes of the CCH/CN groups.

_Termi-resonance has also been firmly established for the CCD isotoﬁes

between the $8({C~D) and ﬁ(C——CEEC)xvibratlons. These vibrations play an

important role in the U.V. spectrum of para-DEB.

-

-
,

s
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- CHAPTER 4 -

Review of U.V. Spectra and Molecular Orbital Calculations o

Int roduction .- . ) , .

I4

'
In this chapter the electronic spectra of benzene and 1ts derf@atlves

. ‘ /
will be reviewed briefly. The purpose of this review 1s to outline glearly

thie unique postition of the DLBs among the benzene derivatives studied to date.

First 1t will be argued qualitatively that the interaction of the -

[ W 1Y

clectrons of the CCH groups with the benzene n-electrons results in appreciable
difterences between the U.V. spectra of the DEBs and the spectra of benzehe and
its derivatives with weakly perturbing substituents. These differences will be
estimated quantitatively later with the help of 'CNDO-calculations (Jaffé and
Vel Bene), which include extensive .configuration interaction (CI), The para-
metrization of the Jaffé and Del Bene CNDO/CI program will be critically
examined. ( ’ :

4.1. The U.V. Spectrum of Benzene - /

7 - . . N .
Benzene 1s the most extensively studied aromatic molecule. The ‘excited
. : o,
clectronte states of benzene have been the subject of many theoretical and
. -4
cRperimental investigations, Notwithstanding this, only a few excited states
- % . R
have been positively-identified.

Singlet states

.

lhe electronic energy levels of benzene have been calculated in a

variety of approaches (see ref. 5, 46-49 and references therein). The simplest

picture 1s provided by m-electron theory. The m-orbitals of benzene are com-

. bietely determined by symmetry and are given below (Table 4.1), in order’ of
decreaélng energy upwards. Excitétiqn of an electron from the bonding elg

orbitals to the antibonding e orbitals, gives the configuration

2u

» "A N N 73 - ‘ . -
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Table 4.1

The n;Molecular Orbitals of Benzene

1//3 (?1 - 92 ¥ b3 - Oy +-¢5 - dg) _ _ b28
1/2  (¢2 - ¢3 + ¢5 ;.¢6) ' )
e

(1/f_(2¢1 762 7 3% 20u - 95 = b6) g 2u '
1//12(2¢1 + ¢2 *+ 93 - 2¢u - ¢s - ¢6) e

. e
1/2. ($2 + ¢3 - ¢5 - 0g) - i =3g
18 (o1 $27+ 03 by +oos 06) LAy,

(a7u)2(el;)3(e2u)1.h’The four corfesponding excited states have tﬁe symmetries

B2u’ B and Eﬂu' .The energles of these states have -been calculated to in-

lu-
(5,46- 49) -

crease in this erder The conflguratlon (azu) (elg) (b ) has been

(5,49

. calculated, in a few instances , to have an energy comparable to the above
- -

four excited states. Also, gy m* states have beén predicted to lie at 5 to 6
" "3“ P v

(48, 50)

eV above the ground state The singlet-slngiet lower n -+ w* ftransitions

" of benzene correspond to the ébsorption systems at~260, 210 and 185 nm. A

rotatlonal analy51s of the 260 nm absorptlon system has established 82 symmetry

) (51)

for the lowest- energy excited electronlc state . The V1brat10nal analys1s

of this"GG nm aﬁsorption éystem_haS‘beén discussed by Herzberg( : <.
e

The origin band is not observed of this forbldden transition. 'The transltion:'

and klng

15 made allowed bv Lnten51ty borrowing frem the B, € X 1A ig transition” at 185

-

7
nm, mainly via a nontotally symmetrlc v1brat10n (a ring deformatlon) with ezg

-

symmetry_' Fhe most 1nvense bands in the spectrum can be identified as a pro-

gression in the tétally symmetrlc ring breathlng mode, in comblnatlon with one

-
.

quantum'of the above-mentloned ezg v1brat10n. 'T

The 210 nm absorptlon 1§ diffuse and is thus dlffrcult to analyze.

Recently, Katz et al( 2) have observed some vibrational structure 1n this’,
: "o: . . . ’

‘s



absorption system, using solid.rare gases as host matrices at very low

o, x PR
. Feval Bty Rt o8 v

temperatures (4-40°K). These authors have a551gned the 5econd 51ng1et state

Al a2

as 1Blu on the basis of the vibrational structure observed This a551gnment

.

1s consistent with the result of two-photon absorption spectroscopy and.thus

: seems settled(46%.r

femt ¥ 5}

. . . . . r o
The 185 nm absorption system is diffuse and very intense. This

~

system, is.always assumed to correspond tq the 1Elu +« X ‘Aié transition because
calculatlons predlct thls allowed transition in the region around 180 nm. ﬁg
" we
Transitions from the ground state to singlet states with higher energles than
(4 5) D e

the 1ELu state, have been observed, but the asSIgnments are uncertain g

_Triplet states

, Each of the above singlet m » #* states is accompanied by a triplet

- +

, 3B and

Iu

7 > m* state. These states increase€ in energy in the order 3B,

" (5,46)

u The lowest-energy triplet state of henzene' lies at 3.6 erapove )

3B

the ground state. King aqé Penﬁington(ss)'and recentlf Gwaiz et al(sd) have

reviewed priefly-the experimental results obtained for this state. -The

~

ev1denpe for the a551gnment 3B1 is very conVincing..°Transitions to’ triplet

states at hlgher energles above the  ground state have been observed in the
. : . N (46,49}
condensed phase, but assignments are still a mqtter of debate .

4.2. Substituted Benzenes : ) -

-The effects of chemlcal substltutlon on the electronic: spectrum of

S
* benzene derlvatlves g%re studied by Sklar as early as 1942(5 ), and more

4

.recontly-by,Petrushka(sﬁ). The changes,&n the spectra produced by substltutlon
will be briefly d;scqssed[below. The exc1ted electronic’ states Wlll be

indicated with their group theorétical symbols,.instead of Platt's notation

‘(Table 4.2), R
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_symmetry. The calculations also agree that the second excited w - @n* state-

Table 4.2

Correlation Table - L. ¢

P_laltt , Dey, Don v . G

lLb N }B2u “IIBZU - B2 -lAl‘

.lL.a | "By Bl Ay R #

IBab _: | IE}u ' 1B1u+1:82u | 1B, 1BZ;1A1
STy ey :

Monosubstituted benzenes _ .-
. . . gy . *
Nunerous computations have been reported for the energies and

symmetrles of the lower exc1ted electronlc states of monosubstituted benzenes

(ref 57 and 58 and references thereln) The most frequently studied molecules

are phenol, aniline, the halogenobenzenes, ¢CN, ¢CCH and styrene. Some calcu-

lations are limited to the w-electrons, while others(57 58)

electrons. S - . o

3 . . -

All calculations predict'that the lowest-energy excited = » 7* state

-lies at about 4.5 eV above the ground. state and that this stdte possesses Bp

f
. 4 [}

has A1 symmetry The energy of this state is calculated to be.at 5 to 6 eVJ

»

oW WSy

include all valence .

above the 5round state, dependlng on the molecule Studled and the approx1mat10ns

made. The third and fourth exc1ted m -+ ©* states are predlcted ‘to lie.very

<

close¢ in energy at.apout 6.5 eV above the ground state. The CNDO/CI calcula—

tions have. resulted in.two iow—lyiné A, states (o + n* and. 1 -~ o*) for ¢CCH.

and ¢CN(S7)i but not for ¢NH " and styrene(sg). These A, states involve bonding

\ - A

and antlbond ng orbltals that are almost entirely derlved from the in-piane

n-atomlc orbitals. We have argueg elsewhere(571

. that thesg results cannot be-_-

' *
f '
3 ¢
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considered definitive and some more doubt will be raised in Section 4.4.°

. The predicted B, symmetry of the lowest-energy excited state has been
confirmed by rotational analysis of the spectra of about 10 monosubstituted

benzenes. This topic has been reviewed reeentiy by Ross(sg)

-

and will be dis-

cussed in detail in a later chapter. -~ A detailed vibrational analysis of the

lowest- energy singlet transition has been reported for aniline(éo), pheh01(61’62),
and ¢CCH(63). About 200 bands have been measured and assigned in the absorption

(64)

systems, extending from 240 to 280 nm, of toluene and ¢F(65). Less detailed

_information has been reported for the v1brat10nal structure 1ih the lowest-energy

(66)

transitions of ¢CN , styrene( 7), phenyllsocyanate (¢NC)(68), and the halo-

(69) (70)

genobenzenes, ¢Br and ¢C% The above studies make it possible to make

[N

some general.observationsf The lowest-energy absorption system of monosubstit-

uted benzenes is composed of two components. One of these, the forbidden sub-

-system, results from the excitation of totally symmetric vibrations in

~ combination W1th one quantum of an antlsymmetrlc vibration (bjp). In partlcular

a ring deformation that compares with the e2g benzene v1brat10n is very active

. in the'forbidden coﬁponeﬁt

Thc allowed,subsystem is formed by the exc1tat10n of totally symmetrle

vibrations. The most 1ntense bands in the spectrum arise from the exc1tat10n

of the two substituent sensitive C—C stretchlng.modes and the ring bteathing

P . ~ -y R - . B

v1brat1on -t

‘The electronic origin for all the above monosubstituted’ benzenes is

‘.\

redshifted with respect - to benzene. The following sequence has been.found.
F(S), CHz(7), C2(10), Br(10), OH(1S), CH-—CH (20), NC(22), NH, (24) , CN(24)

and CCH(28). The. quantltles in brackets 1nd1cate the redshlfts 1n nm. The

'1nten51t1es of the allowed and forbidden .components .are rather dlfferent for
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’ Petrushka

sity of the transitions suggest.a correlation with the benzene lElu « X 1A

the molecules at the ends of this$ redshift scale. For ¢F, the intensity of

the forbidden part is very .much weaker than the allowed subsystem, while the

remerse holds for ¢CCH. -« e

Theﬁ}édshifts for the second absorption system have been .tabulated by
o ;

(56) Here .also, the spalleét shifts are found for ¢F and ¢CH3 and

the largest for styreﬁ% and ¢CCH. The calculated Ay symmetry of the second

exc1ted electronic state 1is supported by the observation that‘the intensity

-

of the forbidden tomponént in" the first system increasSes with a décreasing

P

.energy separation of the first and second_excited states. This is expected

from pertufbation theory. The first excited state possesses 82 symmetry and

the forbldden component 1s bullt on one quantum of a by v1brat10n These
observations can be neatly explalned by the Herzberg Teller formulation of
vibronlc coupllng, if the second exc1ted\state is de31gnated as B lAl. ",

Klmura ana Nagakura(71 »72) have descrlbed.the electronlc spectra of a series’

. of monosubstltuted benzenes at wavelengths lower than 200 nm. In all spectra

a-very intense, broad absorption was observed around 180 nm. The high inten-
: r . .

1g

transition.. The. almost contlnuous absorptlen around 180 nm does not make it

'p0551b1e to distinguish two. componerits, except- perhaps fbr styrene and ¢CCH.
The red shifts in the liquid phase spectra of these molecules are about 10 npl

‘Thls is an 1mportant observatlon because it cin be used to argue that larger

S “ :

-

redshlfts should occur for more strongly conjugated systems It might then

be p0551b1e to dlstlngulsh the C and D absorptlon systems for the DEBs. s

3

Stark effect measurements on the rotat10na1 structure in the lowest—

energy absorbtion'system of bniline£ 3) and‘¢CN(74?, have 1nd1cated the

o

presence of a low-lying singlet state with B syﬁmetry.. The p051txon~pf thls
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state has been calculated at 6.7 eV for_¢NH2(58) and at 6.5 eV for ¢C&(57)
_with thé modified Jaffé and Del Bene CNDO/CI program in these laboratories.
The lowest-energy triplet state has been oeserve& in phoephorescence‘
studies at low témperatures for ¢CN(75),'¢CCH(76); ¢NC(%7), ¢NH2678) and

(78) ' The method of photoselection has been used to defermine thé

¢h(CH3)2
polarization of this transition .for all molecules mentioned. The lawest-
energyiiriplet:state was found to have'3A1 symmetry for all monosubstituted

benzenes studied!:

disubstituted benzenes )

: The data in Table 4.2 indicate what symmetr%es can be expected for

the ﬂowest excited. electronlc states of disubstituted beneenes Unfortunately, -
very little theoretical and experlmental ev1dence is available to prove these

correlatlons. The. few calculatlons that have been performed are of the n-

(79) (80)

electron type and are limited'to‘dihalogeno— and dicxanobenzenes In

.these studies the calculated energies of the excited electronic states.did .

agree satisfactorily with the experimental values, but the symmetries of the
. N { . . Lo
states were not given. The experimental-evidence for .these symmetries will

A

Be~briefly discussed below for each type of-aisubgtituted benzene.

para-disubstitution, A rotational analysis of the electronié spectrum of

s ¢
five para dlsubstltuted benzenes has revealed By symmetry for the lowest-

(‘

Hk’ﬂ I U T T T R T P P e N T R P

energy 51né1et state(sg)l"An analy51s of the hlghest Wavelength absorptlon
3 i " * 13
“system of para—kyleqe(sl)and para-difluorobenzene( 2) (DFB) has establlshed

" that these systems are composed of -an aliowed and a férbidden subsystem.

§ 3 o 3 . Al ) . . - _f'
The forbidden part is mainly based on excitation of one quantum of

a nontotdlly symmetric fing deformat{qn‘ﬁsz and the most intense bah@s in

- ‘the spectrum arise from the excitation of the two ?otally symmetric substituent




sensitive C—C stretching modes.’ _ «
. b 4 . -

The symmetry of the second excitgd singlet state of'para-;ylene has:

been assigned as B 1Blu by Katz et a1(83) on the basis of the observed

vibrational structure at very low temperatures. - -

R . R o~ -
Polarization measurements of the phosphoresceneg spectra of para-

phenylene diamine and N,N,N‘,n'-tetrémethyl—para-phenylene diamine(78)

. have

resulted in the assignment,3Blu for the lowest-energy triplet state of these

-

4

molecuiles.

meta-disubstitution. A rotational analysis of Wmeta-DFB only has been carried

out. The symmetry of lowest-energy singlet state was shown to be 1Bz_in that
study(84). The vibrational structure in the first absorption system of meta-

UTB(SS) (28).has been analyzed in some_detail. ‘The first

‘ g

3

and meta-xylene

absorption system for these molecules was found to consist of two components,

&

namely a strong allowed pért and a weak forbidden subsystem based on one
quantum of an antisymmetric ring deformation.(bs). The totally symmetric
v(C—C) 'vibrations were found to be prominent in these spectra.

ortho-disubstitution. The symmetry 'of the lowest-energy singlet state of

ortho-DFB has been asslgned as Ay on the basis of a rotat10na1 analvs1s u51ng

(84) " The vibrational structure in the first abgorp-

the band contour method

tion system of orthonylene(ZS) and ortho-ﬁFBcSé)ahas been analyzed in terms

of a strong allowed component and a very weak forbldden part The*most intense

bands 1ﬂ the spectrum can be described in terms .of the exc1tat10n of the two

totally symmetric v(C—C) vibrations based on ‘the electronic origin.or in com—

bination with-one quantﬁﬁ of -a ring deformation' with by symmetry. e

-

The above outline shows that a close resemblance exists between the

-: -

. first absorption systems of mono-_ and disubstituted fluoro and methylbenzenes.
’ - : v d ) -~ -

-

»>
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For all these molecules the first absorption system contains an allowed and

a forbidden component anq the vtC——C) vibrations (a;) play an impoitant role.

?

O
Also small redshifts have been found for the absorption systems of these

molecules with respect -to benzene(sé). One of the aims of this study is to

find out if the first absorption system -of the DEBs has ‘'some features in
common with the first system of ¢CCH. Also large redshifts were found for -
- , - L4

the absorptions of ¢CCH and it was'hoped that analysisnof the spectra of the

DEBs -would shed further llght on the symmetrles of .the second 4nd perhaps the

* higher exc1ted states of benzene and its derlvatlves U E‘
In order to aid the analysis of the electronlc spectrum of the DEBs, ?%g
" the CNDO method has been used to_predicflthe energy and symmetry of the lower %%

-

exc?te&.electronic states. The” results of these calculatibns will be presented
in the next section.

.4.3. CNDO/CI Calculations o g T .

The energies and symmetries of .the lowest 40 excited states of the

. . . < - .
DEBs have been calculated with a modified version of the Jaffé and Del Bene

~

v

CNDO/CI program. The calculatlons were carrled out for ‘the gedmetrles

estimated 1n Chapter 1. The program used has been described 1n deta11 else—

(57)

where The Jacobi dlagonallzatlon procedure in this program was very time-

consuming for -the large ba51s set of atomic orbltals (46) of the DEBs. ﬁOne

" iteration, for instance, required two mlnutes computatlen tlme In order to

[

. examine the " dependence of the calculated enéergies and osc1liator—strengthsfbn S
s the number of iterations, some of the prev1ously_stud1ed molecules were re-
' (57,58)

inveétigaeed namely ¢CN, &CCH and styrene ' . It was found that small
3

. ' }
dlfferences did exist between the<SCF orbltals and the orbitals obtained after
f .

3 or 4 tterations. The latter orbltals reproduced ‘the reported SCF- energles
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and oscillqtér stréngéhs to withi; a few percent: This was Considered to be
within the limits of the cglculation_an& therefore the tra#s;tion energies
and-oscillatorAstrengths for the DEBs have‘been calculated with thé MO{s
obtained after four ite;étiéns. (;t should be noted Seré that‘goqq agreement
between theory and éxpériﬁent wés Abtained in the Fifties with crude Hiickel
molecular orbitals and an extensive CI treatment( ) .). The resulis of the
cilculations will be presented below for each DEB.
Qgra—DEB n + 7* states

Tﬁe caiculatéd transi£ion energies and oscillator strengths (f) for
the lowest 7 - n* tran51£10ns are given in Table 4.3.A. 'Also reported is the
uompogltlon of the exc;ted electronlc states 1n terms of single-electron pro-
motions between the orbitals given %p Table 4.3.B. The experlmental values
of 4:55, 4.75 aﬁq 6.5 eV given in fable 4.3:A‘, correspond to.the ;avelengthg
(291.97, 561 and 190 nm) of the origin Eana of‘thé 292 nm systgﬁ;'tﬁ;‘first

strong band of the 261 nm absorption and the onset of 'the very intense, con-

. tinuous system extending from 190 to 160 nm. The composition of the r - =*

transitions shows that, these consist almost completely of excitations between

the bdnding orbifals.zz aﬁd 23; and the antibénding orbitals 24 and 2§ (see

Table'4.3.B.).i The céiéﬁihtion predicis‘that'the introduction of a second *

» CCH group in para p051t10n in ¢CCH results in a small redshlft of the

A

~

A 1B, « X IA, transition and a-large shift for the B Ay «. X 1A1 transition.

fhe B 13, state of para-DEB-is predicted to lie at 4.75 eV above the ground

lu

state, while the B 1B1 state.of benzehe lies at 6.0 eV. The B lBlu state .
of pafa-DEB is predicted to have almost the same energy as the A lszu state
of benzene. The calculations- thus predict a very large redshift for the

second absorption system of,para-DEB.




Table 4.3.A.

The symmetry, energy (in eV) and composition of the lowest excited

N

7 m - n* states of para-DEB

{ . .

; Sym. AE (eV) Composition - ‘ Exptl. AE (eV)

: 1B, 4.30(0.004) . 0.783(23 - 25) + 0.599(22 » 24)’ 4.25 (5 x 1074

i B, 4.86(0.45) 0.985(23 ~ 24) ’ 4.75 (0.40) '
3 . . . ) .

: lp, ~ 6.15(0.40) 0.616(23 + 25) + 0.783(22 - 24) ‘

i “ : , ' 6.5 (1.5)

3 .

i 1 . .50)° .97

é' Blu 6.45(0.50) 0 0(22 - 25)

2 .
% ° Table 4.3.B.

%‘ . The symmetries and atomic orbital coefficients of the MO's

a - . . . «

i inyolved. in the w > w*, o.> n* ahd 7 > o* $ingle-electran promotions

of para-DEB ' \

Sym. .No. Descr. Composition

e

by, 20 op.c o.486(¢¥-¢¥0)+oj4zs(¢%-¢%)

bé; 21 91 0c 0.506(¢¥1¢¥o)+0-440(¢§+¢§) .

by 22wl -0.500(¢2+¢3~¢5 ~48)

by 23 Ty -0.435(¢1 ¢u) ~0.246 ($5+33- ¢s ¢e)+0 369(¢7 ~430)+0.233(¢3- -4%3) ‘
by, 24 WYy +0.496 ($5+o0) - -0. 267(¢2+¢3+¢5+¢5) -0. 309(¢7+¢1o)+0 127(¢s+¢9)

au. 25 mr o *O;SOO(¢2‘¢§+¢S"¢61 ) ° ,
bsg":27‘4 o* o +oj483(¢§:¢{b)_o.497{¢§-¢%) o - “
by, - 28 on o +01481(s%+eY0)-0. 509(¢8+¢9) ‘

The data in Table 4.3.A, reveal that the energy dlfference between

t, K

the A !B and B 1B states is only 0.6 eV. On the basis of the Herzberg—

2u . lu

! 1

"§ Teller -theory of vibronic coupling, it can be pred1cted that the B 1Bl state

.
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will strongly perturb the A lB2u state via vibrations with b3g symmétry.

a > n* and m - o* transitions

<

The symmetry, energy and composition of the low-lying 1Au and 1Bl

states of para-DEB are. given in Table 4.3.C. The transitions to. these states

from the ground statg are forbidden, £ = 0 therefore. Transitions to none of

these low-lying singlet states have been ohserved. It 1s i1nteresting to note

that two loﬂ—lying states of A; symmetry were calculated for ¢CCH(57).

The
introduction of another CCH group thus results in two additional low-lying¥

states, that involve orbitals localized on the"‘?.py atomic orbitals of the

acetylenic C-atoms. These in-plane n-orbitals will be discussed in detail §:~
. * _e
tn Section 4.4, b
J ¥
Table 4.3.C. : s
The symmetry, energy (in eV) and composition of the o - n*, ﬁ%

-

; . and n -+ o* states of para-DEB

Sym. AE (eV) Composition

lAh 3.76 -0;5?9(?0+24)+0.580(21»26)+0.485(20+29)-0.304(21+30)

1Blg 3.77 -0.605(21+24)+0f556té0+26)+0.493(éi+29)—0.2&6(29+30);
.*Blé_' © 4,75 +0.819(23+27)+0.572(19-28)

1Au ) © 4,80 g +Q:808(23+28)+0.589(19?27)

meta-DEB =~ w > w* states - ‘ - ) : ) : ’ -

The transition energles osc1llator strengths and composition of the

lowest . n*‘trans1t10ns for meta DLB are given in Table 4% . A. The observed

cnergies of 4..19, 5,07 and 5.63 eV correspond to the wavelengths (295.85, 244.5

and 220.0 .nm) of the origin of the 295.85 nm absorptlon and the first absorption

o
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Table 4.4 .A.
Symmetry, energy and composition of the lowest w - a* states
of meta-DLB
Svm. AL (eV) Composition e Fxptl. AL (eV)
1B, 4.30(0.002)  0.736(23+25)-0.630(2224) o« 4.19 (2 x 197%
!
1A; 5.20(0.13) 0.909(23+24)+01408(22»25) 5.07 (0.07)
LB 5.60(0.79) 0.630(23+25)+0.734(22+24) 5.63 (0.95) i
- ( ( N _
Ty 6.09(0.32) 0.410(23+24)-0.904(22+25) - ,
maxima of the 245 and 220 nm-svstems. The data in Table #4.4.A. reveal that 1Q

the = " transitions aré nearly completely determined by single-electron
promotions from the bonding m-orbitals 22 and 23, to the antibonding w-orbitals
24 and 2S. Theée molecular orbitals are given in Table .4.4.B. in te;nw‘Pf the
atomic o;bitals involved. A comparison of the m-MO's, of benzene (Table 4.1),
para-DEB (Table 4.3.B.) and meta-DEB!(Table 4.4.B.) reveals that MO 24 of

me ta-DEB re;embles ciosely the localized antibonding n-MO of para-bDEB aﬁd
benzene. No such correspondence is found between the bondingpv-orbitais. The
data in Table 4.4.A. show that the calculations predict coérectly the transi-
»tion cnergies of the second and third e#cited electronic states, as we}l as

- § - R . . . : . . <
the ratio ot the Jntegrated intensities of these translitions. It is 1mportant

to nete that the introduction of a second CCH group in sCCH, in the meta-

p051tion,_résults gn‘Q minor change in the energy of the first and second
excited electronic states. However, the energy of the C 182 state is apprec-
iably lower in éeta—DEB than in ¢CCH. It can be expected that the A 1By
state will be perférbpd_by vibronic coupling, because of the smallndifference

in energy between the A 1B, and B 1A, states and the somewhat larger difference
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between the A 182 and C 182 states. It can however not be predicted which of

the higher energy states will perturb the A 1B2 state. Although the ﬁ 1A1+,i IAI

transttion energy is smaller than that of the C 182 « X ‘Al transition, the

integrated intensity of the first transition.is only one-fifth of that of the ,

second. .

» t* and 7 > o* states

Four low-lyifng singlet states héye begn predicted for the meta-DEB

(sce Table 4.4.C). A comparison of the data in Table 4.3.C. and 4.4.C. shows

-

4 very close correspondence between the o > =* and n » o* states of para- and

meta-DLB. Transitions to noqéiof these states have been observed.
) ) \
ortho-DEB T > ¥ states ’ ) ©
y

“The results of the calculations for ortho-DEB have been presented in
Table 4.5.A.1. These data show that the essentially m » 7* transitions have

4 contribution from o » o* single-electron promotions.. This contribution is

-

underlined in Table 4.5.A.1. and it is seen to be negligible onlf for the

A 1A} state. The transition energies for the pure n » n* states of para- and

-
PR

metu-DIB were calculated dt siightly lower energies than observed. For orthq-

blB, however, the energies of the secohd and third excited electronic states

are predicted to have higher energies than the experimental values. The ratio
of the calculated F's fer the transitions to the B 1By and C 'Ay states, agree

with the estimated ratio of the experimental'integrated.intensitiesc
N .
.1t was found, in the previously reported calculations on $CCH, that a

-

.

+ » a* single-electron promotion (8.78 el) was mixed with the totally symmetric

°o s

» = n* states in the CI treatment. The corresponding state for ¢CN was

anitially net among the 30 lowest single—elcctron-promotions.' When tpis state

¥

3
{9.59 eV) was later‘included in the CI calculation, the_energies ?f the lower

4

-

ol



88
'S : . '
L ’ : .
) Table 4.5.A.1.
Symmetry, energy\gﬁd composition of the lower = > n* states
of ortho-DEB_ (40 excited states) \
. S .
Sym. AE (eV) Cohposition ! ) i ’ : Exptl.AE(eV)
- q ) ) .“
‘A;  4.29(0.003) 0.744(23+25)-0.%25(22+24)-0.017(21>28) _ . 4.s (107
B, 4.69(0.10) 0:868(23524)+0.324(21>26) ' ‘. 4.74 (009)-
lAl 5.40(0.40) 0.504(23>25)+0.630(22»24)-0.317(23+29)-0.417(2¥>28) 5.63 (6.71)

1B, 5.97(0.03) 0.680(22>25)+0.458{23>27)-0.371(21>26)

-~

1B,  6.14(0.31) 0.473(23>24)-0.670(22>25)+0.313(23>27)-0.374(21+26) .

pod
e

.41(0.26) 0\383(23+25)+0.41§(22+24)+0.598(23+29}+0.478(21+28)

Table 4.5.A.2. !

.

Symmetry:, energy andeomposition of the lower m -~ n*\st;tes;fg N
of ortho#DEB (38 exci£ed states). ‘
Sym. AE (eV) Composéyion y EXpt. AE (eV) _
A, 4.29(0.002)  0.740(23+25)-0.631(22%24) ' a.15 (107
'B, 4.96(0.17) 0.954(23>24)+0,289(22+25) 4.74 (0.09) »
YA} .5.76(0.77) 0.645(23>25)+0.753(22>24) » 5.63 (0.71)

1B,  6.05(0.28)  -0.271(23+24)+0.938(22~25) oo
1B,  6.91(0.003) 0.969(23+27) T :
1A,  7.15(0.03) 0.337(22%27)-0.699(23+20)+0.583(19-24) °

A, states were only slightly affected. In this study, contributions by ¢ * a*
single-electron promotions ar& found only for ortho-DEB. Instead of including
these promotions in the CI treatment of para- and meta-DEB, it was decided to

exclude these-g + c* excitations from the A; and By = ~+ w¥ promotion%rfgr

ortho-DEB. The CI calculation was repeated for ortha-DEB with 38 excited .
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states and using tlhe same MO's ‘as employed in the earlier CI calcularion (see
. Table 4.5.B.). The result is reported in Table 4.5.A.2. -
= A comparison of the data in Tables 4.5.A.1. aéd.d;s;A:2. shows the
same ordering of the excited states for both oalcul?ti;ns. It is also seen
that the ratio of’tﬁe caléulated f's for the B 132 <X 1A, and E 1A, + iviA]
transitions are in agreement.with the eséimated experimental ;atid, aﬁd that
the.calculated ifansition energies are now sliéhtly lower in énergy’fhan'éhe
experimental values. A comﬁarison of the data in Table 4.4.A. and 4:5.A.2~
. ) .
shows a large gegree of correspondence between the pure = > w* transipiQné
of meta- and orthb—DEé.
The above considerations do not make it possible to éecide on the

significance of the low-lying ¢ + o* single-electron promotions that involve

mainly the ih—pléne-n—orbitals of the CCH group. This topic will be considered

in more detail in Section 4.4, These in-plane n-orbitals play a prominent role
y , . . .

in the ctalculated four low-lying © - o* and ¢ - n* .states. The results of the
s . i . - .

calculations for these* states of ortho-DEB are given in Table 4.5.B. and it is

seen that these. low-lying states are very nearly identical for all three DEBs.

4.4. The CNDO Parametrization of Jaffé and Del Benme
" In the previous section, the question has been raised how reliable the

i . . - . .

Jaffé-Del Bene CNDO program (JDB) calculates in the in-plane n-orbitals of the
. ‘1 ) )

acetylenic group. In Jrder to further explore this, the molecules acetylene

(H—-CEEC—-H)'aﬁd hydrogenéyanide (H—C=N) will be considered in dgtaii.

Acetylene is linear in the ground state, but is trans-bent in its

. (87) . . .. . b (88)
lowest excited state . The ground state configuration is given by .

SERLICERLICURLICLIN RN VAN C %

Promotion of an electren froh,a,nu to aﬂmg_orbital results in the following
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.

configurations for the bent molecule.

2 2 2 (9
| (1a,)2(1b ) ?(2a ) (.2bu)(1au)2(1bg) . A, €y

1a-)2(1b )2(2a }2(2b )2 ’ 1
(1a)?(1b )?(2a }2(2b )2(1a ) (3a)) A, (Cy)
The first configuration corre§ponds tg_the degenerate 1Au state for the‘linear

moleciile and the second to_the'lzu+ state (m > ¢*). The latter is usually -

acceptéd for the observed 1Au state at 5.2 eV, on the basis of Walsh's

(2,87,88)

diagrams The calculations were carried out for linear acetylene N

with ground state bond lengths. Self-consistency was reached after 21 iteéra-
tions and the CI treatment included all (25) possible single-electron promotions.

The energy of the 12u+_state was calculated at 4.0 eV ebove the ground “state.

Experimentally this state has been observed at 5.2 eV€87). The ealculations\

were next repeated for slightly.distorted structures. Two trans-bent geometri
j

were .considered in Whlch the C—H bonds made an. angle of 5° and 10° respectiv

~

with the dxis through the trlple bond. The energy of the 1A state correspoxding

. SN . )
_to the lzu state, was found at 4.0 eV for both structures. When the cal

&

tions were performed for acetylene with its known trans excited geometry, -

the energy of this 1Au state was prediéted as_low as 2.1 eV. The JDB program
does thus not calculate a-reasonable energ§ for the lowest excited state of
acetyleﬁe. ' [ >

. The l&u §tate was calculated to lie;at 4.0 eV also for linear acétylene’
with its ground state bondulengths. The degenetacy of these states was lifted
for the Slightly distortee moleculee. The sp}itting of tﬁe two, components was
however found to bé smaller than 0.1 eV. ‘ A similar calculation on the linear
molecule HCN resulted in three states at‘4 8 eV, .when the ground state geometry

"was used. The CI treatment using self-consistent MO's, 1ncluded all p0551b1e

single-electron promot1ons, This- result is very similar to the data discussed

I



92

'S

for acetylene. The agreement with dxperiment is'very poor. The first absorp-
tion system of HCN has been observed at 180 nm (“6.é eV)(Z).

. The results for C2H2 and HCN indicate that, something i; basically“
wIong w1tn the JDB parametrization for compound& with substltuents contaln{_g,—

triple bonds. The JDB parametrlzatlon(47) dlffers in two respects from the

CNDO/-2 parameterg suggested by Poplé and.Segal(Sg).

1. The electrgn-repulsion intggrals_in the JDB program are _calculated with

-~

the extrapolation methods employed extensively®in n-electron type calculhtions.

The one-center integrals are chosen semi- emplrlcally folf6w1ng Pariser and .

Parr( O)

.2. Two types of bond integrals are distjnguishedﬁ namely

Q. a

- 8 = AOE 8BS, § ' . . [4.1a]
m ;'5_“'0 o ) - . ) ] .lb
guv 2 cBA +_BB)Suv_ - ’ : -[4._ ]

Equation la'de;ermineé.fhe Epnd'integral for the o bond;, betweep the nuclei’
A and B. The atomic orbitals p and v of theseuatom; haQé an overlap integégl
equal to Suv: The vaiués.so are given by Jaffé and Deleene(47) for H(-12 eV)
C(-17 eV) and N{-26 eﬁ). " The bond integral for Ehe ntbphd ?etWeen the ﬁuclei
A and B ig given by an expressiop similar to the one for the o-bond, but is
Tultiplied by a scale factor . It was found by Jaffé and Del Bene(47) that

e
the best value of « = 0.585. The overlap of the acetylenic 2p functlons has

(91)
been calculated ds 0 335 for a bond length of 1 205 K u51ng overlap tables

With the help-of.the above figures it is easily found thét

) . ) - ™ ’ -
Be=c = -5-695 eV  and Bomc T 33558V

1,
3
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Pople .and Santry( ve suggested the following formula for the bond integral:

* 8 = "'10.0 S . [4 2]

AccordiHg tg-this expression, the bond 1ntegral for the acetylenic bond equals

-3.35 eV. This value corresponds closely to the 8C5=C = -3.335 eV used by

}

Jaffé and.Del Bene. The JDB value for BC —c 1s grossly over-estimated according

to equation [4.2]. Pariser and Parr( 0) have proposed
g = -2517.5 exp(u5.0072n: T) : - .. [4.3]
Substitution of T = 1.205 X results, in B = -6.034 eV, for the acetylenic n-bond.
"'--

This value compares very well with the B Value.for the acetylenic bond suggest-
ed by JDB. It is very impoxrtant to reallze that bariser énd'Parr arrived at T
equation [4.3] by fiéting\@he values of the béna integrals--tﬁat predicted
cérrectly the position of the lowest-energy excited state. for ethyieﬁe and
bénzene——to,the expressfoq.B = -A eip(-Br). Equation [4.3] ' is thus not calibrated

for 'triple bonds!

Py

The pbor results obtained above for acetylene and hydrogen cyanide

indicate’ that the 8? bond integrals for the C=C and C=N bonds are over-

estimated in the JDB parametrization scheme. Therefore, g and o* MO's, local-.

1zed on- the 1n—p1ane n-orbitals of the CCH group,ih the planar DEBs, cannot be

-

K3

relied upon. The calcul;tqd Oioc ™ n* and T Oloc states reported in Tables

>
a

4.3.C., 4.4.C. and 4.5.C. are thus very ques%ionable.-:
/ The oloc -+ ;oc ;;Bglg;electron promotlons c0ntr1but1ng tq the CI}

states of A; and B2 symme t1y for ortho-DEB dre.also doubtful The results of

the CI treatment wi;h'zs exc1ted states is preferrea over the calculatlons

with 40 excited states because the former does not contain contributions by

~ the suspect:in-plane n~orbitals.‘ The pure nm o+ ¥ tran51t10ns tabulated for

para-, meta-, and ortha-DEB in Tables 4.3.A., 4.4.K. and 4.5.A..2, can thus be
/ .
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rélied upon. It should be ‘noted that the JDB CNDO célcplatioqs are tgu;
‘reduced to a pure ndelectrsn type calculation for the DéBs, with Pariser-
Parr bond integrals and Mataga—Nishimoto repulsion integralg.
Flnally, the resultg of the earlxe# reported calcuI;tlons on ¢$CCH
and oCN will be examlned in the light of the above flndlngs
(57)

It has been d%scussed preylously , that the o ~ o* single- electron
promotion for ¢CN was initially'not includéd among thé” 30 owest excitations
in the CI treatment. 'Whéh fhi;_stqte was “included, the energies of the lowest
two totglly‘symmetric LEE i states were har&ly affecteh énd thus require no
further comment. 'The.two states of Ay symmetry at 5.0 eV‘Qere ;éeﬁ to involve
mainly the MO's localized on the in-plane y-orbitals of thé CN group. These
calculated low- lylng A, states are thus doubtful ) The same can be said about
the low- lylng states of A2 symmetry for ¢CCH (at 3.8 and 4 1 eV), because
-these depend nearly exclusively on exc1tat10n$ involving the in-plane m-
crbafals of the CCH group. ' o

. An examination of the results obtained for.the totally symmetricé_
states-of ¢CCH(57), revealed the preseﬁée of a 6 + o* siné]e-eléctron p;omotion
(8.78 eV). Fhe energy and composition of the lower Al states of ¢CCH are

57)

detailed in Table 4.6 A.. ( The contrlbutlon by thg/o » o* excitation is

. .

underllned and it is seen that the transition at 4,69 and 5 69 eV involve a
considerable amount of this suspect 0 - c* Efﬁgﬁe;glgctron promotion.

The CI calculation of the tran51t10n energies was repeated with the
_same SCF-orbitals as used in Ref‘ 57, but without the o a* promotlon. The
;esults are collected in Table 4, 6 B. A- comparlson of the data in Tables
4.6.A. and 4.6.B. reveals.a marked difference in the energies of the lowest-

lying states of A, symmetry. The data in Table 4.6.B. show a close corres-’
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N

L 4

. - " Table 4.6.A.

Energy and composition of the lower A; excited states of/¢CCH

" AE (eV) S Corfiposition 4

-4.69(0.07) Ol704(l9+20]—0.3%2(19+22)-0.235(16+20)+0.509(17+23) ‘\\\\w

.
>

5.79(0.07)  0.600(19>20)+0.433(18+21)+0.439(19+22)+0.223(16+20)+0.286 (19+24)

~0.358(17>23)

6.56(0.58) 0.348(19+20)—0.884(18+21)+0.145(19+22)+0.202(19+24)-0,180(l7+23)'

18} N

Table 4.6.B,
\ . . : V
Energy and composition of the lower A; excited states of $CCH,

with the exclusion of the ¢ +'g* excitation

. AE_(eV)' . ] Composition
.5.33(0.26) . " 0.965(19+20)+0.248(18>21)
~ 6.41(0.47) ‘ -0.930(i8+é1) - |
7.25(0.002) - ' 0.936(19+éz)'

pondence to the electronic enérgies, calculated in m-electron approximation
t

by King and 50(63). In this study the bond intggral for the triple bond was

obtained from

g = -2:143 g ‘ [4.4]
I . . . -

as -2.609 eV. This compares favourably with the values calculated from

equations {4.1b] and {4.2]. R ’

Conclusions

The interacti07/9£/fﬁg’;:;;ectrons of benzene with those in th? CCH
groups has Been.predicted to result in large rgdshifts of the U.V. absorptions

of the DEBs with respect to the benzene absorption systems, This prediction

\.




)

.1s based on a comparison of the spectra of benzene and its derivatives and on

the CNDO/CI calculations performed. It is shown that the Jaffé and Del Bene

/
parametrization scheme can be used confidently to calculate the transition

v

energies of the pure w —» 7* states of the DEBs. Howgwer, not too much signi-
ficance must be attached to the energies calculated for states that are com-

posed of single-electron promotions involving in-plane m-orbitals. .

! . < -
. -

a
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_ CHAPTER § o . 3 .

a Analysis of the Electronic Spectrum

. *

Introduction ) . /

-

LY

Vibrational analyses of the electronic absorption systems of the three

N
DEBs are presented in this chapter. Unfortunately, the flrst absorptlon systems

of fhe DEBs yleld very llﬁtle informatior., The spectra will be analyzed by

- -

analogy to ‘other substituted benzenes, by using the results of the calculations

in the previous chapter and the band contour method, which is detailed in the

-

. . . . C
next chapter.

A. General appearance of the spectrum under low resolution
- &

’

5.1. -Analysis -of the Electronic Spectrum of para-DEB %
Y
The U.V. absorption profile for para—h6, presented in Fig. 5.1, was N

obtalned w1th a Cary Model 14 spectrophotometer. The‘two absorption systems

in Fig. 5.1 will be.called hereafter the 292 and 261 nm systems. The vacuum

U.V. spectrum of paraLh6, recorded on a McPherson Model 225 1 meter double -

1

beam scannlng monochromator, is depicted in Fig. 5.2.

The oscillator strengths of the 292 and 261 nim systems have been deter®
»

- -

‘mined from the solution spectrum of para-h6 in methanol. By means of the"

equations given in reference 109, the oscillator strengths of the discrete 292

-

P

nm _system was calculated as f =_3 % 10_4 and f = ¢.40 for the 261 nm system.’
The oéczlﬁétor zfrength of tﬁe absorpt;on hump, exteuding from 185 to 150 nm
was determined as £ = 1.5, Accoraing ta the calculations presented in Chapter
4 (Table 4 3, A }, this featureless continuum should contaln the C 1B2u « X 1Ag
transitions. This prediction is con51stent "with the '

g >
experimental oscillator strength of 1.5, Thé energies and oicil{ator strength§

and the D lslu <X 1A

of the 292 and 261 nm systems are in excellent agreement with the results of .

the CNDO calculations. Thereforé, the 292 and 261 nm sysfems are assigned,
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260

270 nm

98



99

081

L 5

‘wu @S] 03 Q81 woI3 9y-ered jo swaisds uorjdiosqe ‘A°f wWNNOBA AYL VRS ‘314

b

\ 0LT ’ 091 . . 0sT
T T 1
_ . .
e . , ,
\ . ¥
! 13



L i
115 120 . 125 130 135

.
»

Fig. 5.2.B. The vacuum U.V. spectrum of para-hg in the region from 135 to:
115 nm.
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tentatively at this point, to the A 1B2u < i lAg and é 181 - il A transition
u g ;

respectively.
‘No attempt has been made to analyze the region below 150 nm. . e
B. The 261 nm system | - : ’

The B 1B1u + X 1Ag transition shows vibrational structure. The
. .

vibrational bands are diffuse, even under high resolution, and have a half
width of about 100 cm-l. This diffuseness can be ascribed to the (pre)dissocia-_

tion of para-DEB preceeding polymerization.

However, the molecules ¢F and ¢CH3 for instance do not undergo photo-
chemical decomposition, but the B systems for these molecules are featureless

A\

humps . Some vibrational® structure can be distinguished in the B systems of.

the molecules ¢CH==CH2, ¢CN and ¢CCH and unusual detailed structure is found i

D f

in the 261'n% systém of para-DEB.

. It'wss seen in the'previous chapter that.the_é systéms of ¢F and ¢CH3

a;s red shifted very lit&;e (<10 nm) yith respect to the 205 nm system of
benzene, while appreciable Ted shifts (=30 nm) occq& for the above conjugated
monosubstituted benzénes The 1argest red shift is found for para DEB. There

is thus a correlation between the red Shlft and the diffuseness of the, v1brat10nal
structure- in the B system. Since the position of the f1rst absorption system is
“only 5115ht1y affected by d1fferent substltuents, a correlation also exists
between the dlffussness of the B system and the energy gap between the A and B
systems. ThlS observation suggests that the diffuseness in the second absorp—
tlon system of benzene derivatlves is cause; by predlssoc1at1on by V1brat10ns( )q
This means‘that thetdegree of diffuseness of the‘V1brat10nal bands in the B
system is determined by the density of ghe viﬁronic levels in the first systeém

OVeriapping the vibronic bands.in the B system. This density/diffuseness
, . S !

increases with an increasing éap between the first and sscoqdhabsorption system
ke : :
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and also with deu%eration because of the drop in frequency of the fundamentals.
Wifﬁ'the help of the above argument, it can be rationalized that the

261 nm system of para—DEB shows a decrease in the relative intensity and in

the number of vibrational bands at the blue end of thelabsorption systém upon

deuteration of-the CCH groups and upon ring deuteration. .
. b
The relative intensities and the frequencies of the absorption maxima

of the 261 nm system are reported in Table 5.1 for para—h6 and its deuterated

-1

2

1sotopes. The accuraZ&/in the measured frequencies is *15 cm

A.study of th’
i
shuwed a decrease in the relative intensity of all bands with respect to the

intensities of the vibrational bands at lower temperatures

intense, lowest-frequency band. ‘This band is assigneé as the electronic origin
band of the 261 nm system. \

In the spectra of all isofbpes, a Progression--to higher frequencies--
in 770 qm:l is based on the orfgin band and on the intense band at 40320/40210/
40340/40320 cm ! for pafa-hé/para;dzfpa;a-44/para—d6: The latter band is at’
2010/1920/1996/1930 c:m'1 to the blue‘of the origin band. A 'similar frequency
interval of about 2000 cm'l ha} been observed also in Fhe 220 nm system of meta-

h,, the 745 and 220 nm systems of ortho-h. and in the 279 nm absorption of

6’
. - : -1,
C6“5CCH and CgD GCH(és). This upper state frequency of about 2000 cm ~ 1n the
spectra of the DEBs is assigned to the totally symmetric triple bond stretchlng
mode, by anadogy to ¢CCH. , The ground state frequency of this fundamental is

2108 cm™} for all CCH isotopes of the three isomeric DEBs. The above upper

state interval is decreased by about 90 em ! in the spectra of the CCD isotopes’

. . e Y .
of ¢CCH and the three DEBs. The drop in the frequency of the v(C=C) v15¥q§1on

in the ground state 1s about 120 cm -1 for all above molecules. The difference

in frequencx,qf this v(C=C) mode between ground and upper state 1is very small

l

. compared to the drop of almost 500 cm” between”the ground and first excited

2
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<
Table §.1 . .

v

. -1 . . s A
wavenumbers (in cm ") and relative intensities of the vibrational bands

in the diffuse 261 nm absorption system of para-DEB

para—h6 para—d2 para-d4 ) para-dé .Assignment
38310 Vs 38290 Vs 38360 . vs, 38396’ VS - Og
38680 sh ' 38680  sh 3850  sn 8
39070 s " 39060 s 140 s 39150 s ‘ .zé
39460 s 39430 s 39580,  ww 39600 vvw 5y ,
39840 s 39850 s 39920  s° 39920 s L7 |

40320 ws - 40210 Vs 40340 - s 40320 s 3 ‘
40620 s 40600 s 40615 vw 40680 vw 7 S
41070 s 40080 m 41110 w 41070 vw 375 R
41410 m 41390 ° W 41470 vw 41530 vww '78 ' L
41860 m 41750 w 41910 ww 3970 '
42200 w 2160  w 42280 Lvw S '
42610 w 42550 " ww ' 557 .
43010 ww h %
43480 ww o . ) 370
43820  ww ‘ Q7ZJ ‘

’ 3 - .
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(63) . ) ) .o ..

singlet state in acetylene This indicates that the acetylenic groups are

only slightly invof;ed in the,électronic éicitation.

The frequency of the above prégress}oﬁ was found as 770+30 cm-1 in the
-sﬁéctra of the four isotopes 6f para-DEB. This_ffequeﬁqy could have dropped
30 to 40 cm-l'on deutergtion,'but tpé accuracy was not suffiecient to measure
thié. In the 292 nm system (sge below) the following upper state intervals

-have been measured 756.8/761.5/723,5/717.8 bm-l for para-h6/para—d2/para-d4/

Approximately identical upper state spacings in the U.V. spectra of
(81,110)

para—d6.

(82
pa;a—DFB(g')

and para-xylene , have begen aésigned to a totally symmetric
‘substituent-sensitive c—C stretching moge: _The above progression for.para-DEB
is assigned Ey analogy to the totally symmetric véC——C) mode v;. The ground
state frequency of this vibrat;on was found in the Raman spectruh as 812/§09/
768)%63'cm_1. This assignment is éupported by the absence of otﬁer in-plane

vibrations,. of .a, symmetry, with frequencies around 800 cm ".

1
-1
! The strong band, to the blue of the origin, at 39460/39440 cm for
para-h /para d2’ is left to assign at this p01nt. The frequency interval
between the above band and the 0O band is- 1150 cm"1 for both isotopes. The

0
ground state frequenties in Table 3.5.A. show that this excited state frequency

of 1150 cm™? may arise from excitation of either the totally symmetric (vs) or

.

the non;totally symmetric (vag) substituent-sen§itive v(C—C) modes with ground _  ~

- . Ny : -1
state frequencies of 1176/1171/1175/1168 cm 1" and 1260/1260/1258/1258 cm ~ for

: - C AlR. <« X 1A it bel
para-h /para-d,/para-d,/para-d;. In the A "B, <X Ag transition (see be OW).

excited. state fpequeﬁcies of 1170 and 1160 em™! are found for .the hydrogenic
and ring deuterated isotopes respectively. The above. upper state frequencies
are assigned to vg. A very small change in frequency thus oceurs upon
excitation. ~ This is con51stent with the a551gnments of 51m11ar excited state

frequency,lnxefvals-ln the spectra ‘of mono-substituted and para-disubstituted
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benzeﬁes (see Chapter 4).

This.aésignment implies that both totally symmetric substituent-
" sensitive v(C—C) vibrations (vs and v7) undergo a rather small change in
frequency upon excitation. This was founé above alse for the v(CééC) mode
.3. The changes in geemetry upon excitation are small for benzene derivatives
(see Chapter 6). Therefore, the small changes in frequency of'vz, vs and vy
on excitation, imply that neither the CCH group nor the linkage between this
group and the aromatic ring are significantly affected by changes in the

electronic structure on excitation.

C, The 292 nm system under high resolution

=

The 292 nm system of para-DEB shows a great resemblance to the 279 nm

system of ¢CCH. The osciliator strengths for these absorption systems are

i

nearly identical: £ = 5 x 10™% for ¢CCH and 3 x 107 for para-DEB. The
absorption for both molecules shows two components: *a weak system with double
headed bands and a strong subsystem with single headed bands. In the specira

of both molecules, the iniensity is less extended to the biue for the ring

- . f . 63
deuterated isotopes, compared with the hydrogenic compounds. king and So( )

s

have suggested that this indicates that mainly ring vibrations are excited in

-

vibroni¢ transitions.

-

Attempts to study the var1at10n of the intensity of bands with temper- .,

ature were not successful for the following reasons. The saturated vapour

pressure of para-DEB at room temperature is only 0.4 torr. No absorption

could be detected at dry ice-temperature (-78°C) &ven with'path 1engths of

about 90 meters. The sample could not be heated to suitably high temperatures,

r

because of the rapid polymerization which occuxred.

- The frequenc1es and the relatlve 1nten51t1es of the bands in the 292 nm

]

system of the isotopes of ‘para-DEB are collected in Table 5.?:
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Table 5.2 ‘

. - 1 . N . . »
wavenumbers (cm ~) ‘and relative intensities of the bands

in the A IBZu,* X lAg transition of para-DEB

para-h paré—dé' para-d, para-d . Assignment
33711.9  vw 33722.2  vvw 33861.1 vw 209
34250.1 w(II) 34268.9 ~'w(II) 34377.0 w(II)  34396.7 wvw(II) 09
34414.2 vvw 34424.8 vyw 34535.3  vvw 34545.4 Vv o
34586.8 wvw 24599.5 jz 34711.7 vvw 34641.8 ew B
34738.5 Vs 34768.6 Vs 34846.4 Vs 34889.6 W 205
34744.8 s 33856.9 vs 19,
34851  vvw 34854.5 vvw K 28
.34887.9 ew - o - S ol
55009.9 w(LI)' 35030.4 w(II), - 35100.5 w(ID).. 35114.5 wan o 7g
35425.5 VvW__ , 35435.5 vvwW 3
35498.0 m  35497.2 s 35570.0° w 35576.7° m 2047
%5520f4; s ‘ \\\ 35610.4 vw 19373
~.35609.0 Viw _ ) o 4;3' 28575
55014.2 p - '"Ssgl%.3‘ n <{ ¢ 36012.6 VW zoésé .
; [ 35935.0 m. - - b . 36037.9 VW 19555
" R ‘ 1.1
3616728 vvw ol &5. - B 5670
36258.8 éw’ﬂu. ,§§é§§.o ew ,*/)‘ 36293.2 " vvw 20323
R Lo ' 36267.4 ew ‘ 19373
T3872.4 - ww S | 2055075
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The or?gin band of the 292 nm system of para-DEB can .be asgigned readily
bY analogy to the assignment of the Og band of the 2;9 nm absorption system of
$CCH. ‘At the red ena of the ébsorp?ion system of par?—h6/para-dz//¢CCH/¢CCD, a
double band is found at +488:4/499.7//490.2/503.6 cm"1 from the most intense

_band in the’spectrum and single Qeaded bands aré observed at -538.2/546.7//

513.5/526.9 ¢n! from the above double headed band., The latter separation

corresponds to the bsg/)b2 fundamental of the acetyienic skeletal beﬁdgng mode =
vog//v3s, whose ground state f;equency is 537/545//513/531 cm—l. The above

double headed band hag been assigned as Qg for ¢CCH; By analogy, the O0 band %%
of para- DEB is 3551gned to the double headed band at 34250.1/34268.9/34377.0/ h %3

34396.7 cm % for para- h6/para dz/para -d /para d6 This assignment 1is supported’

by the follow1ng arguments . -

1. The blue shlft of the orlgln band is +10 cm -1- per acetylenic D atom and
+32.cm -1 per aromatic D atom.. These flgures agree very well with the sh1fts
observed for- ¢6CH and other benzenq derivatives( ).

.2.. The acetylenic skeletal bending mode v,q is the only vibration whose grpund-

’ - and upper state fundamental frequency ihcrea§es upon deuteration of the CCH
. groups. o

3. It is shown in the next chapter on band contour analysis that the 08 and 293
) Sands are type B and type A bands respectively:’
By analoéy to the\énalysis for ¢CCH(63), it is suggested that the 292
nm system of para- DEB should be 1nterpreted in terms of a weak allowed component
and a very.lntense Forbidden subsystemu This forbldden part of the spectrum 1s
based on .the single quantum excitation in the upper state of the g (C—C==C)
vibration (v;9) for the CCH 1sotqpes. In.the spectra of’ the CCD 1sot0pes, this
. vy as well aé the . B(=C—D) vib;ation (vig) is excited. These two~v1brat10ns

»gpll into fhe ng symmetry éiassl The above can be expla;néd by the Herzberg-
N "\5(” " . . ) .



Teller theory-of vibronic coupling. First, the forbidden component in the
e

292 nm system of para -DEB is more intense than the forbidden subsystem in

: —

the 279.nm absorptlon of $CCH, because of the differonce in/e;ergy between
. . . . . \_ - N " —
the A and B systems is smaller for para-DEB (0.6 eV) than for $CCH (0.9 eV) .

Second, the A'187u ~ X }Ag transition borrows intensity from the

B lBlu « X lAg transition via vibrations with ng symmetry for para-DEB.

The first absorption system of para-DEB contaims a rather small number
: x
of vibrational bands to the blue of the Og band, in éddition to the bands dis-
cussed above. Most of the bands in the spectrum can be analyzed in terms of

excited state frequencies of 760/752/722/718'cm~1 and 1175/1166/1160/1155 cm'l

forlpara-h6/para~dz‘/para-d4/para-d6 in combination with_the Og band and the
false origins in v)q and v20.< These frequencies have been assigned to the

* totally symmetric substituent-sensitive C—C stretching modes vg and.v, for

b

reasons outlined above under B.
-The ring deformation vjg-that plays.such an impb?tant Tole. in the 260

nm system of Hengeﬁe (§ee,Chapter 4) falls into the b‘3g class of vibraeione

for para-DEB. The extremeiy weak bands at 34851.1/34854.5 cmél for para;h6/

-para d have been téﬁfatlvely assigned to this v1brat10n

-1
Flnally, very weak bands are found at +l64 1/155 9/158 3/148 7 cm

and at +336.7/330.4/334.7/331.3_cm* \érom the Og band. Jhese bands will be

For para-h,., the a and B8

called the « and B bands respectively, hereafter. 6*

bands are also associated with the most intense band in the spectrum at
34738.5 cm™ ! The « and 8 bands will be dlscussed later.
The small number of observed v1brat10na1 bands. can be ascribed to two

factois.._ﬁlrst, the energy gap betyeen the weak A and the very intense B

Syéteh is Véry small I0.6 eV). No vibrationaf”structure could be found to

. the blue of é?Z nm, because of absorption by the long-wave tail off the 261 nm

. P 108



singlet system. Second, the strong bands in the spectra of all isotopes are

1

accompanied by 7 to 8 members of a sequence in about -16 cm . The first 16

cm'l sequqnhe band ;ontains four members of a sequence in about -2 cm'l.
'(The ﬁossibility that the sffucture within each 16 cm > sequence is due to
rotatlonal structure is excluded in -Chapter 6 on the basis” of band contour
ana1y51s.L The hlgher members of the -16 cm -1 sequence have th; -2 cm -1
sequence stacked upon them to the blue as well as to the ;ed. Weak bands in
the 292 nm system could only’be_detgcted with diéficulty because of these
se&ﬁence bands. It should be noted in this respect that the low resoalution
spectra of the CCD isotop;s are diffiie below 278 nm. The high resolution

‘ “ . , ¥

spectra of these isotopes have revealed that this (apparent) diffuseness is

caused by sequence congestion. )
' -1

The relatively high inteﬁsity of the.-16 cm and the -2 cm-l sequence

indicate that these sequences originate on vibrational levels of low energy in

109

&~

~

the ground state. The sequences are only very slightly affected by deuteration
: AR ;

~ of the acetylenic and aromatic, protons.: Tﬁey have therefore been ascribed to
the very low frequency out—of-ﬁlane bending modes*gf the whole CCH group.

These are the y(C-—CCH) vibrations of Bzg symmetty (vi4) and of b symmetry

. 1 _
(vy9) , whose ground state values are 197/182/186/177 cm ~ and 68/68/64/63 cm

for para h /para d2/para dd/para de-

5.2. Analys1s of the Electronlc Spectrum.of meta-DEB

2

A. General appearance ‘of the spectrum under low resolution

Three electronic absorption systems have been recorded in the U.V. for

meta-DEB on the Cary. These systems will ‘be called the 296, 245 and 220 nm

absorption systéms. The proflles of the 245 and 220 -nm systems, presented in

Fig. 5.3, curve B, were obtained using'a 10 ‘cm cell with the sa?ple in the 51dg

arm at a temperature of about -25°C. The 796 nm system, curve A in Fig. 5.3,

.
.
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was obtained using a solution of meta-DEB in methanol in a‘l cm path length

quartz U.V. ce€ll, ® ' - )
The oscillator strengths of the three absorption systems have been
ot * « . g
determined from the solution spectrum of meta-DEB in methanol. The-oscillator

Strength of the discrete 296 nm system was calculated as f = 2 x 10f4, f = 0.08

for the 245 nm absorption, and f = 0.95 for the very intense 220 nm transition,

The transition energies and oscillator strengths calculated in Chapter

4 y(Table 4.4.A) are in excellent agreement with the position and intensity of '\ N

the above three. transitions. The 296, 245 and 220 nm systems of meta-DEB are
assigned, tentatively at present, to the A !B, « X 1Ay, B 1A} « X 1A, and =

C 1B, « X 1A, transitions respectively. . ‘ ] .

,
G

The 220 nm system shows some coarseé vibratignal structure. Thi;
structure could:noi be analyzed from the spectra recorded in this study because‘
the bands are very weak and broad, except for the intense bands at 334SQ_§nd
47430 cm™ b, ‘The freduency interval betweén these prominent peaks‘is about 2000
em . This spacing is a551gned to the excited,state frequency of the totally
symmetric triple bond stretching mode vy for reasons outllned above in Sectlon

5.1.B.

!
Four broad, diffuse vibrational humps appear at 244 .4 (medium), 239.0

(strong), 233.6 (meqium) and 228.5 (weak) nm in the 245 nm system. The fre-
.quency interval between these peaks is about 950 cm—l. As 4iscu§sed in Chapter
3; the totally SYmmetrié ring breathing'vibration occurs at about @bQO cm71 in
the ground state for benzene gnd all mono-, meta- and 1,3,5-substituted benzenes.
.Acégrdipé to-the review in Chapter 4, this ring breathihg vibraFion‘plays an
important role ‘in.the U.V. spectra of the above molecuies;‘ The upper statg

-1
frequency of th1s v1brat10n 1s about 950 cm for all molecules. The above

four peaks in the 245 nm system of meta-DEB thereforg almost certainly represent

- .
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a progression in this totally symmetric ring breathing vibration {(vig) in the

upper state.

B. The 296 nm system under high resolution

~

The A 1B, < X A} transition of meta-h, and meta-d, contains a rather
limited number of vibronic bands compared to the wealth of structure present
in the analogous transition for other derivatives of benzene. It was impossible
to detect any structure at freduencies higher than 35720/£m~1 for‘both isotopes,
because of the steeply increasing absorption of the long-wave tail of the 245

y
nm absorptloﬁ system. No bands could be observed at frequenéios lower than 33400
cm.l with the sample at its saturated vapour pressure of 0.35 torr at room
temperature and path lengths up to 90 meters. The frequencies and relative
fntensities of, the measﬁred bands are collected in Table 5.3. Not listed in
this table are the se;uences in -2.5, ;5.5, -30 and -35 cm_1 that are observed
up to.the fourth member for strong bands. The higher frequency sequence bands
have theiﬁ’equences in -2.5 and -5.5 c:m_I stacked‘ upon them, to the red z;s well
as to the blue. This observation makes it unlikely.that the structure within
~the -30 and -35 cm-1 sequence bands is due to'rotational transitions (see below).
'The ﬁigh relative intensit§ of the sequences suggesté that they originate on
low frequency vibrations. The sequence intervals are small; the vibrations
involved are thus only slightly affected by electronic excitation. The inter-
vals do not change on deuteration of the CCH groups.

The sequences in -5 and -35 em™) found in the 279 nm system of sccn(®3)
have analaogous features as thé above sequences foxr meta-DEB. The‘two sequences
for ¢CCH have been ascribed to the two low frequency out-of-plane bending modes
Y(C—CCH) and y(€-—C==C); whose ground state frequencies are 162/1?4/16J/146
't:m-1 and'349/340/}30/322 cﬁfl respec;}vely. The introduction\of a'seco?d CCH

_group in ¢CCH results in a total of four low-frpquency out-of<plane C—C=C

]
s
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Wavenumbers (cm ) and relative intensities of. the vibrational bands

meta~h
33314.9
~33316.8
33800.0
33905.9

34264.5

34462.3

35512.0

35710.1
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in the 296 nm transition of meta-DLB

meta-d
33353.5
33370.7
33824.2
33923.0
34271.3
34326.1
34482.0
34746.0
34928.9
35211.8
35513.0

35718.4
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and CCH bending modes wigh ground state frequencies of 185/172, 122/119,
360/358,_and 343/333 cm-l. These four vibrations can be grouped into two
sets of out-of-plane vibrations, similar to the set given above for ¢CCH. N

*

he observation of two scts of two sequences in the spectrum of meta-DEB
tn&t.resembl closely the two sequences found for $CCH, strongly suggests
that the sequences for meta-DEB orxblnate on the 3bove four low-frequency
vibrations. |

Only sinéf? headed bands have been observed in the spectra of mcta'-h6
and &eta-d:. The band contours for benzene derivatives are discussed in detail
tn Chapter 6 and- it will be seen there that the A-type bands are s{ngle headed
tor.all 27 substituted benzenes studied to date. The single headed bands in

the spectra of meta—h6 and meta-q2 are thus probably type A bands. Likewise,

double headed bands‘are almost certainly type B bands. This is confirmed by

a calcnlafion of the rotational profiles of type A and type B bands for metal‘
ho' These contours were calculated (see Chapter 6 for details) with the ground
- State rotational constants estimated in Cﬁapter 1. It will be shown iﬁ the

N 3
next chapter that no accurate values can be obtpined for the excited state.

-

geometries at $CCH and para-DEB. Tﬁe exciteg”state geometry of meta-DEB-—and

thus the rotational constants—can thereforf not be estimated. However, for

-1 .
ortho- h6!double headed bands have been observed with a separatlon of 1. 8 cm o

-1
(see below), while double headed bands with a band head separatlon of 2.2 ctm

have been calculated for oftho-DFB(Sd). The changes in rotational constgnts

tor meta-h, were chosen as AA = -O.QOS'cm-I and AB = -0.007, because similar

6
- . 4 . .
values have been determined for meta--l.')FB(8 ). The calculatipns ?esulted in a

si&gle headed type A band and a double headed type B band, with a separation
of 1.1 em”? betwe;n the two absorption maxima. The origin band is assigned to

the weak band at 33800.0/33824.2 cm,'1 for mefa—hélmeta—d2 for the following
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reasons.
The blue shift of this band is +12 cm—l'per acetylenic D-atom, which
. f

1s close to the values found for ¢CCH (+13 cm'l) and for para-DEB (+10 6m'1).

Ll

If the most intense band in the spectrum at'34264.5/$4271.3 cm-1 is assigned

. 0 ) .
4as the O0 band, the bands to the red are not at separations corresponding to

-~

-

~grouns{\state‘ frequencies.* This difficulty does not arise if the weak bdnd at

53800.0/33824.2 cm * is assigned as Oy. With this assignment, the most

4

1ntense band occurs at +464.5/457.1 cm—l from the Og band. By analogy to the

analyses for meta-DFB and meta-xylene, this interval is assigned to the upper

state frequency of the totally symmetric ring deformation‘vlq, whose Raman

value is 482/473 cm 1; The very weak band at -485.1/470.7 c:m-1 from the Og

has been assignéd to E%e ground state frequency of .vyy. The extremely weak -

band it -453.1/453.5 cm”} £rom the og

ring deformation vy, whose I1:R. frequency is.455/454 em

is assigned: to the non-;btally symmetric
-1

.The bands at"the blue erid of the spectrum can be described as involving

the gxcitation of vibrations with upper state frequenc1es of 660/657, 947/949

and 1247/1242 cm-l. These vibratidhs are based on the strongest band in the -

. -1
spectrum at 34264.5/34271.3 em L and o ‘the 0) bands at 33800.0/33824.2 e~

*.The above upper state freqﬁency 1ntervals are a551gned to the totally symmetric

»(C—C) modg¢s vg, vig and vy), whose grqund.statg frequencxes are -703/700,
’ dg'- E] . *

998/997 and 1236/1233 cm-l.‘.The totally symmetric ring breathing mode vyg

has been discussed in detail in the previops section. As dispus§ed in Chapter

4, the totally symmetric substltuent -sensitive C—C stretching modes play an™

r

leortant r8;§71n the U.V." spectra of meta-DFB and meta- xylene. The upper

stata freq&énc1es of these v1brat10ns for  the. latter mo&ecules are approxlmately

equal to the upper state frequenc1es given above for meta-DEB The aSSlgnment
*

is further supported by the absancéfof other*an—plane vxbratlons with frequenc1es
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in the imnedigté vicinity of the ground state frequencies of the ukC—-C)
nodes of vibration. Finally, the very weak band at 105.9/98.8 cm ! is called
the a-band hereafter and will be discussed later. |
According to the above énalysis, the 296 nm system of meta-DEB consists
of .an allowed and a forbidden component that is based on the single quantum
excitation of the totally symmetric ring deformation vy,. The vibration is
also active 1in tﬁe first abébrption systems of meta-DFB and meta-xylene. In
ihc spectra of the latter molecules, this félse origin—and the forbiddeﬁ sub-
system burlt on it-—is much weaker than for meta-DEB. From the Herzbeég;Teller
theory of vibronic coupling, this intepsity.differenc; can be explained by the
energies of the higher excited electronic states. The B and é systems for
" meta-DEB namely occur at 245 and’ 220 nm, while the analogous transiFéong for
both meta;xylene and meta-DFB are found at 215 an@ lés_nh.:A congiderable red
shift 1s éhus found for the é'aﬁa C sy%i7ms of meta-DEB with respect to those

for meta-xylene and meta-DEB.

5.3. Anaiysis of the Electronic Spectrum of ortho-DEB

. A General appearance of the spectrum under low resolution

Three electronic absorption systems have been recorded for ortho-DEB

on the Cary. These three’transitiohs will be referred to below as the 220,
~t ¢ w

256 and 298 nm systems. The profiles of these three absorption systems are

presented in Fig. 5.4. - . 27.

L]

The oscillator strengths have been determined from the solutlon'Bpectrum

of ortho-DEB in.methanol as £ = 10-4 0.13 and 0.90 for the 298, 256 and 220

»

v

nm system respectively, In accordance with the calculatlons and dlscu551on in

Chapter 4, the 298, 256 and 220 nm absorption systems have been assigned -to the

A 1A1 - X 1A1, 6 182 - X lAl and C 1A1 + X lAl tran51t10ns respectlvely.

The very intense 220 nm system-contains two prominent peaks, namely  at

K
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S -1 ,
45500 cm ~ ,and 2000 cm © to the blue of this band. This interval is assigned
b k3 .

to the upper state frequency of the totally symmetric v(C=GC) vibration vy,

by_analogy to the intervals of 2000 cm-1 measured in the spectfa of'¢CCH,
pdrdt\énd meta-DEB (see Section 5.1.B.). The other weak bands in the 220 nm.,
system could not be analyzed. ’ -

The frequencies of the maxima of the vibrational peaks measured in the‘
256 nm system of ortho-h6'are collected in Table 5.4, together with their
relafive infénsities. The spectra of the ring deuterated isotopes were not
recorded because only small amounts of sample were available, The accuracy of

-1

the frequencies listed is +20 cm The 256 nm 3,182 « X 1A, transition also

shows two prominent peaks with a separation of about 2000 cm'l, namely the most
lnteﬁse,‘lowest—frequency band in the system at 39060 cm"1 and the strong band—

20é0 \:m-1 to the blue of the strongest band—at 40280 cm-lz This spacing is

assigned here also to the upper state frequency of the totally symmetric v(C=C)

mode vy,. All other bands in Table 5.4 can be described with upper state fre-

-

quencies of 650 and 1230 cm -1 jn combination with the’above two prominent bands.
These same separations have been measured also in the 298 A 1A « X IA; transi-
tion {see below). Similar freguency intervals have been observed in the first

' (28)

absorption systems of ortho-DFB(Sé) and ortho-xylene .+ It is suggested, on

: -1 .
\fhe basis of these analogies, that the separations of 650 and 1230 cm © 1in the

§t56 nm system'should‘be assigned to the totally é&mmetric, substituent-

semsitive C—C stretching modes vg and vy, whose ground state frequencies

are 706:and 1204 pm—l.

B. The 298 nm system under high resolutlon

The 298 nm system of ortho h6/ortho -d /ortho d6 was photographed under

hlgh resolution u51ng a 1.83 m multiple reflectlon cell contalnlng ‘the .sample

at the: saturated vapour pressure at room temperature (0.35 torr). Maximum path

»
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lengths used were about 96 meters (52 traVersalg). “The spectra of the isotopes f
of ortho-DEB have Fhe following'features in common with the spectra described
in Section 5.2 for the isotopes of meta-DEB, -

The sﬁectraddf the isotopeé of'ortho-DEB show §;quences in -3.5, -5.5,
-28 and -33 cm_l, that can be described analogously’as the sequences in -2.5,
‘-S.S, -30 and -32 em ! for meta-DEB discussed in Section 5.2.B. These sequences
of ortho-DEB are therefore attributed to the four 1ow—frequenéy vy (C—C=C) and

1

v(C—CCH) vibrations with ground state frequencies of 130/130/123 cm ©, 182/170/

! 1‘ Weak bands.could only be

162 em”t, 335/325/316 cm ® and 371/337/338 cm”
detected with diff%gg}ty for the same reasons as outlined for para- and meta-DEB.
Also, the spectra of ring deuterated ﬁbléculés showed 2 much less exterded
intensity'distributioq than observed for orthé-hG. Two types oé bands can be
distinguished in the 298 nm transition. Type 1 bands Yre single headed,'wbile
type 11 bagds are double headed. The:two absorption maxima in the ‘type 1I ban&s
are Sepafated by 1.8/1.41,9111'1 for ortho-hé/ortﬁo-d4. As discussed in Section
" 5.2.B., it is almost certain that the single headed type I bands are polarized
along the. inertial a axis and that the double headed type 11 bands are type B.
This could not be confirmed for oftho-DEB,_bebause the band contour programs
available to this author did not réproéuce tﬁe profile calculated for ortho-
UFB(84) (see éﬂaptep 6).

The origin band is assigned to éhe type I band at 33507.2/33612.9/33639.8
em™? for orfho—hﬁ/ortho—d4/ortho-h6 for the following reasons.

The blue shif£ of this band is +9 en”? per agepylenic D-atom, which

. - =1
compared favourably with-the values of +10 cm ! for para-DEB, +12 cm =~ for

. L -1
meta-DEB and +13 cm‘lyfor 6CCH. The blue shift of this band is *27 cm — per
. ) . " L . i -—l —_
aromatic D-atom. This figure agrees very well with the shift of +32 cm © per
‘ -1
aromatic D-atom for para-DEB and of +31 em = for ¢CCH.

¥

M
o0
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If the weak type 11 band at 33093.5/33202.4 cm_l'f;r ortho-hé/orfho—
d4 is assigned as the origin banq by ana}ogy to the assignment for para- and
meta;DEB, then the separations of the bands té the red of this band do not | -
correspond to ground state frequencies. This difficulty disappears if the

most intense band at 33507.2/33612.9 em™! s assigned as Dg. The weak type

.

11 bands at +366/358 cm_1 from the Og can then be assigned as the upper state

frequency of the non-totally symmetric ring deformation (vy;), by analogy to
the assignment for orfho—DFB(86) and»qrtho-xyleneczg). The éround state fre-

e«
quency of this ring deformation for ortho-—h6/ortho-d4 is 414/411 cm'lu The “Eg

weak type II band at -413.7/410.5 cm—l from the Og has been assigned to this

ground state frequency. The very weak band at +426.8/423.3 cm‘1 from the Og

is assigned to the upper state frequency of the totally symmetric acetylenlc

T -1

bending mode v;s5, whose Raman frequency is 440/438 cm The band at +974/814

-1

cm_l from the 00 shows a blue shift of 150 cm upon ring deuteration. This

0
drop in frequency is of the same.order of magnltude as the decrease in fre—
quency in the ground state of the in-plane aromatic 8(C~—H) v1bratlons on r1ng
deuteration. This suggests.that the.above band arises from the excitation in
the up%er étate of the aromatic étC——H)/B(C-eD) vibration of 2, symmetry (vyo), -
whose Raman values are 1037/833 cm-l for ortho—hé/ortho~d4. This bending mode
is also active in the spectra of ortho—xyleneF4’28) and'ortho—DF3(4’861. The
.vcry weak bands at +786.0/747. 9 cm -1 from fhe Og can be described as involving
single quantum excitation of the substltuent sensitive v(C C) vibration (vsg)>
of b, symmetry, with a ground state frequency of 807/760'cm'1. Thé above
assignments toggthér'suppoft the proposed assignment for the Og. .

‘ The remaining bands to the blue of t£¢ 00 band can be described as in-

volv1ng the excitation of v1brat10ns with upper state frequencles of 663/633

and 1200/1128 cm -1 for ortho-h /ortho d in comblnatlon with phe orlgln band.
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The above frequency intervals are assigned to the upper state frequencies 6f
‘the totally symmetri; substituent-sensitive C—C stretches vi) and vg, whose
ground staté;values are 706/678 and 1204/1128 cm-1 respectivély. This assign-
ment.1s’made by analogy to the analyses presénted for ortﬁo-DFB and o;thay

xylene.

Finally, the bands to the red of the Og will be considered except the

type Il band at -413.7/410.5 cmfl, which was assigned sbove. All these bands

are very weak and single headed. They are, however, different From the type B
A S . .( . y . )

1 pand described earlier in this section in that they show three sequences only,

} B
- -
A
s

napely in -3, —lo‘and -56 cm_l. The band at 32457.8/32510r}¢35510.4 cm — for
ortho h /ortho d /ortho d6 is yeculiar since it is not aﬁfected.by deLteration
of the CCH groups although the Og band of ortho- d6 is blue §h1fted by 26.7

en ! with respect to the 0 band of ortho-d4.

. As dli/pssed in Chapter 3, the sample of ortho-DEB contained a pht 1-'
deh}de 1mpur;£y‘(start1ng material for the synth951s), as well as some (mlxtuée
of) hydrocarbon(s) with a high boiling point. The latter impurity was intro- \
duced in the last-step of the synthesis via the comme?cial n-butyllithium
solution in hydrocarboqs,.of which‘n-hexane was the major component. In order
té'find out whether the bands to the red of the Og are caused by this hydro-
carbon 1mpur1ty, the n-butyllithium—in 10 ¢c of the hydrocafhgn golution-—was
decomposed w1th water. The lithium hydroxide was removed by filtration and ..
the n-hexane Qas distilled off. A Cary tracing of the U.V. spectrum of all

.the residue in nethanol showed a gradually increasing absorpt1on starting

around 350 nm. Upon dilution-this absorptlon was blue shlfted but no absorption
maxiﬁum could be found ‘above 190 nm.  This observatlon, 1n combination with the

frequency data in Table 5.5, makes it more likely that the very weak bands pre-

'&ently under discussion are caused by the starting mater1a1 for ‘the synthesis



-Table 5.4

[N

-1 . . e
wWavenumbers {cm ~) and relative intensities of the vibrational bands

]

in the 256 nm system of ortho-DEB

ortho-h. | ' ~ Assignment
39060 vs ' o%'
, ’ * - 1
39700 s . 11,
& | . 1
40300 s _ . 8,
40950  sh 811y
' 1
41060 Vs 30
’ 41700 s 39115
: 1.1
42290 W 3080
' 1.1,,1
42930 W ‘ 3,8,11,
: 1,2, .1
43630 vvww o ' \ 3080110
NN
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Table 5.5
Wavenumbers (cm—l) and relative intensities of the bands

measured in the 298 nm system of ortho-DEB

ortho-h6 ortho-d4 ortho-d6 Assignment

32457.8 vww(III)  32510.3 vvw(IFI) 32510.4 vvw phthaldehyde

32722.1 vww  ° 32746.9 vvw phthaldehyde

$2031.2 vww(II1)  32960.5 vww(III) phthaldehyde

53093.5 vvw(II)- . 33202.4 wvw(II) | 419

33158.6 vww(III) . 33168.9 vvw _ phthaldehyde

33507.2  vs(I) 33612.9 vs(I) . 33639.8 s(I) o9

33873.0 w(II) 33971.3 w(Ii) 33973.9  vvw 413

33934.0 vw 34036.2 _ vw (1) 15,

34170.4  vs(I) 34245.6 vs (1) 34267.7 m 11,

34293.2 vvw(II) 34350.8 . vvw ’ 38,

34481.4  vvw 34426.7  vvw 10,

34534.7 vvw(IL) 413113

347083 vw 34727.6 VW 83

34833.0 w(l) "'34910.2 w(I) 113

34956 = vvw 35087  VVW, . 303113

35071 vww B a1y o

35144 vvw 105115

35369.4 VvVWw. 35362  VVW_. . - 11383
35504  vvw ‘35546  vvw 115

1pm,
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(phthaldehyde) than by the hydrocarbon impurity. A Cary tracing of the U.V.

o — Y
spectrum of phthaldehyde in methanol did reveal some absorption around 300 nm.

No attempts have been made to determlne whether thls absorptlonﬂ}s due to an

n - #* transition or whether it 1s the long-wave tail of the n » n* transitions

“with absorptlon maxima to lower wavelengths

The a: and 3 bands

'

In the previous,sections‘the o and B.Bands have been gg;tioned. These
'Eigl be discussed below, together with thé analogous bands for ¢CCH.

\In the spectra of C6 SCCH/C H CCD/C CCH/CGDSCCD the single headed a
bands have been obéérved at +146.4ff38.5/141.4/133.8 cm—l and the single headed
8 génds at +334.5/3ﬁ8/0/340.8/358.2 cm-% from the 08 band§. Weak bands were
found at separations of —156/155/136/136 ‘cm -1 from the strongest bands, iﬁcluding
the 0 band The frequency interval between the latter bands to the red of the
Og and the 8 bands is equal to the upper state frequency of the nontotally

sxmmetric.(bz) acetylenic skeletal bending mode vss.
In the spectra of para.—hé/para-dz/para—d4/para—d6 the very weak a bands
occur at +164.1/155.8/158.3/142.4 cm"1 and the B8 bands at +336.7/330.3/334.7/

295.1 cm'1 from‘fhe origin band. The very intense 20 band in the spectrum of
-1
Para h was assoc1ated by a very weak a band at a separation of +149.4 cm ",

¢

In the spectrum of meta-h6/meta~d2, the very weak a bands have been

found'at +105.9/98.8 ém"l from the 08. No ‘8 bands could‘be detected. Neither

the a nor the g bands have been observed in the spectra of the isotopes of

or}ho-DEB.

,\

Notwithstanding the large number of vibronic bands measured in the
spectrum of ¢CCH, only a tentative assignment could be pfop?sed for the a and

the B bands.. The spectra of the DEBs-do ngt contain- sufficient informqyion to

pPropose an explanation. It;is'dnly obserVed:here that the a-bands for ¢CCH,
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-~

para-D?B‘and meta-DEB occur at separations from the respective Og bands that

k] —1 - L}
QEE about 20 cm ~ smaller than the ground state frequency of a very low-

\

frequency out-of-plane [Y(C——CCﬁ)] vibration for each of pﬁese molec&}es.

]

Conclusions . o -

Three electronic absorption systems have been\obgzrved for each of

L

the three DEBs. The very intense second and third transitions of the DEBs are

red shifted by about 30 nm with respect to the analogous absorption in benzene
-~ 4 e v

< ’ ~

and other benzene derivatives, while the very weak first transition is only

Y

slightly red shifted. The discrete vibrational structure in the very weak

[3

first absorptién system can only be observéd over a small wavenumber rénge,}
because of the proximity of thé‘intense higher transitions.

The analysis of the rather- Iimited Jibratfbna} structure is made largely
by comparison with related molecules, and with the calculations presented in the
previigé chapte}. The calculgted and experimental trapsition energies and
osd@liator strengfhs are in -excellent agreement. The tqtally symmetric C—C

streiphing modes—vg and v for para-DEB; vgsvyp and vy) for meta-DEB; and vg

“and v;, for ortho-DEB—play an important role in the first and secon§~absorption

’ ™
systems of the DEBs.



CHAPTER 6

Band Contour Analysis and Excited State Géome try

Introduction

In thi; chapter the changes in rotational constants upon excitation
w11l be determined for the isotopes para-hg, para~ds and ring-deuterated
pheny lacetylene via the band contour method. The results obtained will be
used, 1n combination with literature data, to obtain information on the
geometry of the aromatic ring in the lowest excited electronic state of
various benzene dcrivatives.‘

6.1. Band Contour Analysis

A, General features of the rotational profiles

The rotational analysis of the electronic spectra of benzene deriva-
tives has been reviewed recently by‘Rosscsg). Only those features of the
rotational fine strﬁcture of substituted benzenes that are relevant for the
discussion later in this chapter will be mentioned here.

The following empirical observations have been made upon the infrared

\5péctra of all large polyatomics--such as benzene derivatives--that are asym-
netric tops: gands polarized along the b inertial axis are double peaked
(B-type) and bands polarized parallel to the a (type A) and c (type C)

\\\inortial axes sbow only one absorption maximum. Both single and double |
peaked bands have been found in the U.V. spectra of benzene derivatives. ¢ Com-
put;f simulatign techniques for the rotational contours have revealed that:
I.“The changes in rotational constants\upon electronic excitation are always
very small, although larger than the changes found for purely vibrational
exéitation, The changes in rotational constants upon electronic excitation

~

. Sg .
for 13 benzene derivatives, as given by Ross( ), have been reproduced in
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Table 6.1

The changes in rotational constants (in cm'l) for benzené

4.
F H,
I Hy
i H,
Cs H,
| H,
H f,
H H,
s H,
H t
H M,
E H,
i H,
O D,
H H,
H H,
D b,
CCH My
ceH by
H H,
H I,
D H,
H Hy oV
H H,
D D,

ortho-CgligFo
meta-CgHyF2

ce
Ce
ol
OH
OH
oH
Br
NH,
NH,
H

D
NC
CCH
CCH
cCH
CCH
HC=CH,
CN
CN
CH

N

AA (cm )

1

-0.01122
-0.0118
-0.0119
-0.01095
-0.01050
0—0.01120
-0.01135
-0.01118
-0.01110
-0.00955
-0.01118
-0.0125
-0.0086
-0.0064
-0.00789

-0.00710:

-0.0054
-0.0071

-0.0054

-0.00615
-0.00610
-0.0062

-0.00440
-0.00420
-0.00319
-0.00449

-0.00370

AB (cm

and various benzene derivatives

)

-0.00101
+0.00022

+0.00023

-0.00030
+0.00017
+0.00025

+0.00014
+0.00099
-0.00002
+0.00136
+0.00099
-0.0086

-0.0064

-0.00101
-0.00092
-0.00106
-0.00035
-0.00037
-0.00062
-0.00120
-0.0012

-0.00175
-0.00182
-0.00157
-0.00082
-0.00128

AC.(cm_

L

-0.00159
-0.00037
~0.00036
-0.00064
+0.00001
-0.00007
-0.00116
-0.00111
+0.00008
-0.00023
~0.00059
-0.00011
-0.0043

-0.0032

-0.00101
-0.00089
-0.00092
-0.00036
-0.00038
-0.00072
-0.00103
-0.00101
-0.00127
~0.00127
-0.00105
-0.00084
~0.00106
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59
08
99
59
59
59
61
59
59
59
59
59

/759
59
68
59

59
59
97

93

93

84
84

"y
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lable 6.1, This table has been updated with the results obtained recently

for phenylisocyanate (¢NC)(682 the benzyl-radicai k¢CH1)(93}, ortho- and

(84)

me ta-difluoro benzene (DFB) and para-DEB (see below).

. .

2. The clectronic origin bands for all monosubstituted and all para-
iisubstituted compounds.that have been studied to date are double headed

and have been assigned as type B bands. Therefore, the lowest excited singlet
.tates of these molecules have to be designated as A 1B, in the notation of
thc.C y point group. The electronic origin bands of the first aﬂsqgnt;An
systems of ortho- and meta-DFB are 51ng1e headed and have been shown to be of
type A(Sd). These observations imply that the lowest- energy tran51t10ns of
monosubstituted and para-disubstituted benzenes are polarized along the Y
ax1s, which has the same direction as the inertial b axis.' For meta- and
ortho-DFB, the lowest-energy transition is polarized.parﬁllel to the Y and Z
axes respectively. These correspond tolthe direction of the inertial a axis
for each type of molecule.

The position of the low-frequency head of the double peaked type B
{(59)

band for monosubstituted and para-disubstituted molecules has been shown

to depend nearly exc1u51ve1y on AC, while the position of the high frequency
head 1s determined by AA. The intensity and width of . the high frequency head

however is aC dependent.

€

B. ~Application to para-DEB

Two programs were available for

94 . T
Qggﬂly Parkin's approximate asymmetric rotor program( ) {maximum J-equal to

110) and Pierce's, still unpublished, exact calculation (maximum J is S0). A

copy of the latter prograﬁ reached the author via an unknown path and some

v

modifications may have been made along this route. The observed type A and

the calculation of rotational profiles,

'
il
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: ‘ 63 : -
type B bands of @CCH( ) were reproduced satisfactorily with Pierce's program.

Also, similar.type B bands were calculated for para-DEB with the two above

programs using the same input parameters. But the B and C type i)ancis‘,~ calcu-
v ‘ ' ‘

lated with Plerce's program for formaldeﬁydé, are identical.and neither agrees
with the expesimental profile for B and C type bandsu. It was found that levels

for J > 50 contributed con51derab1y to the type B contour for’para -DEB. There-
4?'5

tore, Parkin's program was useg for uomputlng the band contours for para-DERB,
Input parameters were: nuclear stat15t1ca1 weights of 6 and 10 for
even and odé K fespectively for type B bands, and 10 and 6 for type A bands
respectively, a computationél résolﬁt}on of 0.0?‘ém-l, a line w@dfh of 0.10
em™ !, a linear intensity scale and the ground state rotationalﬁcongtants
estimated in Chapter 1.  Contours were calculated for selected values of AA

. - t -
and AC and AB was calculated from the planarity condition.

-

The provision in Parkin's program fpr using the symmetric rotor, approX-

Al
imation could be' used to full advantage, since no difference was detected
- i'\ - . A -~

between the contours calculated (a) in asymmetric rotor approximation with
J g 110, K = 70 and the symmetric rotor approximation for K from 71 to 110,

and- (b) g—ﬁlith }‘up to 12 in the asymmetric part and from 13 toillolin.the

L]

symﬁetric rotor” formulation.
Microdensitometer tracings of the Og and 20% bands are presenfed in

_Figs.™.1 and 6.2 respeqtively.‘ These proleéé are yather similar in two.

‘respects. First, they contéin hardly anf line-like rotational fine sFructuref

This ‘lack of deta11 can be explained as follows. Hara-DEB is a very large
-«

molecule with, consequently, very small rotatmona} eemstants. This results

. in a large number of rotational trans1t10ns per c¢m ~ in the spectrum.. The

-1
DOppler 1ine, W1dths of rotatlonal tran51t10ns are typlcally 0.02 to 0.03 cm

~ @ . - . ’ , e
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6.0 5.0 4.0° 30 2.0 1.0 0,0 -1.0
Fig. 6.1.° The‘bg band "(B-type) of para-h,.

-2.0 em™? -
(Curves A and:B are, micro-

densitometer tracings and curve Cis a calculated contour.)
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Fig. 6.2. The 203 (A-type) band of para-hg. (Curve A is a tracing and .
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and 1t 15 thus not surprising that the vibronic bands in the spectra of very
. N .

E.d
large molecules generally show an unresolved envelope, even under the highest

spectroscopique resolution. This is certainly true for ¢C%, ¢Br and para-

s ~a

Second, both profiles show several absorption maxima separated by 2.0

ca . The tracings for the Og

ndXimum at about 4.1_‘cm_1 from the band head. The position of this maximum was

band in Fig. 6.1 reveal an additional absorption

determined as -4.15:0.05 cm-1 from the high frequency head of the band for both

-

para-h and para-d,. This separation was measured on a number of different

6

plates with a travelling microscope.  Similar measurements for the ring deuter-

ated 1sotopes para-d4 and para-d6"resultéd in a frequency interval of 3.65x0.03

& :
cm ! between 'the two type B heads.

The intensity ratio and the 2.0'cm.:1 separation of the first two bands

g«band of para-h6 was reproduced (with Parkin's program)

for AA = -0.015 cm” ) and A€ = -0.0005 e~ !, The calculated type B contour did
* , 3

an the profile of the O

however show these two ab§ogrtion maxima only, and the calculated type A contour

revealed orly one absorption peak.L Further calculations on type B bands showed

that values of AA Smaller than -0.015 cm'liresulted in a separation between the

two peaks smaller than 2.0 cm'l, while the frequency jnterval increased for

-1 ) . -1 -
larger 8A. For 8A = -0.007 cm 1 a separation of about 4.0 cm = was found

between the two B type heads. Line-like rotational structure, which should

- -1
be .experimentally resolvable, was calculated for very small aA (<0.002 cm ).

' On the ‘basis-of these results,

All calculated type A bands were single headed.
1

contains a sequence in 2.0" cm

/

it was concluded that the spectrum of pai‘a-h6
B “ Q .

‘and that the‘absqrption maximum of 4.15 cm~! from the band head corresponds to

the'lbw frequenéy head of the double peaked origin band.
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It;was seen in éection 6.1.A. that-the band head sepa£ation for type
B bands is determined by AC and that the relative intensity of the type B
peaks is governed by AA. AA has therefore been determined by reproduciné as
clo;ely as possibie the head separation of 4.15 and 3.65 cm—1 for para-h6
and pa.ra—d4 respectively. Unfortunately the intensity ratio of the two peaks
cannot be used to find AC because of the intense sequence bands with unknown
~ Boltzmann factor; and the .imited latitude of the very fine grain film used.
However, the widtﬁ of the high frequency head is AC dependent (see 6.1.A.}.
The AC ubon excitation has been chosen to correspond to the AC value for which
this hiéh frequency bandMapproximates as closely as possible the shape and the

half width of the experimental profile.

The approximately correct frequency interval between the two absorption

) ) . -1 . L
maxima of the Og band was found above for AA = -0.007 cm ~. The data in Table

6.1 for other para-disubstituted benzenes suggests the value of AC to lie within

the range from -0.0001 to -0.000S em Y. Therefore a grid search was made in

- -1 .. -1
which AA varied from -0.005.cm 1 to -0.009 cm 1 in steps of 0.0005 cm ~. For

. . R -1 . :
each value of AA, AC was varied from -0.0002 to ~0.0005 cm in steps of

0.00004 Cmﬁlv

For low values of AC, the high frequency head was calculated to have

a half width of about 1 chl and a véry'low intensity. For high values of

aC, tﬁis head showed a small.half width and a high intensity. The intensity

and half width of this head went through a maximum simpltaﬁeous}y for inter-

mediate AC. It was assumed that'the AC Yalue corresponding to these maxima

representé the AC uypon electronic excitapion, A fine grid search then showed

. . -1 .
that reasonable fits weré bracketed by AA = -0.0071%0.0001 cm = and AC =
' 1

-0.0003620.00002 cm* for para-hg and by A = -0.0054£0.0001 cm™~ and AC =
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-0.000380.00002 em™! for para-d4: The lack of detail in the profile did not
enable a more accurate determination of the changes in rotational constants
upen electronic excitation. The calculated type B band is presented in Fig.
0.1 for pgra—h6: It was not-considered worthwhile to superimpose the 2.0

cm ~ sequence bands on the calculated contour. The profile of the type A band

- calculated with the above AA and AC values is presented in Fig. 6.2.

The following similarities between ¢CCH and para-DEB are worth noting.

First, So(lo)

the two type B heads for QCCH-h6 and ¢CCH-d5. Second, the AA value for para-

h6 1s equal to the AA for ¢>CCH—h6 and, third, the intensity .ratio of the type
B heads is calculated as 75:100 for both hydrogenic molecules‘.uBecause of

these similarities, the above analysis for para-DEB would be supported if the
excited state rotational constants'for the isotope ¢ECH-dS would be predicted

"1 and a’

correctly by the above results, naoely an increase in AA of 0.0017 cm
very slight decrease in AC of about 0.00002 cm-l, with respect to the hydro-
genic'compound. o |

A microdensitometer tracing of the Og,band of ¢CCH—dS (Flg: 6.3) has
been made from a plate pootograpoed oy So. Also presented in Fig. 6.3 is the
contour,calculated for the above changes in rotational constants and all other

1nput parameters as used.by So. The agreement between the calculated and

observed profile could not be 1mproved by sl1ghtly varylng AA and 4C. The,

results obtained are included in Table 6.1. The origin band for meta—h6 ls

presented in Fig, 6.4 and the 00 band for ortho- h6*in Fig. 6.5. The lack of

?

line- 11ke rotatlonal structure and the presence of sequence bands, make it im-

p0551b1e to use these bands for band contour work
I

No type B bands have been found in the spectrum of meta- DEB Very

also observed a difference of 0.5 cm | in the separation oetweep ’

»
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weak double-hea&ed bands wikh a band head separation of 1.8 and 1.4 cm_l

4

The band contour method has not been used to determine the polarization and

have been observed in the spectrum of ortho-h6 and ortho-d ‘réspectivély.

the rotational constants for these bands for two reasons. First, not enough

sample was available to obtain a band with a reasonable contrast. Second,

-

neither the Parkin nor the Pierce program available reproduced satisfactorily

the type B contour repérted-}or ortho—DFBch).

'S
6.2. Excited State Geometries

A. Benzene ‘ | - E f‘
Callomon et alcsl) have analyzed the rotational structure of the

bqnds in the 260 nm'absorpti;n‘system of C6”6 and C6D6’ that grise from the

excitation of one quantum of the lowest freguency.ezg vibration in the ground

and excited electronic state. The position of all nuclei in the first

excited state of befizene can be calculéted from the data obtained. It can be

A

.shown that
=X {x2 + (2AI§ - 1) [6.1]
A"‘-A' , -1 . - . o -
where AIA = 16.85689 KF—KT’With Aincm 7, X stands for the distance (in A)

of the C- nuc1e1 2, 3, 5 and 6 from the line 301n1ng the C- atoms 1 and 4 in
the groundﬂ;tate whlle the same dlstance in the exc1ted state is equal to
_X.+ ax,

| Insertion of X = 1.397 &, the C—C bond length in.the ground s?ate,
giGQs AX = +0:033 X. 'Tﬁis.implies that the C—C bond length has increased by
0.038 X upon excitation. Tﬁig regult ;s in excellent ééreement with the values

derived via Franck-Condon analysis. McKen21e et aI( 5) calculated the increase

in C-—C bond length as 0.037 R, using different force. flelds for the ground and
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~

(96)

excited states. Craig arrived at a value of 0.035 to 0.636 R via a
o

simpler procedure in which ground state parameters only were used and in

which the C-l grouping was considered as one mass-unit.

.+ B. Substituted benzenes

-

Among the score of derivatives of benzene previously studied in

absarption, there is only one isotopically substituted compound, namely

(

s3CN-4d. Brand and Knight 7) found that the changes in rotatio6nal constants

for this molecule were less than the accuracy to which the rotational constants

o,

] are known for ¢CN. Cossart-Magos and Uéach(gs) have studied the rotational

structure in the higﬁ\;esolution gas phase emission spectra of CGHSCHz(I),

CGHSCDZ(II) and C6DSCDZ(III). The changes in.the rotational constants upon

excitation can be used to calculate the r position of the methylenic protons

’
the average change in the distance of the nuclei 2, 3, 5 and 6 from the

joining tﬁe C-atoms 1 and 4. 1Insertion of the data for the isotopes Il

and TI1 into equation [6.1] gives.AX = +0.017 K. The results obtained in this
. ‘

study make it possible "to calculate AX = +0.027 R for para-DEB. This value of
N N
AX is independent of X in the range X = 1.397+0.010 R. Likewise, the same

average increase (Kfzz +0.027 K) is found forQ?CCH using the résults for

]

¢CCH-h_ and ¢CCH-dS. The correspoﬁding increase for benzene was found earlier

6
as 0.033 A. The difference amounts thus to only 05006 R bepween para-DEB and

benzene. This constitutes the only quantitative statement to gate concerning
the excited state geometry of benzene derivatives. Further information on‘
the>substitufion structure of beézene derivatives can only be'obfainédAby
studying isétopes with 13C nhclgi. A small uncertainty yill remain in the
position of thé C-nuclei because of the uncertainty in the~cbang¢i in the .

-

rotational'constahts obtained via the band contour method.

L] ~ - ~
i i iii’ “" ﬁ‘“‘ [
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These uncertainties have been estimated as: 04A, Jé;OOOI cm-l; AB,

£0.00002 to +0.00003 'cm'l; and AC, +0.00001 to +0.00002 cm '. The magni tude

2, of these‘gﬁtimated errors is confirmed by the results of the independent

g: studies on para-DFB(ga’gg’?oo) and ¢0H(61’101). These uncertainties do not

éj ‘make it possible to usé the inertial defect for establishing the planariéy ’ ({
é; or non-planarity of the ring. The in-plane diséortion of Fh; aromatic ring

§i upon excitatieon de£ermines the change in. moment of inertia along the a axis.

é, No upique structural information can however be obtained from only two inde-

3 N Ce-

E\ pendent rdfational,conétants, because A is determinedflin first approximawion-- -

by four bond lengths,(rl’z, r3,4, r4,5 and rS,G) and two bond“angles (/_C()ClC2
(96))‘

zuulAC3C4CS), if the C-H grouping is considered as one mass-ﬁnit (c.f. Craig

Because of ring-strain, the maximum change in bond angle is about 4 degrees.

If both above bond angles'youid increase by‘this amount upon excitation; then

AN -0.006 cm'l. The'experimental values of AA (Table 6,1) are all larger

than this value, except for the benzyl radical. An increase in bond length
thus almost certainly occurs upon excitation.
Two simple, extreme models can be used to exylain the observed changes
in 8A.
< 1. The bond angles in the ground and excited state of benzene derivatives are

equal to 120° and the substituents affect only the bond lengths, and only

slightly.
2.. The bond lengths in the ground and excited state of all benzene derivatives

are set equal to those for the corresponding states of benzene. The substituents

- cause small changes in the -angles only.
A third, more complex model would be that

3. all four bond lengths and both bond angles, that define A, underge apprec-
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table changes upon excitation. The changes in bond lengtﬁ are not the same

J4s those occurring for benzene. Of course, different substituted benzenes

" may approach more closely to either model 1 or model é.

The‘%pove merlini?ll now be considered from different points of view.

hd

Chemical intuitioh . ..

The main difficulty Jin models L and_ 2 ig which choice of initial

assumptions is more plausible. For para-?Fv, for instance, the changes in

retitional constants have been determined’in three independent studiescgs’gg’loo)

and a different excited state geometry is postulated in each study. Model 1
and . are inconsistent with the observation {(see Table %.1) that the AA's are

very nearly equal for ¢C2 and para-3$Ce ¢$F and para—¢F2, and ¢CCH and para-

2!

DEB. Cvitas et al(lg} have predicied excited state geometries for a number of
o ) N~

benzene derivatives that show-almost identical changes in rotational constants

¢
upon excitation. It has been argued in detail in Chapter 1 that such small

Jifferences in rotational constants cannot be used to arrive. at unambiguous

-~

structural information. ..

\

Franch-Condon analysis
No Franck—&ondon analysis has been reportéd to date for the lowest

m » o* transition. of any substituted benzene. "It is worthwhile to estimate‘\

the magnitude of the ring distortion that can be derived from a simple Franck-

Condon analysis analogous to-Gray's simplified procedure, viz. the excited

state geometry is derived from the énfensity distribution in the totally

symmetric ring breathing vibration using a groﬁnd state force field.

Schérer(loz) has derived a force field for the ground state of ¢C% by

studying the complete range of chlorinated aromatic molecules CGHXC26_X. The

1

suggested force field resulted in a mean frequency error of 2 cm - for the
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cilculated and experimental fundamental frequencies. The importance of
Scherer's study lies in the fact that he did not oﬁ}y calculatelthe Cartesian
Jdisplacements for the single quantum exéﬁtation of the ri#g brehthing mode,
but also the uncertainties in thése displacements. If the ring C-nuclei in
:C; are numbered as in Fig. 1.1 for $CCH, Scherer's result can be summari:zed
as follows: -

Thé uncertainties in the displacements of the C-nuclei 2, 4 and 6 are
much smaller than the displacements themselveg, while the reverse is L{ue‘for
the C-atoms 1, 3 and Sl Nothing can thus be said about the motions of the

”

latter nuclei. .~

The difference in AA between ¢C¢ and ¢ equals -0.00235 em™ . This

value corresponds to a total increase of 0.04 X in four bond lengths, if
model 1 is assumed. Likewise, in model 2, a total increase of 3.4 degrees
should occur in two bond angles. It is doubtful that the above Franck-Condon

procedure could distinguish between these two possibilities.

Theoretical considerations ..

Several formulae have been proposed to calculate bond lengths from .

(5,6,103)

bond orders , calculated in n-electron approximation. The change in

n-bond order upon electronic excitation for benzene(s) is approximately equal
(104)

to the change calculated for.a number of substituted benzenes According

to these calculations, the changes in bond 1ength.upon eicitation are very
nearly equal for benzene and its derivativés and the differences.in AA must
thus arise from changes in ‘bond ang{es (model 2). These changes cannot be
evaiuatéd without the'incl;sion of og-electrons in the calculation. It.was

deci1ded therefore to c&lculate-rln CNDQ apgroximation-—thé changes in geometry

from the bond lengths and bond angles for which the energy was minimal for the

-~

A
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ground and excited state.

Y

The CNDO/2 parametrization proposed by Pople and Segalcgz) has been

-

applled successfully to calculate bond lengths and bond angles. This scheme

& -
o

appears to fail however for calculatlng vertical excitation energles(47’92’los).

(4

Jaffé and Del Bene 7 have proposed a parametrization scheme in order to cal-

-

culate electronicltransitions more accurately. Excellent agreement between
predicted and experimental = ; T transition enefgies'wes focnd'fpr‘the DEBs
15 Chapter 4. The Jafféfand Del Beqe scﬁeme did nct, however, result in
-reliable o-MO's for the CCH groups. The CNDO/;Jparametefs were therefore
‘used to compute bond lengths and bond angles No additional calculations
were carrled out to find vert1ca1 excitation energles )

Grpund state geometries were calculated with a closed shell CNDO/Z pro-
gram kindly provided by-w#. D. P, Santry Self-consistency was assumed when
the difference in energy between two successive iterations was less than,lO;S
a.u. This c¢riterion was satiséied after about 3@™rterations, when the eigen-

vectors of the Hamiltonian were used as initial MO's, Self-consistency was

achieved much faster (3 to 4 iterations), when the SCF—MQfs_fdr a slightly

'

different geometry were used as initial MO's . : ' ’ *
Exc;ted,stateigeometr1es were computed w1th the open sheil CNDOQ/2
©€106)

Two changes were 1ntroduced into

«

program described by Kroto and Santry
this program. First, the Fock-matrices of,the Nth*and (N-1)th 1terat10n were
averaged, whenever the difference in ‘energy between two successive iterations

was éma;Ier than zero, The same procedure has been ueed previously to bring

(57, 105) i

_ about éonvergance .Second,, strlct orthogona11ty was malntalned be—‘

tween the closed and open.shell orb1tals by using the virtual orb1tals of the:

107
~closed” shell calculatlon as a baSis for the open-shell calculatlons( )
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> a.u.) was usually achieved after about 12

Self-consistency (AE < 5 x 10~
1iterations, if the eigenvectors of the Hamiltonian were used as initial MO's.
Half this nunber of iterations was sufficient, when the calculations were

started with the SCF-MO's obtained for a slightly different geometry.

Open-shell CNDQO/2 calculations on several small molecules have re-
(105-108)

L)
produced satisfactorily the experimental excited state geometries

No such calculations have been‘reéorted for such large bolyatomics, as the
benzene derivatives considered in fﬁis study. Computations were carried out
for the moleculés $, ¢F, ¢CC# and para-DEB. The r grognd state geometry of
the first three molecﬁles is known and the chaﬁges in 8A for ¢F and ¢CCﬁ
dev1at% in 6pposit9 directions froﬁ the ¢ value. 15 order to be useful,
this theoretiéal approach,éhould pfedict correctly, at least; the order of |
magﬁitude of AA for ¢, ¢F, ¢CCH And para—ﬁEB. | ‘\'
The results of thé calculations are presented in T;ple 6.3; The grouﬁé
stéée'geometrieg have been discussed in detail in Chap;er 1. ‘It.f; sufficient
to stateﬂﬁeré only that .the ring C—C bond lengtﬁ$ for the ground states werg'
systematically too short by 0.01 X. This systematic error is'prdbably Eaused
bf the neglect of Aifferential overlapAénd all ring C—C bond Iengths‘were
incrementedaby 0.01 R_in the ground éhd excited electronic states. It is no
use-to discuss in any detail the calculated excited state géometriés.‘ Th%

data in Table. 6.2 namely show that the calculated 4A%s for ¢ and ¢F are both

about 25% lower than the expe;imentaf values, while the -theoretical AAt's for

(N

L

9CCH and para-DEB are about 40% higher than the observed A8A's. It is impossible -

to say Whetﬁer bond.lengths or bond anéleé are résponsible‘for the poor agree-
! - . : ’ . _ )
Jment, although the latter are rather large (about_S degrees} for ¢CCH and

para-DEB, . ' CL ' ST .
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It can be concluded that the rotational constants of the first excited
electronic state of benzene derivatives, that have been determined to date,
cannot be used ta shed further light on the structure of the aromatic ring.

Further experimental work

Tﬁe data in Table 6.1 contain the following information. First, it is
seen'that‘AC for monosubsti{ution is much larger than AC for safa—disubstitution
and that the AC values for the latter molecules fall withig a rather narrow
wave numbér range. (This observation was very helpful for finding AC for para-
DEB.) Second, the observe&JAA values fail into two classes. Class I is defined
by XA = -0.011+0.001 cm_1 and.céntains the hafogenobenzenes, phgnbl and para- -
fluorophenol, aniline and para-fluoroani li;lé‘. Class II is defined by 8A = -
-0.00720.001 cm™! 4nd contains benzene derivatives Qith two r-electrons. para-
DEB islthe first compound studied with two such substituents. No hybrid qoﬁ»
pound, such as para—fluoroetbyﬁylbenzene (para-F4CCH) for instance, has been
studied to date. Yet,'this class of Aolecules can pgévide useful information.

If AA for para-F¢CCH were fo;nd to be eqﬁél to approximately the sum of the
Ad's for ¢éCH ané ¢F, it'c;n be céncluded ghat substituent effects are local-
1zed and that the_excited‘state geometry can Béhdescribed best with model S.
If 5A were to have a value between -0.007 aAd =0.012 cm_l, it seems likely.
thét sligh£ dist;rtions of the argmatiq ring .occur upon Subsfitution_in ground
and.excited électroqic states (model 1 and 2). It is uplikblf‘that AA for .

para-F CCH would be smaller than the aA for ¢CCH.

Conc lusions

The change in the moment of inertia along the a axis upon electrenic
excitation has been determined for the isotopes para—h6 and para-d4. The

distance of the unsubstituted G-nuclei from the main symmetry axis has ‘been
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calculated to increase by 0.027 R upon electronic excitation. The analogous

increase for benzene is 0.033 . : -

N

It is shown that nothing definitive can be said about the geometry of
the aromatic ring in the first excited electrpnic state of benzene derivatives,
notwithstanding the score of such molecules stud%pd to date. Further experi-

mental studies are suggested to gain an insight into the changes in the ring

geometry upon excitation.




S | CONCLUSIONS

The vibrational spectra of a total of nine isotapes of the three’
isomeric dlethynylben“enes have been investigated over the 60 to 4000 cm, -1
region. The analysis of the infrared and Raman spectra has resulted in the
assignment of the 4I fundamental frequeneief of each of the diethYnyibeﬁzenes.
The analysis has established the churrence of a coupling between the out-of-
plane skeletal bending modes of the acetylenic groups .with out-of-plane
benzene vibratiens. The ambigu;ties in the assignments of the bands measured
1in the far infrared regioq of_the ﬁonosubstituted benzenee ¢CCH and ¢CN are
explained by this-interaction. T |

For each diethyeylbenzene,'three low energy -+ #* transitions are
observed in the near. and far ultraviolet regions. The longest wavelength
) absorptlon.systems show some discrete vibrational structure, while the other
}ran51t10ns contain dlffuse vibrational bands. In order to a1d thé inter-
pretation of the observed spectra, a review i$ presented of the analyses
'reported for benzene and its mono- and, dlsubstltuted derlvatives. Molecular
. orbital calculat10ns-—1n CNDO approx1mat1en—~are carrled out to support the
eV1dence obtained from the review that the.lower m + n* electronic states of
the diethynyizepzéﬁgé\show lerge redshifts with eespect to the corresponding
tran51t10ns in other substituted begfenes. ) o ":

The three lopest calculated transitions should be a551gned as follows

according to these calculations® A 1B2u « X 1Ag,.B 1B1 « X 1Ag-and

~

2u
C !B, = X 17, for meta- dlethynylbenzene, and A 1A1 « X la,, B 182 « X 1A

C B, «X lAg for para- dlethynylbenzene, A 1By + X 1A] B, 1a) « X 1A1 and

"and C 1Ay X lAl for ortho—diethynylbenzene in order of increasing, transition

energies, The B and C systems are predicted to show redshifts of as much as

3
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40 to 50 nm, while the A sy§tems show minor redshifts with respect to the
analogous transitions in benzene and its substituted derivatives.
| The agreement betweégwgﬁé calculated and observed transition.energies
and oscilla;or strengths 1is quite‘gobg for each diethynylbenzene. The pre-
dicted (BZuj symmetry of the fir;t e;cited electronic state'of'para—diethynyl—
benzene is supbortgd by a band contour analysis'of the doublé headed origin
‘band. The proposed (Blu) symmetry of the second excited electronic¢ state is
coﬁE{stent with the (b3g) symmetrx of the yibratioﬁ via which. the very weak A
syspeg\bqsqus intensity from the intense B system. No band contour_analy;es
could be cérried out on the Og'bahds‘of ortho- and meta-diethynylyéniene,
because these bands show an unresolved rotétional envelope with only one
. absorption maximum. A similar single headed profile has been observed for‘
the.Og baﬁds of the lbwest—eneréy transitions of ortho- and meta-difluoro-

(84

benzeﬁé.‘ The calculation of these profiles ) has shown that the "lowest-
ehergy tran;itionsin orthq- and meta-difluorobenzene have the same syhmetry
as predicted for orthé- and~meta-éiethynilbenz§ne.

Thi: ;g;;;etical and experimental evidence provides shpport for.tpe
conreiation between the higher excited electronic states of benzene and ‘those
of its derivatives. Previous stédiqs have-béen'limited to the first excited
elecgronié state méihly.. ' l -

Thé aim of spectroscopy is.the elucidation of molecular stfuéture in
ground and excited electrénic étates: These structures for_ﬂepzéne-and its

der1vat1ves are dlSCussed in Chapters 1 and. 6 respectlvely It is shown inm

Chapter 1 that neither isotop1c substltutlon nor chemical 1ntu1t10n and CNDO

ey

calculations- have revealed how substltutlon affects the geometry of the aromatlc

ring.. The unknown distortion of the hexagongl ring is estimated to result in
. . .,
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: TN
an uncertainty of 0.5 to 1.0% in the ground state rotational constants. In

1

Chapter 6, the changes in the rotational constants B and C upon electronic

s
\

excitation are seen to fall within the above margin of 0.5 to 1.0% for all
‘substituted benzenes.' However, the change in the rotational constant A (AA)L
amounts to 4%‘for benzene.' For conjugéped derivatives of benzene, such as
styrene, beﬁzonitrile, phenylacetylené and para-diethynylbenzene, AA equals
3% and AA::S% for all other substituteq benzenes. The differences between
the AA for benzene and its derivatives is thus only #1%. This changé is of
the-order of magnltude of tRat induced by purely vibrational exc1tat10n It
is not surprlslng, therefore, that it has not been p0551b1e to f1nd the dls—
tortions of the regular hgxagonalﬂexc1tqd state ring geometry of benzene
caused by the substituents, via arguments based on;chémical inﬁuitioﬁ, Francki
Céndoniaﬁalysis and theoretical conSiderations. With the hélp of the data
obtained 1n thls study for para- dlethynylbenzene and perdeutero para -diethynyl-
benzene, the distance of the unsubstituted C nuclei from the main symmetry

axis has.been calculated to differ only 0.006 R from the analogous increase

for benzene. The determination of the molecular structure of benzene deriva-

tives- thus requires almost certainly a ‘'study of heavy atom isotopes.

-
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