
STRUCTURE AND SPECTRA OF THE 


OXALYL HALIDES 




STRUCTURE AND SPECTRA OF THE OXALYL HALIDES 


by 

KEVIN CLEN KIDD 

A Thesis 


Submitted to the Faculty of Graduate Studies 


in Partial Fulfillment of the Requirements 


ror the Degree 


Doctor of Philosophy 


McMaster University 


March 1972 




I 

Doctor of Philosophy (1972) McMaster University 
(Chemistry) Hamilton, Ontario 

TITLE: Structure and Spectra of the Oxalyl Halides 

AUTI-IOR: Kevin Glen Kidd 

SUPERVISOR: Professor G. W. King 

NUMBER OF PAGES: 2 10 

SCOPE AND CONTENTS: 

.The ultraviolet absorption spectrum of oxalyl chloride-fluoride 

has been recorded under high resolution, and has been attributed to a 

superposition of the spectra of the cis isomer (which appears weakly) and 

the trans isomer. The ultraviolet spectra of the cis isomers of oxalyl 

bromide, oxalyl chloride, and oxalyl fluoride have also been identified. 

With the help of theoretical calculations, discrete absorption in the 

ultraviolet spectrum of trans oxalyl chloride-fluoride has been attributed 

to the superposition of four systems: (a) the singlet-singlet and singlet-

triplet transitions which involve promotion of an electron from the highest 

energy non-bonding orbital (n1) to the lowest energy antibonding orbital 

(n 1*) and (b) the singlet-singlet and singlet-triplet transitions which 

involve promotion from n1 to the second lowest energy antibonding n orbital 

Crr2 *). The S-S and S-T, n1 -+ 1T1 * transitions have been analyzed in detai 1. 

TI10oretical calculations have been carried out which indicate that 

for a,S diketones, promotion of an electron to the lowest energy antibonding 

skeletal orbital (01*) produces states which have a tendency toward dis­

sociation along the C-C bond. It has been postulated that the diffuseness 

of the high energy absorption spectrum results from such a molecular dis­

(ii) 



sociation, the Au(n 1 ,n~) state being strongly predissociated by the 

~(n1,cr~) state while the AuCn 1 ,n~) state is strongly predissociated by 

It has been postulated that the fluid phases of glyoxal and 

biacetyl consist of an equilibrium mixture of these molecules in various 

degrees of aggregation (e.g., monomeric, dimeric, trimeric, ... ). An 

ultraviolet band system previously assigned to a second n + n* transition 

of these molecules has been reassigned to the first n + n* transition of 

a polymeric species. Some evidence has been assembled which supports 

this hypothesis. 
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CHAPTER 1 

INTRODUCTION 

1.1 Molecular Spectroscopy 

The term molecular spectroscopy as it is used in this thesis refers 

to the study of the motions of the particles (nuclei and electrons) of which 

a molecule is composed. In the quantum mechanical description of the 

molecular system, a manifold of quantized energy levels is associated with 

the motions of the molecular particles. It is customary to separate this 

molecular energy into three categories according to magnitude. The electronic 

energy (associated with the motion of the electrons) which is an order of mag­

nitude larger than the vibrational energy (associated with the vibrational 

motion of the nuclei) which is an order of magnitude larger than the rotational 

energy (associated with th~ rotational motion of the nuclei). Information 

about the manifold of energy levels is deduced from spectroscopic transitions 

which take place between the levels. The energy gained or lost by the mole­

cule in these transitions is observed in the ultraviolet and visible 

(electronic) through the infra red (vibrational) to the microwave (rotational) 

regions of the energy spectrum. From a knowledge of the energy levels of a 

molecule it is possible to obtain information about the geometry of the nuclei 

and the nature of the electron distribution. In addition, the study of the 

energy manifold and the transitions observed between levels for a molecule 

can, potentially, lead to a better understanding of the forces which exist 

within and between molecules. 

No attempt has been made here to review the basic theory of molecular 

spectroscopy since this is now textbook material. Many texts on the subject 

1 
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are available, but the author has made most extensive use of the text by 

6King( ) and the text by Herzberg(?). Where spectroscopic terms and formulae 

have been employed in the thesis, specific references have been made to 

these two sources. Equations have been developed only where they were 

necessary to detail the method used in carrying out calculations or where 

they have been under consideration. 

1.2 The Development of the Thesis 

Oxalyl chloride fluoride is a member of the group of six-atomic di­

ketones C202XY (where X and Y may be the same or different). All the molecules 

of this series (i.e., X, Y = H, F, Ci, Br) show a discrete absorption system 

in the near ultraviolet, and a study of this system for oxalyl chloride 

fluoride was the starting point of this research. It was found that this dis­

crete system of C20 2Fci becomes diffuse at higher energies, and is finally 

obscured by a series of bands representing continuous absorption. This 

spectral pattern is typical of the halogenated derivatives(l, 2 , 3), and in 

addition to the analysis of the discrete absorption system, an attempt was 

made to solve the problem of the origin of the diffuse absorption, and why 

it carries over into the high energy end of the discrete part of the spectrum. 

Calculations were carried out to obtain the energies and wavefunctions 

of the ground and excited states for a number of the diketones. Estimates 

were also made of transition energies and intensities and these results were 

compared with experiment where possible. These calculations are discussed 

in Chapter 3. 

The vibrational analysis of the discrete absorption system of oxalyl 

chloride fluoride (reported in Chapter 5) involved a critical examination of 

the studies carried out in thi s research group(!) on oxalyl chloride, oxalyl 
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fluoride, and oxalyl bromide. Previous studies in this research group(I, 5) 

have concluded that the observed features of the ultraviolet and infrared 

spectra of the oxalyl halides could be attributed solely to the trans isomer 

of these molecules. In attempting to extend the analysis of the symmetric 

oxalyl halides to the spectrum of COFCOCi, it became necessary to question 

the previous assignment in the symmetric oxalyl halides of a "hot hand" to 

one of the ground state fundamentals of the trans isomer. The details of 

this particular aspect of the problem are reported in Chapter 4. The results 

of the present study indicate that the spectrum of the cis isomer of the oxa­

lyl halides can in fact be detected in the ultraviolet. 

The high resolution spectra of oxalyl chloride fluoride indicated 

several bands which had rotational contours showing considerable fine structure. 

The rotational band profile of the origin band of the strongest discrete system 

was studied in considerable detail, and the results are discussed in Chapter 6. 

1.4 Symmetry of the Oxalyl Halides 

The molecules COXCOX (trans), COXCOX (cis), and COXCOY (cis or trans) 

are classified under the c2h' c2v and Cs point groups respectively. The 

character tables for these point groups are given in Tables 1.1, 1.2, and 1.3.t 

The absorption spectra of the oxalyl halides arise from electric dipole trans­

itions (see reference (6), page 58) between the electronic ground state and 

the different excited states. Such transitions are "allowed" only to states 

having the symmetries listed in Table 1.4 (see reference (6), page 280). The 

correlation between irreducible representations of the c h and Cs point groups2

is drawn in Tahle 1. 5. 

tFor a concise discussion of group theory see reference (6), page 249. 
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TABLE 1.1 


The Character Table of the c2h Point Group 


(For trans COXCOX) 

c2h E c 2(z) oh(x,y) i 

A 
g 

A u 

B 
g 

B u 

1 

1 

1 

1 

1 

1 

-1 

-1 

1 

-1 

-1 

1 

1 

-1 

1 

-1 

R z 

T z 

R ,Rx y 

T ,T x y 

TABLE 1.2 

The Character Table of the c2v Point Group 

(For cis COXCOX) 

E c2 (z) a v (xz) a' v (yz)c2v 

A1 1 1 1 1 T z 

A2 1 1 -1 -1 R z 

B1 1 -1 1 -1 T ,R x y 

B2 1 -1 -1 1 T ,R y x 

yz is the molecular plane. 
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TABLE 1.3 


The Character Table of the C Point Group

s 

(For cis and trans COXCOY) 

c E 
s 

A' 1 1 T ,T ,Rx y z 

A" 1 -1 T ,R ,R
z x y 

TABLE 1.4 

Electric Dipole Allowed Transitions for the cis and trans 

Oxalyl Halides from the Ground State (Totally Symmetric) 

cczh c2v s 

A +A A1 + A1 A' +A' u g 

B +A B1 + A1 A" + A' u g 

B2 + A1 
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TABLE 1 . 5 

·correlation of Synunetry Species for the Point Groups 

c2h' and cs 

c 
s 



CHAPTER 2 

EXPERIMENTAL TECHNIQUES 

2.1 The Preparation of Oxalyl Chloride Fluoride 

Oxalyl chloride fluoride was prepared by a method established by 

Adelhelm{B). 	 The preparation proceded according to the reaction 
0 

COC.t 200°C . C

@ + COFCOOC2Hs --...) COFCOCi + r()Y' 'o + C2H5Ct 
COCR- znci 2 ~c/ 

I 0 
The exchange reaction was carried out using a 500 ml three-necked flask 

fitted with dropping funnel, stirrer, and a reflux condensor. The reflux 

condensor was thermostated at 35°C, and was followed by a trap maintained 

at -80°C which was followed by a P20 5 drying tube to prevent moisture from 

entering the system. A mixture of 144 ml o-phthalyl chloride and 19.7 g 

anhydrous zinc chloride (ZnC£ 2 ) were placed in the flask and heated to 200°C 

over a sulfuric acid temperature bath. A mixture of 56 g COFCOOC 2H5 and 36 

ml o-phthalyl chloride were placed in the dropping funnel, and was added 

over the course of five hours to the stirred suspension in the flask. 

The ethoxalyl fluoride was obtained according to the reaction 

75°C 
---+) COFCOOC2Hs + NaC£. 
Cll3CN 

150 g NaF and 211 g COCi>,COOC 211 5 were mixed with 300 ml of CH3CN (water free) 

in a 1 litre flask, and refluxed at 75° for 24 hours. The acetonitrile was 

removed by distillation and the COFCOOC 2H5 purified using a spinning band 

distillation column. The COFCOOC 2H5 was collected at 106-108.5°C. The an­

hydrous zinc chloride was prepared by reacting Zn metal with anhydrous HC£ 

in ether which had been dried over Na metal. The ether was removed on a 

7 
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vacuum line by warming the mixture at a pressure of less than 1 mm. 

The volatile reaction products (including oxalyl chloride fluoride) 

were collected in the trap maintained at dry ice temperature. This product 

mixture was reported by Adelhelm to contain C0 2 , HCi, C2H4, C2HsC£, but no 

removed by trap-to-trap distillation at -112°C on a vacuum line. The 

chloroethane does not have absorption in the near ultraviolet and it was 

not completely removed. The ultraviolet spectrum however showed that sig­

nificant quantities of both oxalyl chloride and oxalyl fluoride were present. 

The oxalyl chloride fluoride was separated from the oxalyl chloride and oxalyl 

fluoride using trap-to-trap distillation on a vacuum line with a variety of 

temperatures between -80°C and -23°C, achieved by the use of slush baths.t 

The separation was continued until an ultraviolet spectrum satisfactory for 

analysis was obtained. The amount of sample obtained which could be used 

for obtaining UV spectra was l ess than 5 ml, and even samples of the best 

purity achieved contained about equal quantities of C202FCi and C2HsCi with 

2.2 The Recording and Measurement of the Ultraviolet Spectra 

1. Photographic Recording 

Low resolution photographs were obtained on a Bausch and Lomb, model 

11, 1. 5 meter grating spectrograph using a 10 µ slit width. This instrument 

has theoretical resolving powers of 35,000 in the first order and 70,000 in 

the second order where plate dispersi.ons in the 3500 A region are 14.8 A/mm 

tA slush bath is a low temperature bath obtained by mixing liquid nitrogen 
with an organic liquid or liquid mixture. 
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0 

and 7.4 A/mm respectively. High resolution photographs were obtained using 

two instruments. The majority of the high resolution photographs were re­

corded on a 20-foot Ebert grating spectrograph which has been described by 

9KingC ). The theoretical resolving powers of this instrument are 150,000 

in the first order where plate dispersion is 0.69 A/mm and 300,000 in the 

second order where plate dispersion is 0.35 A/mm. Slit widths ranging from 

30 µ c~o.2 cm- 1 at 3500 Xin the first order) to 50 µ c~o.3 cm- 1) were used. 

A few bands were photographed under higher resolution using a spectro­

graph located in the laboratory of Dr. D. C. Moule at Brock University in St. 

Catherines, Ontario. This instrument which has been described by Moule et 

al. (IO) is a 20-foot Ebert spectrograph preceded by a Czerny-Turner quartz 

prism for sorting orders. Spectra were recorded in the 17th order where the 

theoretical resolving power is 1,300,000 and the dispersion is 0.144 A/mm. 

A slit width of 40 µ (~0.05 cm- 1) was used. 

The ultraviolet spectra was recorded using two types of film. Wherever 

possible, Kodak Spectrum Analysis 5367, No. 1, a fine-grained film, was used. 

It was developed in full strength Kodak 017 developer for 4 minutes and fixed 

in Kodak fixer. When long exposure times were required, the faster, coarser-

grained Kodak I-0 film was used. It was developed in full strength Kodak Kl9 

developer for 5-10 minutes and fixed in Kodak fixer. 

The small amount of purified sample available made necessary the use 

of a multipass gas absorption cell. A 1.8 m cell of the type described by 

White(ll) as modified by Bernstein and Herzberg(l 2) was used in photographing 

all spectra. In the weaker absorption regions of the spectrum, the cell was 

used to provide up to 80 traversals, for path lengths up to 144 meters. 

The light source used was a 450 watt Osram high pressure Xenon lamp. 
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The lamp was run at 21 amps, 120 volts (DC) and was started by means of a 

striking potential of about 40 kV. 

Wavelength measurements of the spectra were made by direct comparison 

with the iron emission spectrum from a neon-filled hollow iron cathode dis­

charge tube. Accurate wavelengths (vacuum values) for the iron arc lines 

were taken from tables obtained from the spectroscopy group of the Division 

of Physics of the National Research Council, Ottawa. The positions along 

the spectrogram of the absorption bands and the adjacent iron lines were 

measured from large scale (approximately xlO) photographic enlargements of 

the film. The measured iron lines were fitted by the method of least squares 

to an equation of the form Y = A+ BX+ CX2 , and the equation was then used 

to calculate wavelengths for adjacent absorption bands. 

Profiles of absorption bands were obtained from the film by means of 

a Joyce-Loebel Mk III C double-beam microdensitometer. In some instances, 

microdensitometer traces were used for the measurement of spectra. 

2. Photoelectric Recording 

Spectra in the near ultraviolet were recorded using a Cary 14 spectro­

meter. Spectra in the vacuum ultraviolet were recorded using a McPherson 

model 225, 1.5 meter spectrometer fitted with a grating ruled with 1200 lines/ 

inch. The source used in the vacuum ultraviolet was a hydrogen high voltage 

discharge tube. 

2.3 Additional Experiments 

Experiments on the vapour phase Raman, the emission spectrum of oxalyl 

chloride, and the low temperature solid state absorption spectrum of oxalyl 

chloride have been written up in Apendices I, II, and III respectively. These 

appendices have been written up as self-contained units, and each contains the 
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CHAPTER 3 

MOLECULAR ORBITAL CALCULATION FOR trans GLYOXAL AND DERIVATIVES 

3.1 Introduction 

Theoretical calculations have been carried out on molecules of the 

general formula (COX) 2 , X = H, F, Ci using the CND0/2 open shell method. 

This semi-empirical method has proved fairly successful for calculating the 

energies of a variety of small moleculesCl 3,l4 ,lS,l6 ,l?). The CND0/2 pro­

gram was run without altering the parameterization(l6) and was applied first 

to the prototype dicarbonyl compound, glyoxal, with the following aims: 
I 

(a) To see how effective the method is in the identification and 

characterization of the electronic absorption spectral systems in the near 

and far ultraviolet regions. 

(b) To see if CNDO calculations can be used to predict dissociative 

states. 

(c) To check the reliability of geometries predicted by CNDO. 

(d) To see if useful information about vibrational force constants can 

be obtained from the potential surfaces. 

The calculations were extended to oxalyl fluoride and in abbreviated form 

to oxalyl chloride and oxalyl chloride fluoride. The latter two molecules, 

which contajn second row elements, were not handled ns well by the program. 

These calculations were carried 011t before the spectra of the cis 

oxalyl halides had been identified, and only the trans isomer has been con­

sidered in these calculations. In the case of COHCOH, COFCOCi, or cocicoc~ 

the systems due to the cis isomer are not important in the ultraviolet ab­

sorption spectrum. For oxalyl fluoride, however, calculations on the cis 

12 
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isomer 	should prove to be interesting. 

3.2 	 An Outline of the Approximation Used 

The theoretical results described in this work were obtained using 

the 	CND0/2 open shell approximation as described by Pople and Segal(l6). 

. . (13 14 15 17)The CNDO approximations are also discussed 1n the series of papers ' ' ' . 

The approximations involved in this method are summarized very briefly in the 

following paragraphs. A more complete discussion of the material can be found 

in the text by Dewar(lS). 

The Schrodinger equation for a system of particles is 

. (3 .1) 

where E is the energy of the system,~ is the Hamiltonian operator which in-

eludes in principle all terms which contribute to the energy of the system, 

and ~ is the solution to the operator equation. For the purposes of describing 

the electronic energy of molecules of the size considered here, it is customary 

to approximate the Hamiltonian operator by the expression 

2Z e ,, 	 e2
4'.( = ~ (- 112 '\/·2 Z:-'""-)+Z:l: 	 (3.2) 

1 2m 1 µ r. i<J. r ..1µ 1J 

where fi is Planck's constant divided by 2n, mis the mass of the electron, 

V. is the Laplacian operator for the "i"th 	electron, Z is the mass of the 
1 µ 

"µ"th nucleus, e is the charge of the electron, r. is the distance between1µ 

electron "i" and nucleus "µ", and r .. is the distance between electron "i"
1J 

and electron "j". Implicit in Equation ('.).2) is the Born-Oppenheimer 

approximation, which assumes the separability of electronic and nuclear 

motions (energies). 

In the Ilartree-Fock method of solving Equation (3. 1) , the llamil toni an 

operator is approximated by a sum of single electron operators and the many 
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electron function ~ is approximated by a Slater determinant composed of 

single electron functions (molecular orbitals) ¢.a. where a. is a function 
1 1 1 

in spin space, and ¢. is a function in Cartesian space. Equation (3.1)
1 

gives the energy E for a specified configuration ¢.a. as 
1 1 

(3. 3) 

which after expansion of the determinants reduces to 

t t 
E = 2 E E. + E E J . . E E K •. (3.4) 

i 1 i<j 1] i<j 1] 

2Z e
Ei - rj>m(i)(- ~~ V/ - r :f-- )<pm(i)dTi (3. 5) 

µ 1µ 

= K.E. of electron occupying spin orbital ¢ a mm 

+ P.E. of electron occupying ¢man due to all nuclei. 

J .. - JfQ>m(i)q>m(i) ~:j .Pn(j) Q>n(j)dTidTj =Coulomb repulsion (3.6)
1] 

K.. - Jf¢m. (i)~n(i) ~ ¢ (j)¢ (j)dT.dT. = exchange integral (3. 7)
1] r.. m n 1 J 

1] 

where the summations over "m" and "n" are over all. occupied orbitals; the 

terms in K which contain different spin functions are ignored. The mn 

operator "l ' (i) is defined as the one electron operator, 

2Z e
' 't\2 v 2OJ.\ (i) = E _µ_ + V. (3.8)

2m i µ r. 1
1µ 

V. is the inter-electron potential determined by the other electrons, and 
1 

since it can only be evaluated from the J and K integrals where a set of 

¢.a. are available, the llartree-Fock method is iterative; a zeroth order 
1 1 

set of ¢.a. is used to produce an improved set which is then recycled.
1 1 
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This method is called the ~elf ~onsistent i_ield (SCP) method. 

The next step is to approximate the single electron MO's ~ by a 
m 

linear combination of atomic orbitals X· (the LCAO-MO method).
1 

~ = E a ·X· i = 1,2,3, ..... ,m 	 (3. 9)m . mi 1 
1 

Substitution of (3.9) into (3.3), (3.5), (3.6) and (3.7) with evaluation of 

the coefficients "a ."by the variational method produces the Roothaan
mi 

equations: 

E ami (F .. - ES .. ) = 0 	 (3.10)
1J 1Jj 

where s .. = lx~x- dt 	 (3.11)
lJ l l 


F .. = I. I
X·" x .dT 	 (3. 12)
lJ 1 J 

= JX· ~ t'<c)x.dT + EE pk.Q, [ (ij ,kt) - }cik, j i) J (3. 13)
1 J kt 


using the abbreviations 

Z e 2 

1i.2 µ"c = 2V. 2 E m 1 µ r µi 

(ij ,k.t) 	= JJxi(l)xj(l) r;: xk(2)x~(2)d1 1 d1 2 (3.14) 

(ik,jt) 	= JJx. (l)xk(l) ~ x.(2)x 0 (2)dT 1dT 2 (3.15) 
l r12 J N 

The solution of Equations (3.10) for polyatomic molecules is still 

a very complex procedure. The additional approximations introduced by the 

CNDO procedure are designed to reduce the calculations to manageable size. 

These approximations described as £_Omplete ~eglect of differential £_Verlap 

may be summarized 

(1) 	 s .. = cS • • (3. 16)
1J 1J 

(2) 	 (ij ,kt) o if i F j, k 1 t (3 .17) 

(ik,jt) = 0 if i .,. k, j 1 t (3.18) 
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Substitution of these approximations in Equation (3.13) produces 

F ..11 H.. 
c = 11 + E Pkk[(ii,kk) -¥ik,ik)] 

k 

H.. 
c = 11 + EP .. (ii,jj) 

. JJ
J 

12 p ( .... ).. 11,1111 (3.19) 

F ..
lJ 

H.. 
c = 1J 

1 p ( .... )2 .. 11,JJlJ 
(3. 20) 

These expressions are commonly written in a more condensed form using the 

(3.21) 

X· on atom A 
1 

(3.22)- u..11 

nucleus A nucleus B 
p .. (ii ,j j) = E P (ii,11) + E I: 

JJ 11
1 BFA 1 

(3.23) 

H.. c ­ (3. 24)
lJ 

(3.25) ­

(3.26) 

VAB' YAA' YAB' SA' s8 are empirically chosen parameters. 
t 

The orbital energies are given in terms of the elements of the Pock matrix 

by: 

(3. 27) 

tF h . . f 16or t e parameter1zat1on, see re erence . 
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After evaluation of the Pock matrix elements, the orbital energies 

of a system are expressed 1n terms of these elements. The electronic energy 

of the system is obtained by summing over the energies of the occupied 

orbitals as in Equation 3.28. 

E = 2 L: e: L: L: (2J - K ) (3.28)m mn mn m m n 

The CNDO method is applied here to the calculation of the energies of 

electronic states, of which many are open shell systems. In order to approx­

imate the energies of these open shell states, the CND0/2 open shell approx­

imation was used. The philosophy behind this method is that the electron in 

a singly-occupied orbital can undergo exchange interaction only with electrons 

of the same spin. Under the SCF iterative procedure for determining the 

coefficients ami' the spatial part of the MO's for electrons having the same 

spin may be slightly different from these corresponding to the opposite spin. 

This effect is approximated by setting up two separate Slater determinants 

corresponding to a or S spin, and carrying out a complete SCF iterative cal­

culation on each of the a and S "shells". In this approximation, the 

electronic energy of a system is given by 

1 a (3.29)E L:{€ - L: (J - -2 Kpn)} + L:{e:q - L: (J 
p p n pn q n qn 

p number of electrons with a spin 

q = number of electrons with 8 spin 

a a 
£ = L: L: a .a a .F~. (3. 30) 

m mi m] lJi j 


F~. = H~~ - pa. . c·.11'11. . ) + L: (P .. + .. :Ll,JJ

Ct pS )(.. . . ) (3.31)11 11 11 JJ JJj 

F.. a = H. _ca - P~. (ii,jj) (3.32)
1J 1J 1J 

P.. a (3.33)
1J 
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A symmetrically equivalent set of equations exists for the shell corresponding 

to S electron spin. It should be noted that under this approximation, the 

Slater determinants employed as wavefunctions for each shell are not exact 

eigen functions of the total spin operator s2 (see reference 17). In the open 

shell calculations carried out on glyoxal derivatives, excited states were 

obtained by removing an electron from the a shell and adding it to the S shell. 

Since the remaining occupied a molecular orbitals resemble the corresponding 

orbitals in the S shell very closely, this configuration is an approximate SS 

spin configuration. The configuration employed therefore is a "near" triplet 

state, but does contain terms which are components of states of other multi­

plicities. No correction was made for this defect and the energies obtained 

were taken as pure triplet state energies. The energies of the corresponding 

singlet states were estimated by adding to the triplet state energy the value 

of the exchange integral between the space part of the two molecular orbitals 

(~m' ~n) involved in the transition: 

K = JJ~ (1) ~ (2) ~ ~(l) ~ (2)dr1dr2 (3.34)
mn m n n m r 12 

If the MO's in Equation (3.34) are expanded as LCAO's, the exchange integral 

becomes 

K = E E r r a .a .aka 0 (ik,jt) (3.35) 
mn i j k R- m1 nJ n mN 

In the CNDO approximation, this becomes 

K = E l, a .a .a .a .(ii,jj)mn m1 nJ n1 IDJ · i j 
A B 

= E E E E a .a .a .a (3.36)
m1 IlJ Ill mj YAB

A B i j 

where the parameter yAB is given the CND0/2 value (see reference 16). The 
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CNDO approximations are based upon the assumption that exchange terms which 

are due to exchange of electron 1 between the same atomic orbital xA in the 

two molecular orbitals and electron 2 between the same atomic orbital xB are 

much larger than all other types. This approximation is adequate in the 

case where the molecular orbitals involved in the calculation in Equation 

(3.36) employ the same atomic orbitals as a basic set. In the case of a 

pair of MO's for which the expansions as LCAO's contain no atomic orbitals 

in common, the exchange integral is zero. For example, an excited state 

which is produced by !!. to ~* promotion would have zero singlet-triplet split­

ting. In cases where the exchange integral in the CNDO approximation was zero, 

the calculation was expanded to include exchange terms which are due to exchange 

of electron 1 between two atomic orbitals on the same atom and electron 2 

between atomic orbitals on the same atom. Exchange integrals of this type 

were taken into account in the work by Pople, Beveridge and ,Dobosh(.1 7) on the 

INDO (l_ntermediate !!_eglect of ~ifferential £_Verlap) method. These authors 

approximated the one center exchange integrals by the values of the same 

exchange integrals in the appropriate free atom. The same approximation has 

been employed here, and the values for these integrals were taken from this 

reference. 

At this level of approximation, the exchange integral between K:l's 

which have no projection on common atomic orbitals is given by 

nuclei 
K = I I I a .a ka .a k(ik , ik) (3.37)

mn mi n mi nA i j 

single center 

Equation (3.37) takes account of exchange of electron 1 and electron 2 between 

an identical pair of one center atomic orbitals. 
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3.3 The Electronic Structure of Glyoxal 

An early molecular orbital calculation on biacetyl (COCH 3COCH 3 ) 

was carried out by McMurrayCl 9) in 1941. He applied the Hilckel MO method 

to the 7T orbitals of the o=c-c=o chain and assigned the near ultraviolet 

transitions to promotion of the non-bonding ~ electrons of the oxygen atoms 

to the low-lying TI* orbitals. 1be two n orbitals were treated as pure Py(O) 

atomic orbitals which were perpendicular to the 7T system and the C==O bond, 

without interaction with the remaining bonding orbitals. Two degenerate!!_ 

orbitals (of symmetry a and b ) result from this approach, and within this 
g u 

framework, the two principal transitions of biacetyl at 22000 cm- 1 and 35500 

cm-l were assigned as singlet-singlet n~ ~ n; and n~ ~ nb respectively. 
g u u g 

1bis assignment of biacetyl was transferred by analogy to glyoxal (COHCOH) 

by Walsh( 20) who assigned the transitions at 22000 cm- 1 and 31000 cm- 1 as 

+
singlet-singlet n~ 7 n; and nb ~ nb respectively. 

g u u g 
Later calculations on these two molecules have refined the approxima­

tions made by McMurray, but have preserved the above assignments in the near 

UV. Sidman(2l) carried out a semi-empirical SCF-LCAO-MO virtual orbital 

calculation for glyoxal. This calculation was more rigorous than that 

carried out by McMurray, but the!!. electrons were still treated as pure (non­

interacting) p orbitals of oxygen, which are necessarily degenerate. He y 

assigned the two near UV transitions of glyoxal as the two n ~ n* transitions. 

In the CNDO calculation carried out here on glyoxal, the n orbitals 

have not been treated as being separate from the calculation of the molecular 

orbitals of the molecule. However, the calculation indicates that in fact 

there are a pair of high energy bonding molecular orbitals which can be des­

cribed as n orbitals. The coordinate system shown in Figure 3.1 was used 
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throughout the calculation. The orientation of the molecule was chosen to 

reflect the convention of labelling the p orbitals of the oxygen atom as 
y 

the n orbitals. 

The geometry of the molecule can be specified by five parameters ­

three bond lengths and two angles. An initial calculation was carried out 

on the ground state of glyoxal using a geometry which was calculated from 

parameter values transferred from similar molecules. The five parameters 

were varied systematically to minimize the calculated energy. The resulting 

geometry is subsequently referred to as the CNDO geometry, and the CNDO geo­

metries of the ground and some excited states are listed in Table 3.1. The 

available experimental data on the ground state has been included in the 

table. The CNDO geometry was used throughout the calculations. (Experim_ental 

geometries were not available for the oxalyl derivatives, and it was antici­

pated that .the CNDO geometries would have to be used in these cases.) 

The basis set used in the calculations on glyoxal consisted of 18 

atomic orbitals (ls on hydrogen, 2s, 2p, 2p, 2p on carbon and oxygen).x y z 

The form of the SCF-LCAO ~·s in the ground state is given in Table 3.2 with 

the MO's listed in order of decreasing energy. Table 3.2 lists the coefficients 

of the atomic orbitals for the molecular orbitals, and categorizes the ~·s 

as n-type, a-type or TI-type, each with the corresponding symmetry under the 

c h point group. Molecular orbitals 8 anJ 10 have large projections on the2

p (oxygen) orbitals. In both cases the orbitals have at least 50% p (oxygen)y y 

character, and they are labelled n~ and nb + . An energy level diagram of the 
g u 

ground state molecular orbitals with the electron population of the ground 

state is given in Fig. 3.2. 

Table 3.3 gives the bond order matrix for the 1A g (G.S.) corresponding 
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Figure 3.1. Coordinate system used for the calculation of the trans 
glyoxal derivatives. 
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TABLE 3.1 

CNDO Geometries for Ground and Excited States of Glyoxal 

State LOCH Lcco 
0 0 

A A deg deg 

1A (G. S.) 1.44 1. 26 1.12 118 123 
g 

1'3A (n- 'If* ) 1.40 1. 27 1.12 120 125 u a ' a g u 
l,3s (1T n*) 1. 33 1. 36 1.14 118 123 

u b ' a g u 
1,3 8 (n- _.* )a 1. 23 1.22 <100 

u a '" lb g u 

aThe energy for this state showed an unusually shallow potential curve as 
a function of rcH and rec, and optimized at 70° for LCCO (see Figures 3.6, 
3.7, 3.8). This state may be dissociative. 

Experimental Geometries for Glyoxal 

State LOCH LCCOrec rco rCH 

1A 
g 

(G. S.) b 1.525 1.207 1.116 126.6 121.2 

l,3A (n­
u a ' g 

TI* /a u 
1. 362 

1.406 

1.325 

1.294 

1.090 

1.095 

118. 3 

120.5 

121. 9 

122.7 

1.445 1.266 1.100 122.4 123.2 

1.481 1. 242 1.105 124.1 123.6 

1.514 1. 219 1.100 125.8 123.9 

bElectron diffraction; results of Kuchitsu et al. (Z 2) 

cUltraviolet spectroscopy; result of Paldus and RamsayC23). These possible 
sets of values were consistent with the rotational constants obtained for 
the origin bonds of C2H202 and C2D20 2 . A definitive geometry could not be 
obtained from two isotopes. 
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lsH 

2sC 

2s0 

2p c x 
2p 0 x 
2p c y 
2p 0 y 
2p c z 
2p 0 z 

lsH 

2sC 

2s0 

2p c x 
2p 0 x 
2p c y 
2p 0 y 
2p c z 
2p 0 z 

lsHl 

1. J!J3168 
• 12,6676 
• j44822 

- • .J30 733 
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• 351252 
• .l37228 

-.u'-+4871 
• J494b3 
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(I, uUOUUO 
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- • b 6 93 3 7 
-.u68323 
1.34&976 
-.018150 

.007091 

.029285 
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o.ooooao 
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o.uooooo 

lsH2 
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- • lJ 3 li 7 3·3 
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-. 724752 
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UeiJUliJOl)
o.oouuoo 
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o.otoooo 
O,OGOOOU 
o. oouooo o.ooouoo 

2sCl 
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. 1 • U5 L u 81 
.365442 
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.(;01874 
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• 42 8295 
.u21562 

-.u9315'+ 
u.OOUULO 
lJeUiJUuUO 
'1.UUlJULO o.ououoo 

2Pyc2 
-.036540 
-.724752 

.428295 
-.010?73 

.015738 

.OJ213g 
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-.OU5555 
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•osa go 3 
.212357 
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2sC2 

-.030733 
• 5 4 4 82 2 
.365442 
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- • 0 2 4 716 
-.482051 
- .4 2 Bzq s· 
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lsH lsH 2sC 2sC 2s0 2s01 2 1 2 1 2 2pxcl 2pxC2 2px01 
lsH 	 .959868 ·SS4794 .ss917s -.01s735 .003633 •• 01as13 .J9477A .010~90 -.071666 

·~54794 • 5987'- -.01g137 55 175 •.018513 .Oo36]3 -.010_702 ... 394 9 . -.06 1•6hl2sC • 59,75 	 :34 J57 .c63z10 ·~02433 .o39IOB -· 25331 "f .50lHBO
-·01g 35 ·:g~ijI?.s· !:~:ajg9 1.04g9-,9 .002 33 • 63709 .2533}7 .... 039"105 -.0193542s0 eOO 633 •• 0185!3 ;Z63710 ,on~433 1.11~212 .01·1186 -.441~66 .oo?4c1 -.4oo5o4 

.0036 3 .00243a .26~To9 • 2 l 86 1.1~11211 .44}566 .g364h32p c ·: g42f~~ 	 -·sa242~ x 	 -.g4010~ ·~~970 ,251317 -. 41566 -.002421 • }4H ... gso'+9J -. 76676 
.0~01og -. 47l -. 33f1 -.039705 .OOl!421 .441566 -.0~0493 • o~49o -.OOh0452p 0 x -.o 166 -.o64g 1 .so~s g -.019354 -.400504 .U364A3 -.616676 .. ,oo O'+~ l.329}94
•g64&61 .01~ 6& .o~ 35 -.s~i8eA ... 036463 .~on5os -.006046 -,676676 -,067" 062p c y . 3~642 •,03 963 .o 825~ -.3 64 .00~4oq -·015474 .311026 .311289 ,00 1~s2s

03 962p 0 	 -.63§641 .J 6649 • 1 01A26! .oh5473 -.009409 •· ~7~89 • 011 g2 .. ,003564 
y - 0486}6 .16 5~ -.0~0105 .o c'+J -.o ~375 -.02s210 -.o 716 .010 ~l • 03S 21., 7 

- 165522 ,0466 6 -.o 2438 .03;..106 .025210 .oo4J74 .016810 -,OJ77l>o .ooAAoa2p c z 0 000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
0 000000 0.000000 u.oooouo 0.000000 0.000000 0.000000 0.000000 0.000000 0.0000002p 0 z 0 000000 o.ooogoo 0.000000 0.000000 0.000000 0.000000 0,000000 0.000000 0.000000
0 000000 o.ooo 00 ~.000090 o.oonooo 0.000000 o.~00000 0.000000 0.000000 0.000000 

2px02 2pyCl 2pyCZ 2py01 2py02 2pzC1 2pzC2 2pz.ol 2pz02 
lsH .064661 .632(,40 .03996£, -.04~6\6 165522 0.000000 0.300~00 0.060000 0.000000.071666 •.OJ9q632sC 	 -.~J2641 .1655?4 048626 g.ooogoo u. g'>oou 0.000000 0. 0 0 00 00· .01935S .028259 • .19f)b49 -.OJAl05 072438 .-000 00 0 • {) 	 ·O0 0 0 o.oonooo 0.000000•• sg }fHq -.Jq664A -.02$l2hl • 0 ., 24142s0 	 036106 0.000000 o.oooouo 0.000000 0.000000 ... o 	6463 .ooq4oq .ol5'+73 -.004375 025212 0.000000 0.000000 0.000000 o.ouoooo 
2p c 	 ,4Q0505 -.015414 -.009409 ... 02s210 0043'/ 0.000000 0.000000 o.oor.uoo 0.000000 
-x -.006046 .011n2h .317~80 -.03771-,l 	 0.000000016fH8 	 u.000000 0.000000 0.000000-.676676 .3172HO .0110212p 0 	 .OlA821 031·ro6 o.oouooo 0.000000 o.oonooo 0.000000'!9e067706 e0045~S -.ooJ~64 e03Si?4 	 o.ouoooux 	 008808 0.000000 0.000000 o ·.000000t.329191 -.oo35fJ4 .004~?.4 .OOAAo72p c 	 03~1?46 0.000000 0;000000 0.000000 0.000000 
y 	 -.oo3S64 .911045 -,2!:>6899 .42Al~3 066439 0.000000 o.ouoooo o.oo"ooo 0.000000 

2p 0 .004524 -.2~h89Q ·9tl042 -.06,,446 '+28179 0.000000 0.000000 O.OOt:iOOO 0.000000 
y .ogRAo7 .42B}A3 -.o 6'+46 l.5qA2QO 29t>436 0.000000 u.000000 0.000000 0.000000.o 5246 -.066439 ,42Rl792p c 	 .29543n 596226 0.000000 0.000000 o.oonooo 0.000000 
z 0.000000 0.000000 0.000000 0.000000 000000 ,996zao ··6226~5 

2p 0 0.000000 0.000000 0.000000 0.000000 000000 .62~ 65 •93b1d1 -:~12t~1 z 	 0.000000 0.000000 0.000000 0.000000 000000 ,6~ 6 3 l.5~3226 -.t-~6550.000000 0.000000 0.000000 0.000000 ,. ~00000 •• 1 ~138 •:t1~t~~ -.1 ~f)55 1.s _213 
·=Tm 

*TABLE 3.4 Bond Order Matrix Glyoxal 3A u (n;g ,n3u). 	 N 
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to the MO's of Table 3.2. The elements of this matrix (B.O.) ij give the 

sum Ee. c. over all occupied orbitals "m" of the products of pairs of 
m 1m Jm 

coefficients c. , c. of the atomic orbitals used as a basis set. Table
1m Jm 

3.4 gives the corresponding bond order matrix for the 3A (n - , n* ) excited 
u a 	 a 

g u 
state. 

The excited states of immediate interest are those for which the 

electron configuration corresponds to the promotion of one electron in the 

molecular orbital scheme given in Fig. 3.2. A subroutine was added to the 

CND0/2 Open Shell program which identified each molecular orbital by its 

symmetry under the c h point group. A self-consistent field calculation2

was then carried out for an excited state by filling the lowest energy 

molecular orbitals to give a specified configuration (a )i(a )j(b )k(b )£.
g u g u 

In this manner, SCF calculations were carried out for those excited triplet 

states which lay within approximately 100,000 cm- 1 of the ground state. 

Singlet state energies were then obtained using the exchange energy calculated 

from one of Equations (3.36) or (3.37) as discussed in Section 3.2. Table 3.5 

lists the singlet and triplet state energies calculated for the ground and 

excited states. Figures 3.3 and 3.4 give energy level diagrams of the "u" 

and "g" states respectively. 

3.4 The Calculated Electronic Spectrum of Glyoxal 

Using the CNDO data calculated for glyoxal, additional calculations 

were carried out to obtain the transition energies, transition intensities, 

and vibrational structure predicted by CNDO. 

(a) 	 Transition Energies 

The transition energies were obtained by taking the differences 

between the excited state SCF energies and the ground state SCF energy. Both 
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Figure 3.2 Energies (and Electron Population) of the Molecular Orbitals 

of Glyoxal in the Ground State. Geometry was CCO = 123°, 

OCH = ll8°, rCC = 1. 44, r CO = 12. 6, rCH = 1.12. 
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Figure 3.3 CNDO Energies for the "u" States of Glyoxal at the CNDO Ground 

State Geometry. 
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Figure 3.4 CNDO Energies for the "g" States of Glyoxal at the CNDO Ground 

State Geometry. 



TABLE 3.5 


Calculated SCF-LCAO-MO Energies for Ground and Excited States of Glyoxal with Transition Energies 


and Oscillator Strengths 

Calculated Exp. 
b Cale. Exp. c Cale. Exp. 


State 
 Energya Vertical Transition Energy V.T.E. Origin Transition Osc. Strength 
a.u. a.u. cm -1 X cm- 1 cm-1 

-x A -52.279 g 

n -+ 71'* 3A -52.149 0.130 28500 3500 27400 19197 o.4 x lo- 6 
a a g u lAu -52.137 0.142 31200 3200 29600 21973 0.4 x 10-3 

u 

3s rvI0-7-;:b -+ ri* 
a u -52.137 0.142 31200 3200 14700 

O' u -51.992 0.287 63000 1590 57000 50000 0.550 

-n a -+ a*lb 
3s -51.935 0.344 75500 1300 rvlO- 1 

lBua u -Sl.879 0.400 87800 1140 50000 0.25
0 u 

3A-+ a* -51. 887 0.392 86000lb7ib 
g u lAu -51. 880 0.399 87600 52500 0.2 x 10- 1 

u 

nb 
+ 

-+ 'iTb* 3A -51. 823 . -o. 456 100000 
u g lAu -51.815 0.464 102000 0.6 x 10-2 

u 

+ 

-+ r;* 3B -51.764 0.515 113000
I\ 2a isuu g -51. 728 0.551 121000 u 

1T -+ TI* 3s -51. 657 0.622 137000 a b isuu g -51.553 0.726 159000 u 

;i -+ r-* 3A -51.575 0.704 155000 a v2a u u g 
~ 
....... 




TABLE 3.5 (cont'd.) 

Calculated Exp. 


State Energy (a) Vertical Transition Energl V.T.E. 

a.u. a.u. cm-1 cm- 1 

+ 
-+ rr* 3a -52.074 0.205 45000nb 

u a u lag 
g 

-n -+ Tib* 3a -51.920 0.359 78800a lagg g g 

;rb -+ 'TT* 3A -51.899 0.380 83400b l Ag C' g -51. 749 0.530::> 116300 g 

iT -+ 1T * 3A -51. 888 0.391 85800 a a lAgu u 
g 

n -+ o* 3A -51. 857 0.422 92600 a 2a !Agg g -51.814 0.465 102000 
g 


+ 
-+ o* 3A -51. 835 0.444 97400
~ lb !Agu u -51. 812 0.467 102000 g 

7ib -+ o* 3g -51.824 0.455 99900 
g 

2a g lgg 

g 


T,' -+ a* 3s -51. 666 0.613 135000a lb lggu u 
g 

aCalculated from the geometry CC= 1.44 A, CO= 1.26 A, CH= 1.12 A, LOCH= 118°,LCCO = 123°. 
bTaken from A. D. Walsh, reference 20. 
cTaken from G. Herzberg, reference 7. 

N 
vi 
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origin transition energies and vertical transition energies were calculated. t 

The vertical transition energies were obtained from the ground and excited 

state at the CNDO geometry. The origin transition energy was obtained using 

the lowest excited state energy (as obtained by optimizing parameters). The 

transition energies have been listed in Table 3.5. Since no attempt has been 

made to achieve a high degree of accuracy, the zero point energies have not 

been considered. 

(b) Transition Intensities 

(i) Singlet-Singlet Transitions 

Intensities of transitions to the excited singlet states obtained in 

the CND0/2 calculation were obtained using Equation (3.38) (see reference 6). 

Only the dipole moment transitions have been considered since we are concerned 

with transitions at least as intense as the electric dipole n + n* transition. 

(3.38) 


where v01 = E1 - Eo in wave numbers (3.39) 

Mo1 = f 1¥1* ~ eiri 1¥odT in Angstrom-Coulomb (3.40) 
1 

~ ef$m*(i)ri$n(i)dri (3.41) 

Equation (3.38) gives the oscillator strength for the transition from the 

ground state 1~ 0 to the excited singlet state 1 ~ 1 resulting from the promotion 

of an electron from MO "m" to MO "n". The reduction of Equation (3.40) when 

the ~ are given the form of Slater determinants to Equation (3.41) has been 

. d h f h . . (24 ) . h . f thdone in an a oc as ion. Pariser gives t e exact expression or e 

tThe distinction between 0-0 and vertical transition energies is frequently 
not made in comparing theoretical results with experiment. 
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reduced 	integral in the case in which 1 ~ is an antisymmetrized sum of1 

Slater determinants for a single configuration in the virtual orbital 

approximation. Tilis exact expression is /2 times the expression of Equation 

(3.41). Tile approximation represented by Equation (3.41) has been used by 

del Bene and Jaffe(2S) to calculate some very reasonable results for a 

number of small molecules. Tile results obtained for glyoxal using Expression 

(3.41) are in good agreement with values expected for the molecule. In the 

case of these calculations, the change from the virtual orbital approximation 

to an SCF calculation on the excited states means that integrals of the type · 

~~~-dr. (~. not involved in the transition)
1 1 -1 1J

are now less than unity for the inner MO's. Since Expression (3.41) is 

multiplied by an unstated unity which is the product of all such terms, this 

deviation from unity could alter the value of M01 . In addition, the coef­

ficients of MO's used in the CNDO method are obtained using a normalization 

factor which ignores overlap. This approximation produces coefficients which 

are on the large side, and will produce a value for the integral of Equation 

(3.41) which is too large. Tilese considerations are offered as justification 

of 	the approximation made in Equation (3.41). 

If ~ and ~ are treated as LCAO's, Equation (3.41) becomes m n 

nuclei 
~o I % r l: r (3.42) 

A k Q, 

single 
center 

(3. 43) 


where r~ = ri - r~; ri is the posit.ion of the electron relative the origin, 
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rA is the position relative to nucleus A, and r~ is the position of nucleus 

A. In Equation (3.43), the first term is much larger than the second. The 

second term was neglected except in the case of excited states for which ¢ 
m 

and ¢ contained 	no atomic orbitals in common. For these cases, the first 
n 

term is zero and the calculation was ca~ried out using only the second term. 

A ' A ,The values used for the atomic integrals xk : Xi dr are listed in Table 3.6J 
and were calculated using Slater orbitals for xk and Xi· 

TABLE 3.6 

One Center Atomic Transition Moment Integrals 

c 0 F 

0.4710 0.3364 0.2943 

The results of these oscillator strength calculations have been included in 

Table 3.5. 

(ii) Singlet-Triplet Transitions 

The approximate Hamiltonian (Equation 3.2) used for the CNDO calcu­

lations produces wavefunctions which predict zero intensity for singlet-

triplet transitions. An improved description of the system is customarily 

. d b . 1 d. 1 . b. . . 	 b . (26 '27)obta1ne y inc u 1ng e ectron spin-or 1t 1nteract1on as a pertur at1on . 

Intensities of transitions to excited triplet states were obtained using 

Equation 	(3.44) 
electrons 

Mo1 = !. e.r.S 0dT (3.44)JT l 1 

r 
Mo1 = )~ Mo1 (3.45) 

r 
'r H'r11ml 	 µOwhere Mo1

r = L: + L: m 	 (3.46)
E - E mom E - E ~ m m O µ µ 1 
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H'r = J1~ ~ '3~rdT H'r =J3~rOJ\'l~ dT (3. 47)
m1 . m sa 1 ' µ o µ so O 

m0m = J 1 ~0Le.r. 1 ~ dT, m = J 3~r Ee.r.3~fdT (3. 48)
i 1 i m µI µ . i 1 

- - 1 ­

In Equation (3.44) T1 and s 0 are the new triplet and singlet wavefunctions 

which are corrected to the first order of the spin orbit perturbation°}\~ .0 
In Equation (3.45) the superscript "r" signifies the MS values for the triplet 

state (being +l, O, or -1) and for this application it is assumed that the 

three levels are degenerate. In Equations (3.47) and (3.48) the wavefunctions 

refer to the zeroth order state wavefunctions as calculated by the CNDO method. 

In Equation (3.46) the quantities m are the values already tabulated om 
for the singlet-singlet transition moments; the m are also obtained from 

..l1...!.. 
Equation (3.42). "'- ~o takes the form 

au ' -- __ _.· _1 av +1_" __ s .. L. 1F\ LJ LJ two e ectron operator (3.49)
So 2 .. r. ar. J _J2me 1 J 1µ 1µ ­

where r. is the distance from the "i" electron to the "µ"th nucleus, V is the 
~ 

electronic potential, _!:.and~ are the orbital and spin angular momentum 

operators, m is the electron mass and c the velocity of light. The two-

electron term in Equation (3.49) is less important than the first term for 

molecular systems and is neglected. Equations (3.47) are then evaluated 

using the first term for4?-ls' . When the wave functions are expressed as 
' 0 

Slater determinants and the states arc expressed in the virtual orbital 

approximat.ion, the integrals in Equation (3.47) reduce, after integration 

over spin space, to integrals over the two MO's by which the wave functions 

differ (McClure(ZS)) as summarized in Table 3.7. The spin-orbit operator 

(3.49) is a single electron operator and states which differ in configuration 

by more than two MO's from or 3~ 1 cannot mix with these respective states.1 ~ 0 
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TABLE 3.7 

Reduction of the Spin-Orbit Mixing Integrals between Two States 

1 ~ and 3~. Which are Different in Two MO's ~ and~k J 'I'm 't'n 

Comvonent 

~So 
f l'l'k'}l' 3'1'jdt f l'f'k '?l. I 3'f'jdt f1'1'k"{'3'1':ldt

J 

4'{ ' 
x 2-f <I> "'I~ <I> dt

fi. m x n 
0 1 J I-­ cj> °>\ £. cj> dTfi. m x n 

"" 'y 2-f<P ~·~<I> dtfi. m y n 
0 2-f <P ").1. 1 ~ <I> dtfi. m y n 

Cl).(.' 
z 0 -f<P ~·~<I> dtm z n 0 

The results of Table 3.7 have been obtained after integration over spin-sp~ce 

which leaves the operators~£.' ,"l R-' , '?{ R-' 
x y z 

electrons nuclei 
~' = 

1 
I I -1-~t. (3.50)

£, . r. ()r. Xl 
x 2mc 2 1 µ 1µ 1µ 

from L = i i + £ j + i k (3.51)x - y - z 

Again, when the MO's cj>m and cj>n are expressed as LCAO's, the integrals 

in Table 3.7 become 

f cj> * "- 1 
cj> dT = L L C. C . fx. 'l : X. dT ( 3. 52) 

m R-x n i j 1 J 1 Nx J 

Of the integrals fxi~~xxjdt, only those of the form Jpi'?\~krjdt are non-zero 

and again only one center terms have been retained. For these 

= + !_ F,; (3.53)frz'){ ~ Pi' = fr/>\~ pzd' = fry~~ px 2 x y z 

(3.54)fpx"){~ pzd' fPz~~ pxd 1 fpx">\~ Py 2
1 

r. 
x y z 
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JPx~ ~ pxd T = JP ~ ' p d T = JP °>\ ' p = 0
NX y .Q, y Z .Q, Z y z 

where (3. 55) 


and ~ has been approximated by the value of the spin orbit coupling in the 

corresponding free atom with effective nuclear charge Z (eff). The values 

for ~' taken from the calculations of Blume and WatsonC 29), are listed in 

Table 3.8. 

TABLE 3.8 

Values for the spin orbit coupling between the 2p atomic orbitals 

as calculated for the free atom. 

Atom ~ * cm- 1 

c 31 


0 146 


F 264 


*The data in this table was taken from reference (29). 


In summary then, 

LLa .a.t'.Jx.O).\: x.dT]m 
.. Yl UJ 1 N J Om
1J y --­

+ L: 
1 

[±Ha .a.t'.Jx."': x.dT + i1ll fi(E -E ) ij Yl uJ Nx J 
0 

= L: {E ~E EL:a .a.t'.Jx~: x.dT}m.. Y1 uJ 1 N 1 Om 
m m 0 1J z -­

(3.56) 

+ E {E ~E u:a . a0.Jx.°>l~ x .d r}m 1 (3.57)µ 0 i j y1 J 1 z J _ll_ 
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where the subscripts y and o signify the two orbitals by which each pertur­

bing state differs from ~l or ~ 0 respectively, and the oscillator strength 

can be written 

f = 1.085 x lo-s v~ IM~ 1 2 (3. 58)osc 1 
r ­

with v given in wave numbers and Mo~ given in Angstrom-Coulombs. 

At the level of the Born-Oppenheimer approximation, and without spin-

orbit interaction, the electronic states are identified by symmetry, multi­

plicity and energy. Within such a zeroth order framework, the symmetry 

' requirements for the perturbation terms H~ of Equation (3.46) to be non-zero 
m 

can be expressed by the rule that the direct product 

f (Ry) 
x r(Rx) x rc 3 ~) (3. 59) 

r (Rz) 

contain the totally symmetric representation. Use has been made of the fact 

that the space part of«).(. ' transforms as a rotation. Table 3.9 gives a list
80 

of states which satisfy the symmetry requirements for mixing in the c2h 

symmetry group. 

The intensity of the transition from ground to excited triplet states 

was calculated for states having transition energies low enough to be of 

interest. The calculations for 3A (n - , n * ) , 3B (n1 
* , rr ) , and 3B (n - , ab* )

u a a u J a u a g u g u g u 
are summarized in Tables :L 10, 3 .11 and 3. 12. It should be noted that in these 

tables, the summation over all perturbing states indicated in Equations (3.56) 

and (3.57) have not been carried out, but instead each perturbing state has 

been treated as though it were the sole perturbation. The justification for 

this is to be found in the fact that usually there is one perturbation much 

larger than all the others. The observed intensity can be accounted for by 
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TABLE 3.9 


Symmetries of Zeroth Order States Classified under c2h Symmetry 


which can Mix Through Spin-Orbit Coupling 


Component of Symmetry of Zeroth Symmetries of 
°>( ~o (Symmetry) Order State Perturbing States 

' 
"Xlx (B )g 

3A 
u 

lB 
u 

' 
~iy (B ) g 

3A 
u 

is 
u 

' ">ltz (A )g 
3A 

u 
lA 

u 

' 
~tx (B ) g 

3s 
u 

lA 
u 

' ~y (B ) g 
3s 

u 
IA 

u 
' ~Qz (A )

g 
3s 

u 
Is 

u 

' 
~lx (B ) 

g 
IA 

g 
3B 

g 

' 
"''y (B )g 

lA 
g 

3s 
g 

I 

~ez (A )
g 

lA 
g 

3A 
g 
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TABLE 3.10 

Intensity for the Transition 3Au(n;g, ir~u) + 1Ag(G.S.) 

Produced by Spin-Orbit Coupling 

Perturbing 3E - 1E H' 	 Corresponding Polariz­1 . 	 m ml Im lieSinglet State 	 om f at ion a.u. a.u. 	 osc 

1 	 0 . 157 l.9xio- 4 0.9 l.lxl0-3 3.7xl0- 7 A,B 

2 	 0.270 5 x 10- 5 0.51 9.Sx10-S 4.Sxl0- 9 A,B 
b3 0.421 	 w* 

4 0 . 596 	 w* 
5 	 0.269 * 
6 0.334 	 w* 
7 'V0.3 c 
8 0.704 * 	 w 

Perturbing tt' Corresponding- Polariz.;. 
Triplet State µo f ation a.u. 	 osc 

1 	 3B Cnl; ,ir~) 0.205 A,B 
3 g u * 

2 B (n; ,irb ) 0.359 A,B 
3 g g *g

3 B (irb 'a2a ) 0.455 *** 	 w 
g g * g

4 3B Cira ,alb ) 0.613 *** w g u u 
5 3 A (irb , 1Tb ) 0.380 ** *** w 

g g *g 
6 3Ag (ira , ira ) 0.391 ** " w 

u u 
7 3A Cna ,a;a ) 0.422 c 

g g * g
8 	 3A (n{) ,alb ) 0.444 *** w 

g 	 u u 

aAssuming only a single perturbing state. 
bThe symbol "w" has been employed where mixing is negligible. 
* 	 ' These terms are small, and under the approximation of~so by a single electron 
operator become zero. 

**These terms are small, and under the approximation of local spherical synunetry 
at each atom become zero, e.g., < 3Ag(Tia ,TI;) l'\s l 1Ag(G.S.)'V «t>TI: ILzl<PTia >rvO 
since the operator Lz can only couple tHe a¥omic 8rbitals Px and p~. u 

*** 
These terms are zero since 3 ~ differs from 3 ~ 1 by four MO's. 

µ 
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TABLE 3.11 


Intensity of the Transition 3B (nb ,n* ) + lA 

u g au g 

Produced by Spin-Or bit Coupling 

3E _ lE ' Perturbing Corresponding1 m Hml IM01 I/eaSinglet State Imom I /e f a.u. a.u. osc 

1 * b1 B Cna ,a1b ) 0.258 * w 
u g * u 


2 1 B (nb ,cr2a ) 0.409 * w
u u g 

3 1 B ( n nb ) 0.584 * w
u au' g 

1 - * c4 A Cna , na ) 0.0 1. 9x10- 4 0.03 5.7xio- 4 l.lxl0-7 u g u 

5 lA (nb ,crib ) 0.257 4.3x10-5 0.15 2.5xio-5 2.lxlo-10 


u g u 

6 1 A Cnt , nb ) 0.322 * w 
u u g

1 *7 AuCnau,cr2ag) 0.5 * w 

Perturbing lE _3E H
I 

Corresponding
0 po lm1iil/e IM01l/eTriplet State f a.u. a . u. osc 

3 + *8 B (nb , n a ) 0.205 rvio-4 'V0.03 "'10- 5 'VlO- 9 
g u u 


9 · 3s (n~ '1Tb ) 0.359 *** w 

3 g g *g

10 B (7Tb , 0 1a ) 0.455 rv10-5 'VO. 2 'VlQ-5 rvio-:-10 
g g * g 

11 3s (1Ta ,crzb ) 0.613 *** w g u u 
12 3 A ( nb , 1Tb ) 0.380 ** w 

g g *g
13 3A Cna ,na ) 0.391 ** *** w g u u 

3 - *14 A Cna ,ala ) 0.422 *** w 
g g * g

15 3A Cnt ,crzb 0.444 *** w g u u 

a 
b 


* 
 See Table 3.10 for an explanation of the code.** 
*** 

Polariz­
at ion 

c 
c 

Polariz­
at ion 

A,B 

A,B 

c * * A value of 0.01 a.u. was assumed for E(\B (nb ,na )) - E( 1A (n; ,na )) . u g u u g u 
It was felt that this value was representative of the error which could 
be expected for this number. 
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TABLE 3.12 

- * Intensity of the Transition 3B Cna ,alb ) + lA 
u g u g 

Produced by Spin-Orbit Coupling 

Perturbing 3E _lE H' Corresponding Polariz­1 m ml Im lie IM01 I/eaSinglet State om f at ion a.u. a.u. osc 

1 * b1 B (7rb '1Ta ) 0.057 * w u g u 
1 + *2 B (nb ,a2a ) 0.207 * w u u g 


3 ls (a1a ,ah ) 'V0.3 1. 8x10- 4 'V0.5 'Vl0-4 ""10- 7 A,B
u g u 
1 *4 B (7Ta '7Tb ) 0.382 * w u u g 


5 1 B Cna 'a3b ) 'V0.5 1. 7x10-s 'V0.5 'Vl0-5 'Vl0-9 A,B
u g u 

6 lA - * ) 0.214 'Vl0-5 0.03 ""10- 6 'Vl0-11 c
uCnag,7Tau 

7 1 A ( 7Tb ' aib ) 0.048 ""10- 5 0.15 ""10- 4 ""10- 7 c 
u g . u

1 + *8 A (nb , 1Tb ) 0.112 * w u u g
1 *9 A (7Ta , aza ) 'V0.3 * w u u g 

Perturbing lE _3E H' Corresponding Polariz­
0 µo lmlµl/e IM01 I/eaTriplet State f ation 
a.u. a.u. osc 


3 + * 
10 B g Cnbu ,7Tau) 0.205 *** w 

11 3B (na - '7Tb* ) 0.359 'Vl0-4 'V0.03 ""10- 5 ""10- 9 A,B 
g g *g

12 3B (7Tb ,a2a ) 0.455 *** w 
g g * g

13 3B (7Ta ,alb ) 0.613 'Vl0-4 'VO. 2 'VlO- 5 'VlO- 9 A,B
g u u 

3 *14 A ( nb , 1Tb ) 0.380 ** w 
g g *g 

15 3A Cna ,na ) 0.391 ** w g u u 
'VlQ- 916 3A Cna ,a2a ) 0.422 ""10- 5 'V0.5 'VlO- 5 c 

g g * g
17 3A (nb ,alb ) 0.444 ""10- 4 'VO. 5 'VlQ-4 ""10- 7 c 

g u u 

a 

b 

* See Table 3.10 for an explanation of the code. 

** 

*** 
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this one term, and the system used in the tables emphasizes the relative 

importance of different perturbing states. The polarization of the trans­

ition as allowed by each perturbing state is the same as that of m or om 

mµl" 

The estimated intensities for transitions to excited triplet states 

have been included in Table 3.5. 

(c) 	 Vibrational Structure 

The CNDO energy of a system is the energy of the system of particles
I 
i 

relative to the energy of the isolated electrons and cores (nuclei plus non-

valence electrons). This energy (ET) is the sum of the electronic energy 

(Ee given by Equation 3.2) and the nuclear energy (En given by the repulsion 

between the cores as point charges). In the Born-Oppenheimer approximation 

this energy provides the potential field in which the nuclei move. The most 

prominent structure of an electronic system arises from vibrational motion 

of the nuclei, and the vibrational structure predicted by the CND0/2 force 

field has been calculated for comparison with experiment. 

The vibrational motion of the nuclei is most compactly described in 

matrix notation. There are 3N-6 mutually orthogonal modes of vibration 

(called normal modes) for a non-linear polyatomic molecule. Since the form 

of these modes is not intuitively obvious, the vibrations are customarily 

described on a first order basis as a combination of bond stretches and angle 

changes which are not necessarily orthogonal. The true normal modes, and 

vibrational energies are then obtained as eigenvectors and eigenvalues in the 

solution of the equation 

[ (F)(G) - ;\(E) ]§_0 = 0 (3.60) 

obtained in the Lagrangian formalism where (E) is the unit matrix and 
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2V :: St(F) ~ (V = potential energy) (3.61) 

2T :: it(G- 1 ) S (T = kinetic energy) (3. 62) 

S is a column vector called a symmetry coordinate, which describes the inter­

nal motion of the molecule as the projections on a basis set composed of 

1 

changes in bond lengths and bond angles. Tile components S. 
1 

of the vector S 

have the form 

s. 
1 

= s. 0 

1 
sin (tlf + o) (3. 63) 

where S. 0 , A, and o are constants and t is the time. 

Tile matrix (F) in Equation (3.61) is called the force constant matrix. 

For glyoxal, nine of the vibrations lie in the plane, and three lie out of 

the plane of the molecule. The in plane and out of plane motions are mechan­

ically separable, and the in plane vibrations are considered as a separate 

problem. For the in plane .vibrations, the~ vector takes the form (see 

Figure 3.1) 

s = brcc .:..!:_ + brCOl :3.. + brC02 ~ + brCHl ~ + brCH2 es 

+ f1(rCH'rC0)b(lOCH)1 ~ + f1b(LOCH) 2 e1 

+ f2(rCO'rCC)b(lCCO) es + f 2b(LCCO) e 9 

- }: S. e. (3.64)
1 1i 

- [!:l 

In this basis set, the elements of the (F) matrix define what is called the 

general valence force field. If the energy obtained in the CND0/2 calcula­

tion is expressed as a Taylor's series, the correspondence between the 

matrix elements F.. and the T:iylor's series coefficients is obvious. 
1.J 
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9 9 9 
2ET = L A. s. 2 + E L B.. s. s. (3.65)

1 1 1i=l i=l j=l 1J J 

F.. = A.' F.. = B.• (3.66)
11 1 1J 1J 

The general valence force field is not commonly used. In particular, 

a very thorough study of glyoxal and its derivatives has been carried out by 

Fleury(3
0) using a Urey-Bradley force field. For comparison with the theore­

tical results, the Urey-Bradley force field must be converted into the form 

of the general valence force field. The potential energy in Urey-Bradley 

space is given by 

2V = E
5 (2K. ' r.br. + K. (br.) 2 ]

i=l 1 1 1 1 1 

4 ' 2 2+ L [ 2H. f. 6 (L ) . + H. ( f. 6 (L ) . ) ] (3.67) 
. 1 1 1 1 1 1 1
1= 

+ E L [ 2F . . ' q . . bq. . + F . . bq . . 2]
1J 1J 1J 1J 1Ji<j 

where the br. and b(L). have the form as given in Equation (3.64) and the 
1 1 

q .. are the separations between the non-bonded pairs of atoms and the sum­
1J 

mations over i:_ and i_ are over all non-bonded pairs to be considered. 

Equation (3.67) has more than nine variables, and contains redundancies 

and linear terms which disappear when the q .. are substituted by the analytic
1J 

forms in terms of the nine S.. The resulting expression for the Urey-Bradley
1 

potential is then directly comparable with Equations (3.61) and (3.65). It 

is possible to express the A. and B .. of Equation (3.61) as functions of the 
1 1J 

K , K ' , H , H ' , F , and F ' . The terms in the A. constitute the major part of 
1 

the Urey-Bradley potential, and only these terms were determined from the 
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theoretical calculations. The expansions for the A. in Urey-Bradley space
1 

are summarized in Table 3.13. The A. were then evaluated using the Urey­
1 

Bradley constants and the geometry given by Fleury. 

The CNDO energy for the ground and excited states was calculated 

over a range of values for each parameter. The one-dimensional potential 

energy surfaces are given in Figures 3.5, 3.6, and 3.7. It is seen that 

the predicted geometries for singlet and triplet states are the same, and 

only a common geometry is considered. The optimum geometry was determined 

for the Au(n;g,ir;u)' B (irb ,ir; ), and B (n; ,a~) excited states. Theseu g u u g u 

geometries are compared with the CNDO ground state geometry in Table 3.1. 

The available experimental results have been included. 

At the point of equilibrium, the potential energy curves can be 

expressed by the Taylor's series 

a2E ' 2E = - (p. - p. eqm) 2 = A. ~p? (3.68)
ap? 1 1 1 1 

1 

The values of the A' for the five parameters p. were determined by least 
1 

squares fit. In the case of all but the rCC' these Ai' are not identical to 

the A. of Equation (3.65). This difference arises because a variation in 
1 

the parameter Pco results in the simultaneous displacements of the bonds 

rCOl and rcoz· It can be shown that 

(3. 69) 


This result enables us to summarize 

' A. = 2A. i = co, CH , L OCH, l CCO (3. 70)+ 2B.1 ·21 1 1 ,1 

' A. = A. i = cc (3. 71)
1 1 
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Figure 3.6 

VII 1 3 + * 
' Au (nb 'nb ) 

u - g 

VI *ls (n- ,ab) 
u ag u 

v * l,3A (nb ,ab ) 
u g u 

IV *3s (n­ ,ab ) 
u ag u 

III *ls (nb ,na ) 
u g u 

II * 38 (nb ,na ) 
u g u 

I * 1,3A (n­ ,n ) 
u ag au 

CO Bond Length CH Bond Length 

cc = 1.43 A, CH= 1.09 A CO = 
0

1.25 A, CC = 
0

1.43 A 

CCO = 120°, OCH= 118° CCO = 120°, OCH= 118° 



--

------------VII 
51·8 I- ' ',, \\ \ \ I/ i I II I I / L. VI 

v 

-------111-en 
l&J 51·9 , IV 
l&J \ ,' ' ----L , , 

I 

IV----r-\ ',i/' ,_ ....g: ' ' , ,'... 
', ,,' I IIg: ' J' c 111-----­

en 
%: 

.... 52·0 ' 
1---- ' z ' 

:) ' -'\'II- - - ­u \- \2 
0 x \ 

\ ~'/ I x.... 52·1 \c 
\ 

z-
> 
<!» 
g: 
l&J 
z 52·2 

"' 

\ 

' I "\ """P"" , I I I I ' ~ ~/ I'"" 

52·3------~~--1.----:--::----L---:-L::---L-H---1---l.__-1..__-1..__-L________J 
I ·I I ·3 I ·5 0 1·0 1·2 j-4 

CO BOND LENGTH IN A CH BOND LENGTH IN l 
~ 
ID 

Figure 3.6 CNDO Potential Curve for Glyoxal for CO, CH Bond Lengths. 



Figure 3.7 

VII 1,3A (n+ *,7Tb) 
u bu g 

VI 1B (n­ * , ab ) 
u ag u 

v 1 , 3A ( 7T * , ab ) 
u bg u 

IV 3s (n­ * , ab ) 
u ag u 

III Is (7Tb * ,7Ta) 
u g u 

II * 3B (7r ,7T ) 
u b au g 

I 1 , 3A (n­ * , 7T a ) 
u ag u 

OCH Angle CCO Angle 

cc= 1.43 A, co= 1.25 A, CH= 
0

1.12 A CC = 
0 

1.43 A, CO = 
0 

1.25 A, CH = 
0 

1.12 A 

cco = 121° OCH= 121° 



---

-51·8 .... 
VII ~~ 

•. 

VI ,.... v ~ 
(/) 

&&.I -!51·9 ~ 
&&.I 
ca::... IV ------~--~--ca:: 
~ 
% _,_. -(/) 

t- -!52·0 I-
111 --­-z 

:> 
0­
2 
0 ... 
c -52·1 ~ 

z 11-
I --.-----·----­> 

<!» 
ca:: 
&&.I 
z -52·2 I­
"' 

x - ­
l 1 1-!52·3 
110 120 130 

OCH ANGLE IN DEGREES 

- vu 
VI 

~ v 

-------------- IV 

~ 111 

.................. _________
....... 
 11 

I 

.............__ 
 -x 
1 1 l 
110 120 130 

V1 

cco ANGLE IN DEGREES 

Figure 3.7 CNDO Potential Curve for Glyoxal for COH, CCO Bond Angles. 

0 



51 

TABLE 3.13 

The Expansion of the Diagonal Quadratic Taylor's Series Coeffi~ients 


for the Potential Energy in Urey-Bradley Space (Glyoxal) 


Coefficient Parameter Expansiona 

Ai + 1. 70ilrcc Kee Peco + 1.49 FCCH + 2.0 F0 ...H 

A2, A3 (ilrco) •,~ Keo + 0.7 Fcco + 0.83 FOCH + 0.30 F0 ...H 

A4, As (tirCH) ', ~ KCH + 0.80 FOCH + 0.63 FCCH + 0.42 F0 ... H 

A6, A1 L\ (LOCH) , ,i 1. 35HOCH+l. 77HCCH+0.16FOCH+0.40FCCH+l ~ 02F0 ... H 

As, Ag 8 (LCCO) , , l. 1.84Hcco+l.77HCCH+0.40FCCH+0.26Fcco+2.02Fo ... H 

aThe geometry used for this expansion was that used by Fle~~YC30) as taken 
from the electron diffraction results of Kuchitsu et al. C J 

bCNDO and Experirnentalc General Valence Force Field Force Constants 


for Ground and Excited States of Glyoxal 


State ilPcc ilPco ilpCH 8PocH 8Pcco 

millidyne/A 
0 

millidyne-A/rad 2 

x lA 16.4 66.6 23.6 2.0 3.4 g 

c
1A (G.S.) 4.28 21.07 8.50 1. 7 2.7 g exp. 

1 - * A (na , 7T a ) 18.6 59.0 22.6 2.6 1. 3 u g u 
3 - * A Cna ,7Ta ) 18.0 59.0 22.3 2.4 1.0 u g u 


0
bLeast squares fit to eight CNDO energies within 0.04 A or 40 of equilibrium. 

cExperimental values are obtained from the force constants of Fleury(30). 
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' Table 3.13 compares the A. from the CNDO data with the corresponding
1 

quantities of Equations (3.70) and (3.71) determined from the normal coordinate 

analysis of Fleury. 

3.5 CNDO and Experiment for Glyoxal 

(a) The Electronic Systems 

Figure 3.8 · shows a reconstruction of the spectrum predicted for 

glyoxal by the results discussed in Section 3.4. No spectrophotometer trace 

of glyoxal was available, and a spectrophotometer trace of biacetyl 

(COCH COCH ) is included in Figure 3.8 since the biacetyl spectrum is very 

similar to the spectrum reported for glyoxa1C 20, 3l, 32). Inspection of 

Figure 3.8 indicates that the CNDO calculations predict that there is only 

one system of the intensity of the S-S n ~ n* transition in the near ultra­

violet whereas two systems are observed experimentally (as in biacetyl). 

These two systems have been assigned to two n ~ TI* transitions since the 

assignment was suggested by McMurrayCl 9). On the basis of the Huckel MO 

method this assignment appears reasonable (see Figure 3.9). 

-- ...­ -
- --. -


Monoketone a.,8 Diketone)(e.g. 
H2CO COHCOH 

Figure 3.9. Simple Molecular Orbital Scheme for a.,S Diketones 



(a) BIACETYL: Spectrometer trace 

(b) GLYOXAL: Block diagram 
from reference 20) 

b) 

a) 

au 
(.) 

z 
C( 30,000 50,000 cm-•m SPECTRAL POSITION IN WAVE NUMBERS 
~ 

0 
(/) (c) GLYOXAL - PREDICTED SPECTRUM 
m 
<( 

30,000 50,000 70,000 cm- 1 

SPECTRAL POSITION IN WAVE NUMBERS 
V1 
~ 

Figure 3.8 CNDO Spectrum of Glyoxal Compared with Experiment. 
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Then-+ n* transition which has a frequency ~29,000 cm-1 for a mono-

ketone is split into two transitions at 29,000 ± (~l + 62) cm-1. Thus trans­

itions at ~22,000 cm- 1 and 31000 cm-1 for glyoxal and ~23,000 cm-1 and 36000 

cm- 1 for biacetyl are conveniently assigned to two~-+ n* transitions: 

- * + * na -+ na , and !!b -+ nb . There have, in addition, been suggestions (see- g u u g 

the text by MurrellC33)) that there should be four electron absorption trans­

itions for a-S diketones. It is apparent, however, that in the c h point
2

group, two of these are symmetry-forbidden. The 21973 cm- 1 system (I in 

Figure 3.8a) of glyoxal has been studied in detail by BrandC32), KingC 34), 

Paldus and RamsayC23), Birss et al. C35), and Agar et al. C36) It has been 

established that the excited state is 1A and the assignment as the first 
u 

n-+ n* transition seems unequivocal. The corresponding (22896 cm- 1) system 

(I) of biacetyl observed by Sidman and McClureC37) in the crystalline phase 

has very similar vibrational structure, and again is assigned as the first 

~-+ n* system. The transitions (II) observed at 31000 cm- 1 (glyoxal) and 

35000 cm- 1 (biacetyl) consist of diffuse bands and thus cannot be analyzed 

in detail. That these systems might not be the second n-+ n* transitions 

is suggested by the CNDO calculation which predicted that this transition 

lies to much higher energy c~100,ooo cm- 1). The departure from the pre­

dictions of simple MO theory with respect to the second n -+ n* transition 

is found to arise from the fact that in the SCP calculation removal of an 

-electron from the na molecular orbital produces much greater stabilization 
g 

of the remaining MO's than does removal from the nb orbital. The discrepancy
u 

for this transition is much larger than has been found for other parts of this 

CNDO calculation of glyoxal. It appears unlikely that the second band system 

is the Db -+ nb* transition. The possibility that this band system might be 
u g 
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due to the 3 (n + n*) or 3 (n +a*) transitions was considered, but neither of 

the oscillator strengths for these transitions (see Table 3.5 or the calcu­

lations summarized in Tables 3.11 and 3.12) are large enough to account for 

the transition intensity. 

After the previous assignment of this band system had been questioned, 

it was found that some of the experimental observations on these molecules 

were not in agreement with the assignment to the ~ + n~ transition. In a 
u g 

number of spectra recorded under different conditions, the intensity of the 

33000 cm-l band is found to vary relative to the 22000 cm- 1 band. For 

example, the room temperature vapour phase spectrum of biacetyl (see Figure 

3.10) indicates an intensity for the 35000 cm- 1 band which is about half that 

of the 23000 cm- 1 band, while in the crystalline phase it has been observed 

under conditions which indicate an intensity equivalent to the first n + n* 

triplet (approximately 1/1000 that of the 23000 cm- 1 band). Unusual intensity 

changes have been noted for the solution spectra of biacetyl and glyoxal by 

(38) (39 40) .Carpenter and Forster , and by Forster ' ,. They found that the 1nten­

si ty in solution spectra of the 23000 cm- 1 (biacetyl) or 23000 cm- 1 (glyoxal) 

band was much lower when the solvent molecule contained an oxygen atom (e.g., 

in ethers or alcohols) than it was in non-oxygen containing solvents. TI1ese 

workers did not consider the second band in the near ultraviolet. Figure 3.10 

gives Cary traces of biacetyl in the vapour and liquid phases, and in solution 

in water. It is seen that in water solution the intensity of the second band 

increases at the expense of the first. In view of the well-known ability of 

simple ketones and diketones to form reversible polymeric linkages it is pro­

posed here that the second band in the near ultraviolet spectra of a,S-diketones 

be assigned to a species which has undergone molecular association. 
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Figure 3.10 35 ,000 cm-l System of Glyoxal (Polymeric) and Biacetyl. 
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The form of the condensed species has not been considered in detail. 

It is likely to be a dimeric form interconverting with a monomeric form to 

account for the significant quantity present in the vapour phase. The 

results of Carpenter and Forster suggested that association results from 

the attack by the oxygen atom of a solvent molecule. The mode of polymer­

ization for formaldehyde would suggest a linkage between an oxygen and a 

carbonyl carbon. This picture is supported by the charge distribution 

calculated from the CNDO data. In the ground state, the charge distribution 

shows carbon as positive (0.19 a.u.) and oxygen negative (0.19 a.u.) with 

considerable polarity of the carbonyl bond (although molecular dipole moment 

is zero through symmetry). An intramolecular C...O linkage would destroy 

the conjugation of the two carbonyl groups and the dimer should have an 

n + TI* transition in the same region as monoketones (see the spectrum of 

polymeric glyoxal, Figure 3.10). The 2800 Aband for a,8 diketones is 

assigned as the ~ + TI* transition of the dimeric species of this molecule. 

If the oscillator strength for the dimer n + TI* transition is the same as 

for the monomer the band intensity suggests a dimer concentration of approx­

imately 25% in the vapour phase (peak area is half and transition energy 

double that of the monomer transition - see Equation (3.38)). Tilis estimate 

would be low if the oscillator strength increased in the dimer or if consid­

erable amounts of the dimer occurred on the window surfaces. No residual 

spectrum was found after sample removal. 

- * In addition to the l, 3A Cna ,na) + XlA systems of glyoxal, these 
u g u g 

calculations indicate the possible appearance in the near ultraviolet of a 

*transition to the 3s (Tib ,Tia ) upper state. The calculations suggest that 
u g u 

this transition has an energy comparable to that of the first n + TI* (S-S) 
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(see Table 3.5) and an intensity comparable to that for the n ~TI* (S-T) 

(see Table 3.11). In this context it is noted that Goetz, McHugh and 

RamsayC4I) have recently observed a series of weak S-T bands at 4350 A in 

the magnetic rotation spectrum of glyoxal. These bands did not appear to 

belong to the 3A (n~ ,TI; ) system, and were left unassigned.u g u 

The vacuum ultraviolet spectrum of glyoxal has been examined by 

2Walsh( 0) and consists of a number of diffuse bands. He reports wavelengths 

of 2050-1850 A(weak), 1750 A(strong), 1667 A (very strong), 1601 A(strong), 

1355 A, 1324 A. The corresponding spectrum of biacetyl has been reported by 

42Ells( ). He lists a large number of bands which he describes as sharp. A 

spectrophotometer trace of biacetyl vapour was recorded in the vacuum UV for 

the present use (see Figure 3.5). In this spectrum, no sharp peaks are 

observed. The spectrum resembles closely that reported for glyoxal, with 

band maxima at the following wave lengths: 1900 A (III in Figure 3.8, weak), 

1720 A(IV, very strong), 1610 A(V, very strong), 1550 A(medium), 1480 A 
(medium), 1430 A (weak). All bands are broad and contain no indication of 

vibrational structure. In addition, a photograph of biacetyl at 0.01 meter­

atm. on a 20' Eagle Spectrograph showed no trace of sharp bands. It is con-

eluded that the lines reported by Ells must be due to the presence of an 

impurity, perhaps a photodecomposition product. Several obvious possibilities 

such as 0 2 , C0 2 , CO, and H20 do not explain the reported peaks. 

Walsh assigns two valence shell transitions in the spectrum of glyoxal 

below 2000 A. He assigns the 2050-1850 Aband to an n ~a* transition and 

the 1667 K band to a TI ~ n* transition. He notes that these transitions pro­

43bably have considerable Rydberg character. Lucazeau and SandorfyC ) have 

analyzed the vacuum ultraviolet spectra of a series of simple aldehydes on 
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the basis of two n +a*, the first TI+ TI*, and (possibly) the first a+ a* 

transitions. These transitions are superimposed on a large number of sharp 

0

features starting at about 1800 A, which are assigned to the three Rydberg 

transitions n + R , n + R , and n + Rd. In the vacuum UV spectra of glyoxals p 

and biacetyl, the most striking feature is the complete absence of Rydberg-

like features. This fact would suggest two possibilities. Either the first 

members of the Rydberg transitions have shifted to the blue and lie under 

the intense continuous absorption, or the a* orbitals involve n = 3 orbitals 

heavily with the !!.. + a* diffuse and the !!.. + R3s, 3p, 3d not isolated as dis­

crete Rydberg transitions. The existing data on the ionization potentials 

of these compounds lists formaldehyde 10.88 eV, acetaldehyde 10.23 eV, 

ketene 9.60 eV, glyoxal 9.48 eV (taken from reference 7) and discredits the 

first idea. 

The spectrum of glyoxal in the vacuum ultraviolet then suggests 

valence shell transitions with considerable Rydberg involvement. The calcu­

lated data of Table 3.5 suggests three transitions which may be discernable, 

the 1B (Tib ,n:_J, 1B (n; ,ab), and the 1A (Tib ,ab). The CNDO energies of u g -u u g u u g u 

the two latter states which involve thecr~ orbital are much too high to be 
u 

acceptable. Sandorfy suggests that transitions in this region have some 

character due to atomic orbitals with quantum number three, and it is poss­

ible that the discrepancy in predicted transition energies arises from the 

neglect of n = 3 atomic orbitals in the CNDO calculation. 

Sandorfy assigns the TI + TI* transition in the aldehydes to the 1500 A 

(67,000 cm-I) region. It has little vibrational structure. In glyoxal and 

biacetyl a red shift is expected for this band (see Figure 3.9), and a red 

0 0 

shift of 20,000 cm-I would place it at 1750 A. Thus the band at 1750 A 

0 
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(glyoxal) or 1720 X(biacetyl) is assigned as 3s (nb ,n; ). There is good
u g u 

agreement with the energy predicted by CNDO. 

In the series formaldehydeC44), to acetaldehydeC43) and acetoneC45) 

0 0 
systems appear in the region from 2000 A to 1600 A which have well-defined 

vibrational structure and which appear to have no analogue in formaldehyde. 

These systems are assigned to n ~ a* transitions and arise because of the 

availability of a 2p orbital on the CH 3 carbon which can form a lower energy 

antibonding a* orbital (and higher energy bonding orbital) than is available 

in formaldehyde. These transitions are expected for biacetyl and glyoxal, 

but the vacuum ultraviolet absorption appears diffuse for these two molecules. 

Two possible explanations are: 1) the molecules which are rigid and planar 

in the ground states can undergo internal rotation in the high energy excited 

states, or 2) the molecule dissociates in the appropriate excited states. 

Since internal rotation exists in acetone, which has structured 

absorption in the vacuum ultraviolet, molecular dissociation is the more 

likely cause of diffuseness in the high energy spectra of glyoxal and 

biacetyl. It can be seen from Table 3.2 that the cribu orbital is strongly 

antibonding along the C-C bond and along the two C-H bonds. In addition, 

the CNDO calculations (see Figures 3.5, 3.6) show that the potential energy 

curves with respect to the C-C and C-H bond lengths are noticeably shallower 

*for the states which involve promotion to the cr1b orbital (i.e.,u 
- * * B Cna ,olb ),A (nb ,ob )) than they are for the other excited states. u g u . u g u 

Although a completely dissociative path could not be obtained fro~ the CNDO 

calculations, it is felt that the evidence indicates molecular dissociation 

as the cause of the diffuseness of vacuum ultraviolet transitions. 

Table 3.5 predicts an intensity for the n ~ a* transition comparable 
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to that for the TI - TI* at 1750 A. The strong absorption at 1667 A(glyoxal) 

and 1610 K Cbiacety1) is assigned to a transition to is en; ,cr~b ). The 
u g u 

bands and continuous absorption to the blue of this arises from the additional 

a+ a*, n +a* and TI+ TI* ~ransitions. The absorption in the region of 

2000 A- 1850 A(glyoxal and biacetyl) is weak relative to the TI + TI* transi­

tion and strong relative to then+ a*. This fits the intensity predicted 

1 *for the TI+ cr* transition (see Table 3.5) and is assigned as A (nb ,crb ).
u g u 

(b) The CNDO Geometry 

The geometry which minimizes the CNDO energy (referred to as the 

CNDO geometry) has been compared in Table 3.1 with the available experimental 

data. Experimentally, KingC34) and Paldus and RamsayCZ 3) have determined the 

rotational constants for glyoxal and a series of deuterated derivatives in 

the ground and first excited singlet state from the UV spectra, and Kuchitsu 

22et al. ( ) have carried out an electron diffraction study on the ground state. 

The spectroscopic work was carried out on a limited number of isotopically 

substituted molecules, and it was only possible to specify a series of geo­

metries which would reproduce all the available rotational constants. 

Kuchitsu et al. combined the spectroscopic results with electron diffraction 

results and determined a single geometry for the ground state which has been 

listed in Table 3.1. 

In considering the CNDO geometry, it might be noted that the CNDO 

0

value for the C-C bond of 1.44 A is more in agreement with the partial double 

bond character expected for this molecule (compare C-C single bond ~1.54 A 
0 

and C=C double bond ~1.34 A). In fact e lectron diffraction results by the 

same authors(22) find a C C bond length of 1.463 Afor butadiene 

(CH2CH CHCII 2 ) and 1. 478 A for acrolein (CH2CII CIIO) , and the value of 1. 525 

0 
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A quoted for glyoxal appears to be high. In addition, since the calculated 

electron diffraction geometry was based on the sets of results from the 

rotational analysis, an error in either r(C-C) or r(C=O) would result in an 

approximately equal and opposite error in the other (see references 23 or 

24). 

The CNDO geometry for the 1A (n~ ,n: ) excited state predicts a small 
u g u 

change from the ground state in the bond angles, and in the C=O and C-H bond 

lengths and a larger change in the C-C bond length. These changes are not in 

agreement with the vibrational analysis of the UV spectrum (see reference 32). 

The appearance of the progressions in vibrational modes involving C=O stretch, 

C-C stretch andLCCO bend predict the largest changes to be in l'9(C=O) with 

significant changes in r(C-C) andLCCO and small changes in the other para­

. meters. 

The CNDO calculation on the Is (n; ,a~ ) excited state produced a 
u g u 


very anomalous decrease in energy with decrease in the CCO bond angle below 


100°. The CNDO energy was minimized at LCCO = rv55° and r(C-C) rv 1. 7 A. 

0 

The 

unusual values of these parameters and the shallow potential well found for 

the variation of the energy with r(C-C) (see Figure 3.5) suggest that this 

state may be dissociative. 

The evidence obtained from the calculations on glyoxal indicate that 

CNDO cannot be used in the manner outlined to predict accurate geometries. 

It is felt, however, that the results are close enough to the true geometry 

to warrant using this method of selecting a geometry for calculation of 

energy levels. 

(c) The Vibrational Structure 

The ground state vibrational spectrum of glyoxal has been investigated 
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in the infra-red by HarrisC44), and a normal coordinate analysis has been 

carried out by Fleury(30). 

The infra-red work contains some information pertinent to the problem 

of intermolecular association. Harris observes that on removal of the sample 

from the cell, a residual infra-red spectrum attributed to polymer on the 

windows remained. The principal features of this spectrum were two weak bands 

lying directly under the C=O and C-H stretching modes of glyoxal, and a very 

broad band at ~700 cm- 1 which appeared almost as strongly as it did in the 

vapour phase spectrum. It can be concluded that apart from the broad band at 

700 cm- 1 (which could originate in a weak 0 ...C linkage), a dimeric species 

would not be detectable as a separate spectrum. It is interesting to note 

that for the oxalyl halides there is a similar broad band which appears in the 

region of 700-1200 cm- 1 • This band, particularly for the bromide, shows a 

marked decrease in width and intensity in the crystalline spectrum at liquid 

nitrogen temperature. It is possible that this absorµtion originates in a 

weak intermolecular associative linkage which does not form in the solid phase. 

The CNDO force constants shown in Table 3.13 are different from the 

force constants obtained from the normal coordinate analysis of FleuryC30). 

Inspection of Table 3.13 indicates that stretching force constants differ by 

a factor of approximately 3 while bending force constants differ by a factor 

of approximately 1.5. An analogous treatment of oxalyl fluoride (see Section 

3.7) shows a similar pattern in the discrepancies between CNDO force constants 

and those obtained from a norm. 1l coordinate analysis. 

(d) Perturbations 

The calculations carried out here have provided estimates of the 

energies of the ground and low-lying excited states of glyoxal (see Table 3.5 
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and Figures 3.2 and 3.3). It is thus possible to comment upon the observ­

ation, spectroscopically, of electronic perturbations. 

3 - * 1The A Cna ,na ) + X A . transition is observable through perturbationu g u g 

by other excited states as indicated in Table 3.10. The calculations summar­

· d. h 3A Cna- ,na * ) by . * )1ze 1n Ta le 3.10 suggest perturbation of 1B (nb ,rra as u g u u g u 

the most likely cause of the observed intensity with perturbation by 

1B (n~ ,Ob ) or perturbation of X1A by 3B (nb ,n; ) or 3B Cna- ,TI~ ) as other u g u g g u u g g g 

possibilities. In all these cases the transition moment would be in the 

plane and the bands observed should have the rotational structure of type A-B 

hybrid bands. In a study of the magnetic rotation spectrum of glyoxal, Goetz 

et al. C4l) refer to unpublished work by Ramsay and Tyrrell which indicates 

that the 0-0 band of the singlet-triplet transition is an A-B hybrid. 

1 - * -1In the A Cna ,na ) + X A spectrum the appearance of type A-B hybrid
u g u g 

bands (see reference 32) indicates the appearance of a forbidden component 

through vibronic perturbation. The hybrid bands are assigned to transitions 

in which one quantum in the out of plane wagging mode Chg symmetry) is active. 

These bands with hg vibrational synunetry must gain intensity through vibronic 

(32) * perturbation by a 1 Bu state. Brand has proposed lsu(nbg,nau) as the per­

turbing state. The calculated and experimental state energies of Table 3.5 

1 - * support his suggestion, and indicate that B Cna ,a-lb ) is also a potential
u g u 

perturbing state. 

- * * The B Cna ,01b ) and A (nb ,o 1b ) have been proposed here to be dis-
u g u u g u 

sociative states. Participation (through perturbation) in a transition by 

either of these states should result in predissociation of the excited state 

*levels. In view of the diffuseness of the lB (nb ,na ) + X1A transition it 
u ' g u g 

is presumed that there is significant mixing between this excited state and 
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- * the 1B 	en; ,a~b ) state. Thus, any mixing between A Cna ,7Ta ) and the u g u u g u .· 

states of immediately higher energy is likely to result in predissociation 

of the n ~ 7T* transition to higher energy. Such an effect is observed 

particularly strongly for the halogenated derivatives of glyoxal. 

3.8 	 Oxalyl Fluoride 

The calculations that were carried out for glyoxal (see Sections 

3.3 and 3.4) were repeated for oxalyl fluoride. The ultraviolet spectrum 

of this molecule is not as well unde7stood as the spectrum of glyoxal, and 

it was hoped that with the CNDO calculations on glyoxal as a guide to 

reliability such calculations would be of use in the assignment of the 

oxalyl fluoride spectrum. 

The ground state geometry of oxalyl fluoride was not known, and 

initial calculations were carried out using molecular parameters transferred 

from similar compounds. As previously these were refined to give a CNDO 

geometry, obtained by minimizing energy with respect to the five molecular 

parameters, and the CNDO geometry was used for the energy calculations. The 

CNDO geometry (ground and excited states) is summarized in Table 3.14. The 

coordinate system was fixed in the molecule as for glyoxal (see Figure 3.1). 

The basis set used in the calculations consisted of 24 atomic orbitals, the 

2s, 2p , 2p , and 2p orbitals on each atom. The set of SCF-LCAO molecular x y z 

orbitals for the ground state of oxalyl fluoride are given in Table 3.15. 

The corresponding bond order matrix is listed in Table 3.16. Inspection of 

Table 3.15 indicates that here, as with glyoxal, two of the highest energy 

bonding orbitals have greater than 50% p (oxygen) character, and these y 

orbitals are designated n~ and n~. In addition, it can be seen that for 

oxalyl 	fluoride a hybrid combination of the p and p atomic orbitals on 
x 	 y 
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TABLE 3.14 

CNDO Geometries for Ground and Excited States 

of Oxalyl Fluoride 

LOCF L ccoState rec rco rCF 
0 0 0 

A A A deg. deg. 

X1A 1.46 1.26 1.34 118 123 g 
1 3 - * , A Cna , n a ) 1.40 1. 28 1. 34 122 117 u g u 

1 , 3B ( nb n* ) 1. 35 1.35 1. 34 113 127 u g' au 
l,3B * 1. 7 1. 27 1. 32 121 55ucn;g,abu) 
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.2?.1213 

0.000000 
0.000000 
o.on'l'l'lO 
0.000000 

. 

2p c 
y .001158 

.001158 
0.000000 
0.000000 

-.035047 
.035647 

-.058779 
-.058779 

.18rJ922 
-.18'192?. 

o.oooono 
0 • 0 r) 0 IJ 0 0 

-. 029:!06 
.- • 029"306 

• 2?5153 
. -. 2·55153 

o. o o o o o o·_ 
0.000000 

. 
2p 0 

z C) • G-0-0-~0-U 

0.000000 
• 4 0 6'"' .CJ ­1 
.406991 . 

Q.'JfJOOOO 
o.cooooo 

o.ooooao 
0.000000 

o.noooon 
o.r.nnnoo 

-.1~3235 

.143235 
0.000000 
0.000000 

o.OrJOOOO 
0.000000 

.257089 

.257089 
2p F 

z 0.000000 
o.onoooo 

-.486750 
-.486750 

o.ooonoc 
0.000000 

0.000000 . 
0.000000 

O.OOrJODfl 
o.ooonoo · 

- .. S?S452 
.656452 

_Q • f') 'l fJ Q fJ 0. 
o.ooonoo 

n.9'1f.'OfJ'l 
o.oonnoo 

.<•9'4228. 

.494228 
2p c z 0.000000 

0.000000 
.312143 
.312143 

0.000000 
0.000000 

0.000000 
0.000000 

o.onoonn 
u.000000 

-.2?.0351 
.2?0351 

0.000000 
0.000000 

0.000000 
0.000000 

.43548?. 

.435482 

Q'\ 

Table 3.15 (Cont'd.) 
00 





2s0 2s0 2sF 2sF 2sC 2sC 2px01 2px02 2pxFl1 2 1 	 2 1 2 

2s0 -1-.-7-?-'LUG • 0 14 3 O?. • 0 O<-C3-5-2 - • tl-0.8-9-0 '~ • 2-6--9-1-3-1-.-0-0-l+-9 '• 7 - • '• 112-6 7 - • 0-2-93-1..J.-.-0-4-1--9-4-1­
• 014302 1.753186 -.008904 .002952 .004947 .269131 .029313 .411267 .005644 

2sF •002952 -.008904 1.834674 .014203 .213029 -.012491 . -.016426 .016034 .144359 
.. - • onA9o4 .. --. • no2 9 52 ._.... . ot 4 2 o3 .. ----1 • e3 4o14 -·- .. - • o12 491 . .-- • 213 o29 ·-·· - • o16o3 4 -- -·- • o16 4 26 --- - • oo6 o21 

2sC .?6q131 .004947 . .• ?.130?9' -.012491 1.029716 .398880 .512074 .032385 -.210403 
.004947 .2sg131 -.012491 .21302g .3gs8~n 1.02911& -.032385 -.s12074 -.028372 

2p 0 ----.-41-1.-2-0-1--.-o..2-9-3-13 - • ~1.-&.4.2~!1.3..4---.-5-1...JU 4 - • 0~-94-1~0-6-7-f>--...O-.C)_S-8-8-2-x 
-. n2q~1J .411267 .016034 .016426 .032385 -.512074 . - • .060676 1.307931 -.012790 

2p F 
x .047941 .005644 . • 144359 ~.006027 -.210403 -.028372 .095R82 -.01~790 1.860950 

. - • o o s 6 4 4 -- -- • o 47 9 41 ···'.-- .. . o o 6 n 2 7 ----·-. 14 43 s 9 -· • o 2 a 37 2 .-··· . • 21oL+o3 --··· ·-. o 12 7 9 o -·- - • o 9 s a a2 ... --- • o o 2 4 4 2
2p c 

x 	 -.431305 .01Jn19a . .• 174566 .-.005334 .-.005566 . .2a31n2 :•.672801 .oos920 . -.044762 
-.oon19a .431306 .005334 -.174566 -.2a3102 .005566 .ooa920 -.612ao1 .019344

2p 0 y ----O. O.A~~7-IJ - • ,,.-16-3-1-5----.-D-8-CJ-2-2~9-3-n--0-5-E-a.3-4---Jl-7-6-9-7-9----.-0-1-8-8-8-S----.-0-3-3-~5-5-7-S-
• 01 &315 .008378 . -.006930 .089228 -.076979 -.056834 .033979 -.018885 .005793 

2p F 
y 	 -.01q14~ .01843? . .272253 -.036579 -.382229 .080959 .• 007144 .-.027082 -.230704 

-.01R432 .019146 -~· . • 03657<3 -. -.272253 .. -.080959 .· .382229 ··-~-.027082 ····- .007144 ....-.017051 ­
2p c y , .016211 .0003q3 .349353 .008437 -.069114 -.408548. .036673 -.044299 -.342999 

-.000393 -.016211 -.008437 -.349353 .408?48 .069114 -.04L+299 .036673 -.014972
2p 0 --f4.1}.0-~tUl--n-.-OJJ-o..tl-O-O--O-.--OJ)-0-U g 0. O..OJUl-0 0 0. Oll-O-O~'l.0-.0-.-0-u-u--L~HcJ--U-.--JH_i._..H..f_-U-.-+t-<~H-'J-<LI-\i-z 

o. ooooon o.oryonon 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
2p F z 	 o.onooon o.ooonoo 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000· 0.000000 

o•ooonoo _o•ooonon .. o•oooooo.... a•ooaooo--··o•ooooao o•ooaooa ...o•oooooo... o•ooooao·- o•ooooao. 
2p c z 	 0.000000 o.onoooo 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

0.00000~ 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000 

Table 3.16 Bond Order Matrix for Oxalyl Fluoride X( 1A ).
g 	 ---1 

0 



2p/2 2pxcl 2pxC2 2py01 2py02 2pyFl 2pyF2 2pycl 2pyC2 

2s0 ---.-~s-&~-6 -.0-0-0-.t-CJ.a--....-0083-7-8- .016315 -.01911+6 -.01a~3? .01G211 -.000393 
-.047941 .000198 .431306 -.016315 .008~78 .018432 ·· .01q146 .000393 -.016211 

2sF .006027 .174566 .005334 -.089228~.-o-0. 6-93-0 · .21225~ _Q_J_n.s_zo .3.4-93..53 -.008.4.3..Z_ 
. -.144359 - ..-.005334 .. -.174566 .. . • o06930 .oag22e -.036579 -.212253 .ooa437 -.349353 

2sC .028372 -.005565 -.283102 .056834 -.07697q -.38222q -.080959 -.06911~ .4085~8 
.21rJ4f'J~ .2 8 31()2 .005566 .076979 .-.056R3l+ .. • 08095() . .~82229 -.408548 .. . • 069114 . . 

2p 0 ~1-2-7-~-2-B-0-1--D-O-a-~-6 - • 0-1~-88-5- ~n33g7g • o07144 - • o27fJ 82 • o36673 - • o44299 x 
.095882 .008926 -.672801 .033979 -.Ut8R85 -.0?.7082 .007144 .-.044299 .036673 

2p F - • 0 0 244 2 - • 0 4 4 762 • 0193 4 4 • 0 8~ 5"7 5 _..00.5.?_g-< - .2.31L7-D 4 - • O.L'Z..tl.5~--3-42.9..99 - • O11+-9.7.2­x 
- 1 • a o ogs o .... • o 1g3 4 4 . - • n 4 4 162 -. . . • o o s 1g3 • o 85515 - • o 17 o s 1 - • 2 3 o 1o4 . - • o 1 4g12 - • 3 4 2 g g 9 

2p c .019344 .896546 -.088164 .029906 -.02178R -.340521 -.057752 -.074137 .321785x 
-.044762 -.088164 .8g6546 -.021788 .029906 .. -.057752 : -.340521 , . • 321785 ...-.074137 

2p 0 ---.--0-0-5-7333-.-0-2-g_g 0-6 - ... 0 2--1-7-8-a-1--g 3-8-5-1--3- - • 0 14 08? • 138 t 7 7 • 0 10 7 5 g • 2 6 0 31 6 • 0 6 5 2 41y 
.085575 -.021788 .02ggQ6 -.014682 1.q1A518 ~010759 .138177 .065241 .260~16 

2p
y 

F -.017051 -.340521 -. 057752 .138177-• . 01Jl7S_q 1.5-4-4.2-42 - •.J1B.7-7_9J. -. 52272.4 .0~5..1..3.5_ 
. -.230704 - .. -.057752 .. -.340521 . . • 010759 .1~R177 -.087797 1.54424?. .03513'> -.522724 

2p
y 
c -.014g72 -.074137 .321785 .260316 .OnS24t -.5?2724 .03S135 · .834038 -.318855 

-.34zggg .321785 -.074137 .065241 .260~16 .035135 -.52?724 . . -.318855 .834038 __ 
2pz 0 --O--O-n-O-O.ll-Il-n--0-0ll-O-U-U-O--D-n-C-D--OJJ--n--O-O-D-O.OJJ- o • o on non o. o o o a o o o. o tJ on o o o. o a o o a o o. o o o o o o 

0.000000 o.ocoooo 0.000000 o.ooooorr o.nooaon o.oonoon 0.000000 0.000000 .0.000000 
2p F o. o o o o o o o • o o o o o o o • o o a o a o o. o o o o o o _n_J)_n__o_n_o_o n. on OJLOll_J)_ _o..oJJ oon n. n n n 11 o_r1 n. oo...n...n.Mz 

0.000000 .... o.oouooo o .000000 o.ooooon u.noooon o.ooooon o.oonooo o.ooooon 0.000000 
2p c 0.000000 0.000000 0.000000 0.009000 0.000000 0.000000 0.000000 0.000000 o.ooooonz 

a • o o o o o o o • o o a o o o o • o o a o o o o • o o o o a o o • nf1 fJ o o o o • o o o o o o o • o o o o o o . o. o o o o o o ..o. o o o o o o . 
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2s0 

2sF 

2sC 

2p 0 
x 

2p F 
x 

2p c 
x 

2p 0 y 


2p F 
y 


2p c 
y 


2p 0 
z 


2p F 
z 


2p c 
z 

2pz01 2pz02 

o.oooooa 0.000000 _ 
o.aaaoo~ ~.000000 

o.caoa~~ 0.000000 
_n__nn ,, n~!J.__Q • ooaooo 
o.oa~cno 0.000000 
O.O~QQ~O 0.000000 
o•o~ rJ ooa o•ooooao.. 
1.221353 -.273364 
-.273364 1.221353 
-.229J_~S -.056221 
-.nso221 -.229746 

.904191 .052636 

0~000000 0.000000 0.000000 0.000000 
o.~nooon 0.000000 0.000000 0.000000 

o.~00000 

~.~,,Q~O'J 

o.o~cooa 

O.QOOOOrJ 

0.000000 
0.000000 

~-~ ,, an,, n• oooooo o• oooooo o • noOJLO o n • O!Ul.oJl_O a... ~o ono 
n.n~~o~a a.000000 0.000000 0.000000 0.000000 0.000000 
0.~0~0~1 0.000000 0.000000 0.000000 0.000000 0.000000 

2pzFl 2pzF2 

0.000000 . 0.000000 
0.000000 0.000000 
0.000000 0.000000 
o•oooon n a • aon_o o o 
0.000000 o.nooaoo 
0.000000 0.000000 

_o• oooooo._.. o•oooooo- ~ 

-.229746 -.056221 
-.056221 -.2?.9746 
1.9313_3_1 -.009071 
-.009071 1.931337 

.276268 -.016174 

2pzC1 2pzC2 

.0.000000 _: 0.oooooo 
0.000000 0.000000 
0.000000 0.000000 
o • ooo..n...oJJ . o • o oan oo 
0.000000 0.000000 
0.000000 0.000000 

·- o• oooooo____ o•oooooo 
.904191 .052636 
.052636 .904191 
.2762&8 -.O.i0.1.J'_~ 

-.016174 .276268 
.847310 .282435 

.052636 .. • 904191 ...-.016174 .. • 276268 ......• 282435 _..__., .847310 

--'1 
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Figure 3.11 Energies of the Molecular Orbitals of Oxalyl Fluoride 
in the Ground State 
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fluorine can act as non-bonding orbitals, and two of the MO's have been 

designated n; and n;. In both these orbitals the px, Py (fluorine) character 

is approximately 50%. The remaining orbitals have been labelled cr-, n-type. An 

energy level diagram of the ground state molecular orbitals with the electron 

population of the ground state is given in Figure 3.11. It might be noted 

that four of the six TI 'MJ's are filled (bonding) and two are unfilled (anti­

bonding). This differs from the results expected from a simple HUckel treat­

ment of the TI system. 

(a) Energies 

SCP calculations were carried out on the ground state and a series 

of excited states produced by promotion of a single electron. Triplet state 

energies were obtained from the CNDO open shell calculation, and singlet 

state energies were obtained by the methods outlined in Section 3.2. The 

state energies are summarized in Table 3.17 and an energy level diagram is 

given for the~ states in Figure 3.12 and for the.[ states in Figure 3.13. 

The ground state of oxalyl fluoride has lAg symmetry (in the c2h point group) 

and transitions to all the u states are electric dipole allowed. The trans­

ition energies for the u states have been included in Table 3.17. 

(b) Transition Intensities 

Transition intensities were calculated by the methods outlined in 

Section 3.4. These intensities have been included in Table 3.17. The cal,­

culations involved in determining singlet-triplet intensities through spin-

orbit interaction have been summarized for transitions to the three excited 

3 (- *) 3 *) 3 - * states A na ,Tia , B (Tib ,Tia , BuCnag,crlbu) in Tables 3.18, 3.19 and u g u u g u 

3.20. 



75 

' "" 118.. l4\. \> - ,er;.0.,)0 "' - ' ( .. \ 

)C Bu.. ~ca..'1\ .,) ' \ ' - ~~, "' ,.• \ ' "'<"lo\w...,O"i. ~ 2 ~ 
\125·0 ., (J 

\ 
\ '~\~o-,\\ ..~)z-.., 

' ~ ~ ,. ).... ~ ~ ~ ...q~ ~ 'o\A.,~ ~ .... 
~- ~ ~o ~,~-o,)c lOO·O t­

.... 
Cl) ' '&u.. t~ - • ) .0 Oct1c::r, \a.. 

3 \. ~ • ) 
0 

·~ 'q"'~~b,,~·b.) ~ -. C\u... "'°, ,er, \:a.... 
z ~ - ~ 

~\-1\o ~,<J, bu.}:::> "' 
0 75·0 I­G: ' { - .co t:\o. 1\o~ ''('(a...) ..... 

lo .... ~~\"f'\~~,~!a) 
la.I 
% 'B.a_ l '\'\ ., ' ~ 1i....) \.... 

\ 
\ 

0 50·0 I- \ 

.... ' 
\ 
\la.I 

> \~~"'\-;,°'J, "'~) """"1~~ ..-- ~~\~-;,°"' ~~)
- ~~~\\'o~,~~)I­
er_. 25·0 ~ 
la.I 
G: 

>­
0 
G: 

la.I 0·0 t- ~ ('q~)
z 
lLI 

SINGLET TR1PLET 

Figure 3.12 CNDO Energies for the "u" States of Oxalyl Fluoride at the 

CNDO Ground State Geometry. 
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Figure 3.13 CNDO Energies for the "g" States of Oxalyl Fluoride at the 

CNDO Ground State Geometry. 



TABLE 3.17 


Calculated CNDO (SCF-LCAO-MO) Energies for Ground and Excited States of Oxalyl Fluoride 


with Transition Energies and Oscillator Strengths 

Calculated Exp. Cale. 
a

Exp. Calculated 

State Energy 
a . u. 

Vertical Transition Energy
-1 9a. u. cm A 

V.T.E. 
-1cm 

Origin Transition 
-1cm 0 . 11 t

sci a or 
St th 

reng 

lx lA -106.281 
g 

n~a 
g 

-+ n; 
u 

3A 
1Au 

u 

-106.120 
-106.108 

0.161 
0.173 

35336 
37891 

2829 
2640 

32290 
36020 

29941 
32815 

-
1.5 x 

10-7 

10- 3 

~b -+ * rra 3B -106.124 0.157 34458 2902 16680 ~ lo-8 

g u 1Bu 
u 

-106.001 0.280 61454 1627 44115 0.40 

nFa 
g 

+ rr; 
u 

3A 
lAu 

u 

-105.971 
-105.958 

0.310 
0.323 

68038 
70892 

1470 
1411 

,,_ 
6.1 x 

10-7 

10- 3 

-n0 a 
g 

* + cr1b 
u 

3B 
isu 

u 

-105.905 
-105.862 

0.376 
0.419 

82524 
91962 

1211 
1087 0.19 

Tib -+ * cr1b 3A -105.882 0.399 87572 1141 
g u 1Au 

u 
-105.873 0.408 89547 1116 2.3 x 10- 2 

+nob -+ 
* Tib 3A -105.817 0.464 101838 981 

u g lAu 
u 

-105.810 0.471 103375 967 2.2 x 10- 4 

na -+ 
* Tib 3B -105.757 0.524 115007 869 

u g isu 
u 

-105.675 0.606 133004 751 0.32 

+n0 b 
u 

+ 
* 02a 3B 

g isu 
-105.702 
-105.663 

0.579 
0.618 

127078 
135638 0.18 -....i 

u -...J 

~rom Balfour, reference (1). 



TABLE 3.17 (cont'd.) 

Calculated 

State Energy Vertical Transition Energy 
-1a.u. a.u. cm K 

+ * 3s -106.031 0.257 56406 1773nobu -+ 7T~ lag 
g 

7Ta -+ 7Ta * 3A -105.957 0.324 71111 1406 u u lAg -105.832 0.349 76598 1306 g 

- * 
noa -+ 1Tb 3a -105.910 0.371 81428 1228 g g lag 


g 


'Tl'b -+ 'Tl'b * 3A -105.896 0.385 84499 1183 g g lAg -105.757 0.524 115007 g 
+ * nobu -+ olbu 3A -105.823 0.458 100521 

lAg -105.804 0.477 104680 g 
- * 3Anoa -+ cr2a -105.800 0.481 105569 g g lAg -105. 788 0.493 108203 g 

* 7Tb -+ 0 2a 3s -105.786 0.495 108642 g g lsg 

g 


* 3s7Ta -+ cr1b -105.785 0.496 108861 u u lsg 

g 


---.l 
00 
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TABLE 3 .18 

3 - * 1Intensity for the Transition A (n0 a ,na ) + X A of Oxalyl Fluoride 
u g u g 

Produced by Spin Orbit Coupling 

a3E _lE ' !Hmll Im lie IM01l/e Corresponding Polariz­1 m 	 om 
f ation a.u. a.u. 	 osc 

1 	 0.119 9.Sxio-5 o. 77 6.2xlo- 4 1.4xl0-7 A,B 

2 	 0.258 7.0xio-5 0.45 1. 2x10- 4 S.6x10-9 A,B 
b3 * w 

4 * w 

5 0.162 2. 7xl0- 4 0.09 l .Sxl0- 4 8.6xl0- 9 c 
6 * w 

7 w* 
8 	 w* 

Perturbing lE 
0 

_3E 
µ IM01 I/e Corresponding Polariz-

Triplet State f at ion osc 
µ a.u. a.u. 

1 0.257 1. 6x 10-4 rvO. 5 	 A,B 

2 0.371 1.2xlo-4 'V0.7 A,B 

3 w*** 
4 	 w*** 
5 ** w 

6 ** ·J:** w 

7 -A ** w 

8 0.481 ~ . 2x1o-5 'VO . 2 	 c 

aAssuming only a single pertUTbing state. 

bThe symbol "w" has been employed where mixing is negligible. 

* 	 °>-\'These terms are small, and m1Jer the approximation of SO by a single 
electron operator become zero. 

** 
These terms are small, and under the approximation of local spherical 

3 * '°'1
1 11symmetry at each atom hecomc zero, e.g., < AgCTiau''rnu) l"SO Ag(G.S.) > 

"'<cf>TI!ulLzl<t>rra > rv 0 since tile operator Lz can only couple the atomic 
orbjtals Px anM Py· 

***These terms are zero since J'l' differs from 3'1' 1 by four MO's. 
µ 



TABLE 3.19 

* ­Intensity for the Transition 3B (nb ,n ) + xlA of Oxalyl Fluoride u a g
g . u 

Produced by Spin Orbit Coupling 

Perturbing 3E _lE IH~l I Imom Ile IM01 l/e Corresponding1 mSinglet State f a.u. a.u. osc 

1 - * 1 B Cnoa ,olb ) * w u g u 
1 *2 B ( n a ;rrb ) * w 

u u i 
3 1B Cn6b ,o2a ) * w 

u u * g
4 1A Cnoa , 7Ta ) 0.024 9.SxI0- 5 0.06 2.4x10- 4 2.2xlo-8 

u g u 
5 IA (nb ,oib ) 0.251 7.oxio-s 0.15 4.2x10-S 6.6xlo-lO 

u g u 
6 1A Cn6b ,nb ) * w u u g

1 *7 A (na ,02a ) * w u u g 

Perturbing IE _3E IM01 l/e Corresponding
0 µ IH~0 1 lmlµl/e

Singlet State f a.u. a.u. osc 

3 + * 1 0.257 1.6xl0-4 'VO.OS 'VlQ-5 ~10-10B (nob , nau) 
3 g u * 

2 B (n~a , nb ) *** 
3 g g * g

3 B (nb ,o2a· ) 0.495 1. sx10-4 'VQ.l 'Vl0-5 "'10-10 
3 g g * g

4 B · Cna ,olb ) *** 
g u . u 

5 3A Cna ,na * ) ** g u u 
6 3 A ( 7Tb , Tib ) ** 

g +g ~ 
7 3A (nob ,olb ) *** 

g u * u3 ­8 A Cnoa , 02a ) *~·* 
g g g 

a 
b 
* See Table 3.18 for an explanation of the code. 

** 

*** 
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Polariz­
at ion 

c 
c 

Polariz­
at ion 

A,B 

A,B 
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TABLE 3.20 

- * Intensity for the Transition 3Bu(noag, 0 1bu) + X1A of Oxalyl Fluoride 
g 

Produced by Spin Orbit Coupling 

Perturbing 
Singlet State 

3E _lE
1 rn 
a.u. 

IH' Iml 
a.u. 

Im lieom IM01 lie Corresponding 
f osc 

Polariz­
at ion 

. 1 

2 

3 

4 

5 

6 

7 

* 1 B ( nb , 1T a )u g u1 . * B (na ,1% )
u u ~ 

1B ( n~b , a2 a )u u g 
IA Cnoa , 1T; )u g u 
lAu (nbg, cribu) 
1 + * A (nob ,nb )u u g
1 * A (na ,cr2a ) u u g 

0.203 

0.032 

* 

* 

* 

7.oxio- 5 

1. 2x10- 4 

* 

* 

0.06 

0.15 

2.lxlO-S 

5.6x10- 4 

w 

w 

w 

4. ox10- 10 

2.sx10- 7 

w 

w 

c 
c 

Perturbing 
Triplet State 

lE _3E 
0 µ 
a.u. 

' IH. Iµo 
a.u. 

lm1µ lie IM01 lie Corresponding 
f osc 

Polariz­
at ion 

1 

2 

3 

4 

5 

6 

7 

8 

3 + * B (nob ,1Ta )g u u
3 - * B Cnoa , 7Tb )

g g * g 
3 B ( 7Tb , a 2 a )

g g * g 
3B Cna ,alb )g u u 
3 *A (1Ta ,Tia )g u u 
3 A ( 1Tb , 1Tb )
3 g +g - ~ 
A Cnob , 0 1b )g u u 

3 ( - * A noa ,crza ) g g g 

0.371 

0.496 

0.458 

0.481 

l.2xl0- 4 

2. 2x10-4 

** 
** 

9.7x10- 5 

2.2xl0-5 

*** 

rvO .1 

*** 

rv0.05 

*** 

*** 

0.5 

0.5 

rv10-s 

rv10-s 

rvlO- 4 

rvlO- 5 

w 

rv10-lO 

w 

rvl0-1 0 

w 

w 

rvl0-8 

rv10-lO 

A,B 

A,B 

c 
c 

a 
b 
* 
** 
*** 

See Table 3.18 for an explanation of the code. 
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(c) The Vibrational Structure 

Figures 3.14, 3.15, and 3.16 show the CNDO potential energy curves 

for the five parameters which determine the geometry of oxalyl fluoride. 

Again the force constants were obtained from these curves. FleuryC30) has 

obtained the force constants jn a Urey-Bradley force field from a normal 

coordinate analysis of the ground state. The Urey-Bradley force field has 

been converted to give general valence force constarits according to the 

formulae given in Table 3.21, and the CNDO force constants have been included 

in this table. 

(d) Theory and Experiment for Oxalyl Fluoride 

The UV spectrum of oxalyl fluoride is quite complex; Balfour(!) has 

discussed it in considerable detail, but has left some aspects of the analysis 

unsolved. It was hoped that the CNDO calculation might indicate the presence 

of overlapping electronic transitions. In particular, it was anticipated that 

with fluorine atoms present additional nonbonding orbitals might arise which 

could result in new low-lying electronic transitions. By inspection of 

Figure 3.11 and Table 3.17 it can be seen that this result is not found in 

the CNDO results. The only low energy transitions for trans oxalyl fluoride 

3 - * * * are those to A Cnoa ,7Ta ), 3s u(7Tbg'7Tbu) and 1A (n~a ,7Ta ) with the first two 
u g u u g u 

very weak in intensity. In terms of CNDO theory the pattern of electronic 

transitions is little different from the pattern of the spectrum calculated 

for glyoxal. No new electro1 ic transition is obtained from the CNDO results 

which could account for the complexity of the near ultraviolet spectrum. 

These calculations, therefore, resulted in the proposal (discussed in 

Chapter 4) that a large part of the discrete absorption is attributable to 

the cis isomer. 
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TABLE 3.21 

The Expansion of the Diagonal Quadratic Taylor's Series Coefficients 

for the Potential Energy in Urey-Bradley Space for Oxalyl Fluoride 

Coefficient Parameter Expansiona 

A1 rec Kee + 1. 70 Fcco + 1.49 FCCF + 1.94 F0 ... F 

A2, A3 (ilrcoh, 2 Keo + o.75 Peco+ 0.78 FOCF + 0.27 F0 ... F 

A4, As (ilrcph ,2 + 0.83 FOCF + 0.67 FCCF + 0.25 FKCF 0 ... F 

A6, A1 L\ (£0CF) 1 2 , l.59HOCF+2.06HCCF+0.21FOCF+0.52FCCF+l.39F0... F 

A9, Ag il(LCC0)1 ,2 l.81Hcco+2.06HCCF+0.52FCCF+0.29Fcco+2.41Fo ... F 

aThe geometry used in the expansion was that used by FleuryC30). 

CNDOb and Experimental GVFF Force Constants 

State ilPcc' ilPco ilpCF 6PocF tipcco 

millidyne/A 
0 

millidyne-A/rad 2 

XlA 13.8 60.9 44.5 4.4 3.9 
g 


c
IA (G. S.) exp. 3.6 24.1 6.4 2.32 2.26 g . 

1,3A * 17.1 54.8 47.1 3.86 1.86u cn;g, 1T au) 

3A * 3.58 4.36u(nbg,nau) 20.6 45.4 49.2 

* 1 A ( nb ' n a ) 24.1 50.3 45.8 4.20 4.23 
u g u 

bLeast squares fit to eight CNDO energies within 0.04 A 
0 

or 4° of the equili­
brium geometry. 

c . b d f 1 f . f F'l C30)Experimental values are o taine rom tlc orce constants o cury · . 
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A second feature which was under consideration in the near UV 

spectrum of oxalyl fluoride (and the other oxalyl halides) was the observa­

tion of a strong underlying continuous absorption. Inspection of Table 3.4 

indicates that the potential energy curve for the C-C bond length is quite 

- * * shallow for the l, 3B (n0 a ,olb) and also for the l, 3Au(nbg,olbu.) states. 
u g u 

'· By optimizing the remaining four geometri c parameters it was found that the 
I 

- * energy of the l, 3Bu(n0 ag,olbu) state decreased as r(C-C) was extended to 

0 * 
1.6 A. These results suggest that promotion to the olbu MO may produce a 


state which is dissociative along the C-C bon<l, thus giving rise to contin­

uous absorption in the vacuum UV. Again, as for glyoxal, perturbation by 


- *the higher energy states of the A (n0 a ,na ) state will lead to predissocia­
u g u 

tion of this state to higher energies, as is observed experimentally. 

The results in Table 3.20 indicate that, as in glyoxal, the calculated 

force constants are too large, but there is not the same internal consistency. 

At this time, the reliability of the calculated force constants is not known, 

and a discussion of the discrepancies does not seem to be justified. 

3.9 Oxalyl Chloride 

An attempt was made to repeat the calculations made on glyoxal and 

oxalyl fluoride for oxalyl chloride. In the calculation of the potential 

energy curves and the CNDO geometry it was found that the calculated energy 

dropped with increasing CCO to the point where largelcco created near 

superposition of the chlorine atom on the carbon atom. This result is un­

acceptable and it was concluded that the CND0/2(l 6) program does not work as 

well for molecules containing the second row element chlorine. A reduced 

number of calculations were carried out for oxalyl chloride and oxalyl chloride 

fluoride. Since it was not possihle to obtain a CNDO geometry, a geometry was 
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estimated. Bond lengths and angles wer_e transferred from the previous 

0
calculations on COHCOH and COFCOF, and a value of 1.75 A was chosen for 

r(C-CR.) by comparison with similar molecules. Energies for the ground 

and several excited states were calculated for the one geometry only. 

These state energies together with vertical transition energies are listed 

in Table 3.22; the geometry used for the calculation is included in the 

table. 

The molecular orbitals calculated for oxalyl chloride are not 

easily labelled as were the MO's of glyoxal and oxalyl fluoride. In this 

case, the highest non-bonding orbital can stil,1 be labelled as an n 

orbital, but it is no longer localized on the oxygen atom. For oxalyl 

chloride the n orbitals are composed principally of projections on the 

planar E.. atomic orbitals on both oxygen and chlorine, with the result that 

there is an increased number of non-bonding orbitals. It can be seen in 

Table 3.22 that the CNDO calculations predict two low energy n + n* (S-S) 

transitions. 

A spectrophotometer trace of oxalyl chloride vapour shows that the 
0 

strongest absorption is a broad featureless band at 1550 A (64500 cm- 1). 

This peak is followed to higher energy by a series of weaker bands, also 

without structure. At 1975 A(50,600 cm- 1) there is a structureless band 

which is weak relative to the 1550 Aabsorption, and at 3678 A (27188.9 cm- 1) 

1 * there is the origin of the discrete Au(n1ag,nlau) + transition which 

is weak relative to the 1975 Kabsorption. There is no sign in the vapour 

phase spectrum of the second predicted n + n* spectrum, but the extensive 

predissociation of the first n -+ n* transition and the rapidly increasing 

intensity of the absorption background combine to make its identification 
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TABLE 3.22 


Calculated CNDO (SCF-LACO-MO) Energies for Ground and Excited States 

of Oxalyl Chloride with Transition Energies 

Calculated Exp. 
State Energya Vertical Transition Enerfy V.T.E. 

a.u. a.u. cm- 1 cm- 1 

x IA -81. 681 g 
* l,3A -81. 546 0.135 29600 3380 27188. 9 n1ag -+ 1Tlau u 
* 3B1Tlb -+ 1Tla -81.537 0.154 33600 2980 

g u u 
lB -81.428 0.253 55500 1800 64500 u 

* l,3An2ag -+ 1Tlau -81. 513 0.168 36900 2710 33800b 
u 

* 3s -81. 419 0.262 57500 1740n1ag -+ 0 1bu u 

ls -81.354 0.327 71800 1390 64500 
u 

* l,3A -81.378 0.303 66500 1500 506001Tlbg -+ 0 1bu u 

7tza -+ 0 * 2a l,3A -81. 293 0.388 85200 1180 
u g u 

a o o 0 

The geometry used was: r(CC) = 1.46 A, r(CO) = 1.26 A, r(CC£) = 1.75 A, 
Lcco = 123° , Lace i = 118° . 

bT . . f h i · d hentat1ve assignment rom t e so 1 r ase spectrum. 
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unlikely. It is noted, however, that there is evidence in the solid phase 
0 

of a second discrete absorption system just to the blue of the 3678 A system. 

A sharp peak at 2960 A(33800 cm- 1) in the solid is tentatively assigned to 

* lAu Cn2ag' n1au) +- X1A The absorption at 1975 Ais assigned to g 
* lAu C1T 1bg'a1bu) +- X1A g and the absorption of 1550 A. because of its intensity 

is assigned to the overlap of the first n -+ a* and n-+ n* transitions. 

3.10 Oxalyl Chloride-Fluoride 

The results of the CND0/2 calculations on oxalyl chloride indicated 

that the program used was not reliable for molecules containing second row 

elements. As with oxalyl chloride, a small set of calculations were carried 

out on COFCOC£ to obtain some information about the number and nature of the 

low-lying electronic transition which can be expected for this molecule. 

The calculations were .carried out using a basis set of 29 atomic 

orbitals which included the 2s and 2p orbitals on the first row atoms and the 

3s, 3p and 3d orbitals on the second row atoms. The oxalyl chloride fluoride 

molecule belongs to the C point group, and it can be seen from Table 1.4 
s 

that transitions are possible to excited states of symmetry A' and A". 

Electric dipole transitions are allowed to all excited states. It is found 

by inspection of the molecular orbitals calculated for COFCOC£ that they can 

be given approximate designations with respect to the irreducible representa­

tions of the c h point group. Although oscillator strengths were not calcu­
2

lated for this molecule, it is anticipated that transitions to excited states 

which have approximate Au or Bu symmetry will be strong while transitions to 

excited states which have approximate Ag or Bg symmetry (which are electric 

dipole forbjdden under the c h point group) will be weak. 2

The energies of the ground and low-lying excited states of oxalyl 
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chloride-fluoride were calculated. A CND0 geometry was not determined, so 

a geometry was estimated using parameter.values transferred from previous 

calculations and assuming a value of 1.75 Afor r(C-Ci) (by analogy to 

similar compounds). The calculated energies are given in Tables 3.23 and 

3.24. The excited states listed in Table 3.23 have approximate Au or Bu 

symmetry and should give rise to strong transitions in the ultraviolet. 

The excited states listed in Table 3.23 correspond to approximate Ag or Bg 

symmetry and should give rise to weak transitions. 

It can be seen in Tables 3.23 and 3.24 that the calculated energies 

are much lower than the experimental values. Because the results are not 

too useful, the singlet-triplet splittings for the n ~ 7T* states were not 

calculated. Although the agreement with experiment is not good for this 

molecule; it is possible to draw some conclusions which are useful in the 

later assignment of the discrete spectrum of COFCOCi. 

The calculations indicate that the lowest energy transition for 

COFCOCi should be the n ~ 7T* transition which correlates with 

* ­l, 3A (n; ,7Ta) +XIA of the c h oxalyl halides. The assignment of the 
u g u . g 2

discrete absorption (discussed in detail in Chapter 5) is based on an n ~ rr* 

(S-S) origin at 28725 cm-1 and an n ~ 7T* (S-T) origin at 25828 cm- 1 • These 

* systems are identified in these calculations as the l, 3A"(n 1a,,nla") + 

transitions. In addition, the calculation indicates that there should be a 

weaker n ~ 7T* transition of comparable energy slightly to the blue of the 

first system. This is in agreement with experimental evidence since a short 

series of bands can be identified in both the 28725 cm- 1 and 25828 cm-l 

systems as independent systems. Thus band systems in the region of 30815 

1cm-1 and 28098 cm-1 have been labelled sl + xi and b3 + x and are tentatively 

* . 
assigned as l,3A"(nla''rrza") + X1Ag. 
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TABLE 3. 23 


"Strong" Transitions of Oxalyl Chloride Fluoride 


(Correlate with Allowed Transitions of c 2h Oxalyl Derivatives) 


State Energya 

a.u. 

-93.974 

-93.899 

-93.824 

-93.644 

-93.761 

-93.749 

-93.661 

-93. 725 

Calculated 
Vertical Transition Energy 

a.u. cm- 1 A 

0.075 16460 6075 

0.150 32921 3038 

0.330 72428 1381 

0.213 46749 2139 

0.225 49382 2025 

0.313 68697 1456 

0.249 54650 1830 

TABLE 3.24 

"Weak" Transitions of Oxalyl Chloride Fluoride 

(Correlate with Forbidden Transitions of c h Oxalyl Derivatives) 

State Energya 

a.u. 

-93.895 

-93.813 

-93.759 

-93.756 

-93.752 

-93.698 

2

Vertical Transition Energy 
a.u. cm- 1 A 

0.079 17339 5767 

0.161 35336 2830 

0.215 47188 2119 

0. 218 47846 2090 

0.222 48724 2052 

0.276 60576 1651 

Exp. 
V.T.E. 

cm- 1 

25828 
28725 

Exp. 
V.T.E. 

cm- 1 

28098 
30815 

aCalculated for the geometry l CC0 1 = LCC02 = 123°, L OCCR. = l OCF = 118°, 
cc= 1.46 A, co= 1.26 A, CCR.= 1.75 A, CF= 1.34 A. 
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3.11 General Discussion of the Theoretical Results 

An intensive comparison has been made in this Chapter betweeri the 

experimental electronic spectra of some simple a,S diketones and the 

transitions predicted by a CND0/2 program. Agreement between calculated 

and experimental transition energies is close en9ugh (particularly for 

the low energy transitions) to indicate the usefulness of applying CNDO 

calculations to spectroscopic problems. The results obtained confirm the 

conclusions of intuitive molecular orbital considerations on some points, 

but also suggest new interpretations of other points. Good agreement between 

calculated and experimental transition energies was obtained for oxalyl 

fluoride and oxalyl chloride. Agreement for glyoxal was not as good but 

still close enough to be useful, while agreement for the asymmetrically 

substituted oxalyl chloride-fluoride was quite poor. 

Potential energy curves for the bond lengths and bond angles were 

calculated for glyoxal and oxalyl fluoride. These potential energy curves 

suggest that diffuseness in the high energy spectra of the a,S diketories 

occurs for the following reasons: 

(1) Excited electronic states which involve promotion of an electron to 

the cr 1* orbital have much shallower potential energy curves along the C-C 

and C-H bonds for glyoxal and along the C-C bond for oxalyl fluoride. It 

was not possible to obtain a dissociative path for an isolated state pro­

duced by single excitation, but the observed potential energy curves indicate 

a tendency toward molecular dissociation in the B (n 1 ,cr 1*) and A (n 1 ,o 1*)
u u 

excited states. 

(2) From Figures 3.5, 3.6 and 3.7, it can be seen that the shallow potential 

energy curves of the B (n 1 ,cr 1*) and A (n 1 ,cr 1*) states can intersect the 
u u . 
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steeper potential energy curves of the B (n 1,n1*) and A (n1,n 1*) excited 
u u . 

states. Thus the calculations indicate no reason to expect transitions 

to the latter two states to be diffuse, when the isolated states are con­

sidered separately from the excited state manifold. However, the 

B (n1,n1*) state can be predissociated by the B (n1,o 1*) state while the u . . u 

A (n1,n1*) state can be predissociated by the A (n 1,o1*) state. The 
u u 

energies calculated for the B (n1,0 1*) and A (TI 1,o 1*) were much too high
u u 

to agree with spectroscopic observations. This fact has been attributed 

to the restricted nature of the set of atomic orbitals employed as a basis 

set (e.g., 3s orbitals which were not included should make a significant 

contribution to the o1* molecular orbital). The energies calculated for 

the Bu(n1,n1*) and Au(n1,TI 1*) orbital are in fairly good agreement. The 

perturbing states are thus much nearer in energy than appears to be the 

case in the CND0/2 potential energy curves. 



CHAPTER 4 

THE NEAR ULTRAVIOLET SPECTRA OF THE OXALYL HALIDES 

4.1 Introduction 

The vapour phase ultraviolet spectrum of oxalyl chloride-fluoride 

has been recorded under high resolution and studied extensively in this work. 

This study has involved a critical consideration of similar studies carried 

out on oxalyl fluoride, oxalyl chloride and oxalyl bromide(l, 2 , 3 , 4). In 

this re-examination of the spectra of these compounds, minor features of 

the spectrum were studied in greater detail than in previous work. Recent 

. (54 55 56)infra red and Raman work ' ' on these compounds has suggested the 

possibility of the presence in the vapour phase of an equilibrium mixture 

of the cis and trans planar configurations of these molecules, and a careful 

consideration of the ultraviolet spectra has led to the conclusion that the 

spectrum of the cis isomer does appear in the vapour phase as a weak system 

of bands. In addition, examination of the discrete spectra of all the oxalyl 

halides indicates an increasing complexity in the series oxalyl chloride, 

oxalyl chloride-fluoride, oxalyl fluoride. These two points are discussed 

in this chapter with a view to establishing a better understanding of the 

near ultraviolet spectra of the oxalyl halides. 

4.2 Description of the Discrete Spectra of Oxalyl Halides 

The electronic systems of oxalyl chloride-fluoride originating at 

3872 Aand 3480 Ahave been assigned to transitions to the lowest-lying 

3A"(n-+ TI*) and lA"(n-+ TI*) states of the trans form respectively. The 

corresponding transitions have been analyzed in detai 1 'for a number of 

similar compounds - oxalyl chlnride(2 , 3), oxalyl bromideC4), glyoxal C32 , 35 , 

95 
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36 ' 41 ' 4 5 '46) d 1 ( 1 . ) ( 4 7 ' 4 8 ' 49 ' 5 0) d . dan propena \.aero ein , an an extensive stu y 

has been made of oxalyl fluoride(!). The vibrational patterns established 

for the n ~ 7T* transitions in these molecules have been used as a guide to 

the vibrational analysis of oxalyl chloride-fluoride. Fortunately, high 

resolution photographs of the spectra of all six compounds were available 

for purposes of comparison. 

In this series of compounds, glyoxal and acrolein have the simplest 

n ~ 7T* spectra. Both molecules exhibit discrete absorption in the near UV. 

This absorption is apparently produced by the superposition of four differ­

ent electronic transitions, trans 1 ,3A (n,n*) +IA (G.S.) and cis 1 ,3s1(n,n*)
u g 

+ 1Ag' which are summarized in Table 4.1. Of these systems, the highest 

energy trans 1A (n,7T*) + 1A transition is the most intense. The 1B1 + 1A1(cis)u g 

and 3A u + 1A g (trans) are weaker by a factor of approximately 1000 and the 

3B1 + 1A1 (cis) much weaker stiil. Because the transitions of the cis (or 

gauche) isomer are weak and because they lie in the regions where hot bands 

of the trans isomer are found, the identification of the cis spectra of 

glyoxal and acrolein was quite difficult. 

For the n ~ n* systems of glyoxal and acrolein, the intensity 

(absorption) distribution among the bands of the system is very distinctive. 

The origin band is characterized by a sudden increase in intensity with 

increasing frequency, followed by a band system of decreasing intensity, 

composed of short progressions (one or two members), with a renewed increase 

of intensity at each member of the progression in the excited state vCO' 

which acts as a new sub-origin. The band systems which accompany the sub-

origins repeat the pattern of the vibrational structure based on the origin. 

For both glyoxal and acrolein the major part of the absorption spectrum 
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TABLE 4.1 


The Near Ultraviolet Systems of Glyoxal and Acrolein 


1Au(n,rr*) + lA 
g 

1B1 (n,n*) + ] !\ 1 3Au(n,rr*) + IA 
g 

3B 1(n,rr*) + 1A1 

trans cis* trans cis* 

Glyoxal 4550 Xa 4875 A. b s201 ft. c -

Acrolein 3865 A. d 4060 A. e 4122 A. e 
0 f4322 A 

* For acrolein it is stated only that this configuration could be cis or gauche. 

d (32) a8ran 

bCurrie and Ramsay(46), Holzer and RamsayC4S) 

cGoetz, McHugh and RamsayC4l) 

dBrand and WilliamsonC47), HollasC4S) 

eAlves, Christoffersen, and HollasC49) 

fBair, Goetz and Ramsay(SO) 
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(near UV) could be accounted for by the n ~ n* (S-S and S-T) transitions 

of the trans configuration only. 

The oxalyl halides also absorb in the near UV. In these cases the 

absorption appears to consist of the superposition of discrete absorption 

on continuous absorption with predissociation of the discrete absorption 

to higher energy. This predissociation becomes more pronounced through 

the series oxalyl fluoride, chloride-fluoride, chloride, and bromide. Pre­

dissociation is less pronounced in the spectrum of glyoxal. In addition, 

the discrete spectrum of the oxalyl halides appears to be more complex than 

its counterpart in glyoxal. This complexity results from an increased 

number of bands in the system, plus a deviation from the intensity pattern 

observed in glyoxal and acrolein; the complexity increases in the series 

oxalyl chloride, chloride-fluoride, and fluoride. Consider, then, the 

general features of the ultraviolet spectra of the oxalyl halides: 

(a) Oxalyl Chloride 

For oxalyl chloride, a discrete system appears in the region 3000­

4000 Awith origin at 3678 A(27,188.9 cm- 1) under pressure-path conditions 

of approximately 0.05 m-atm. This system has been analyzed as a single 

system by Balfour and King(Z) and assigned to an n ~ n* (S-S) transition. 

It resembles the corresponding spectrum of glyoxal; the origin is character­

ized by a sudden increase of intensity with increasing frequency followed by 

a band system of decreasing intensity with a renewed increase of intensity 

1460 cm-I to the blue of the origin (corresponding to one quantum of carbonyl 

stretch in the excited state). 1110 origin band shows rotational fine 

structure and is accompanied by progressions and sequences, each consisting 

of one or two members, which become rotationally diffuse several hundred 
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wave-numbers from the origin, and vibrationally diffuse after about 500 

cm- . In the spectrum just to the blue of the origin, a few fundamental 

bands stand out prominently and weaker bands can be assigned in terms of 

the frequencies of these fundamentals. The first member of the progress­

ion in the excited state carbonyl stretching mode appears to be diffuse, 

as is the subsidiary band system which accompanies it. The assignment of 

this system appears to be quite acceptable, but there is one group of weak 

bands approximately 1000 cm- 1 to the red of 3678 Awhich it was difficult 

to fit into the n ~ n* (S-S) system. These bands have been reassigned to 

the cis molecule in this work (see Section 4.3). 

At pressure-path conditions between 0.25 and 0.5 m atm. a second 

system of oxalyl chloride appears with origin at 4103 A(24370.2 cm-1). 

This system has been analyzed as a single system by Balfour and King(3) 

and assigned as n ~ n* (S-T). The vibrational structure of this transition 

parallels that of the n ~ n* (S-S) system with minor changes in the fre­

quencies of the active fundamentals. The assignment to a single system 

appears to be acceptable in this case. 

(b) 	 Oxalyl Fluoride 

For oxalyl fluoride, a discrete absorption system appears in the 

0

region near 3000 A under pressure-path conditions of approximately 0.05 

m-atm. An attempt has been made to analyze this as a single electronic 

transition analogous to the 3678 A system of oxalyl chloride(!); however a 

consideration of the general appearance of this spectrum indicates that 

this interpretation is too simple. As with oxalyl chloride, this absorption 

results from the superposition of a discrete system on a continuum; however 

for oxalyl f luoride, the effect of predissociation is much less noticeable 
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(the system remains vibrationally discrete over the interval of several 

thousand cm-I to the blue of the origin). The discrete part of the COFCOF 

system is more complex than the corresponding system of COCiCOCt in terms 

of both the number of bands present and the intensity distribution in the 

band system. The system is characterized by a sudden increase of intensity 

at 3082 X (32445.0 cm-I) followed by a band system of decreasing intensity. 

Instead of a decrease of intensity to the first member of the progression 

in excited state C=O stretch, a renewed increase of intensity is observed 

only 370 cm-I to the blue at 3047 A (32815.3 cm-I) followed again by a re­

newed increase of intensity at 3032 A (32976.4 cm-I). The intensities in 

this series of bands is such that 3032 A> 3047 A> 3082 A. The band at 

3032 Xis then followed by a band sub-system of decreasing intensity. 

Approximately 1000 cm-I to the blue of the first strong band, the spectrum 

becomes a very complex series of closely spaced bands; no prominent feature 

appears which can be identified as the first member of the progression in 

vCO from the 3082 Aband as an origin. However if the 3050 X band is taken 
I 

to be an origin, it is possible to assign (vc ) 0 • These features suggest
0 

the presence of at least two electronic transitions. 

At pressure-path conditions of approximately 2 m-atm., a weaker 

spectrum appears with origin (marked by the normal intensity pattern) at 

3340 A (29941.9 cm- 1). The anomalies of the stronger part of the spectrum 

do not appear to be present here. The a~signment of this system(!) to the 

n ~ n* (S-T) transition accounts for most of the bands in this weaker 

system. 

(c) Oxalyl Chloride-Fluoride 

For oxalyl chloride-fluoride, a dtscrete absorption system appears 
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in the region near 3500 Aunder pressure-path conditions of approximately 

0.05 m-atm. The pattern of the band system is more complex than the cor- . 

responding system of oxalyl chloride, but less complex than that of oxalyl 

fluoride. The origin is assigned to a band at 3481 A(28724.1 cm-1), and 

* -. 
the system is assigned as 1A"(n1a' ,nla") +- X1A' on the basis of the calcu­

0
lations of Section 3.10. The 3481 A band is characterized by a sudden 

increase in absorption intensity with increasing frequency followed by a 

complex band system for which the intensity decreases through a renewed 

increase of intensity at +1285 cm-I and again at +2535 cm-I. The origin 
/ 

band shows rotational fine structure and is accompanied by progressions and 

sequences, each consisting of one or two members, which become rotationally 

diffuse several hundred wave numbers from the origin, but which do not be­

come vibrationally diffuse until the third member of the progression in the 

excited state carbonyl stretching mode. Again the discrete absorption is 

superimposed upon continuous absorption, but the predissociation does not 

set in as soon as it does for oxalyl chloride. Under low resolution, then, 

this system appears to be a single electronic system in which a larger 

number of fundamentals are active in forming progressions that is the case 

with the more symmetric molecules of the series. The complexities of this 

system show up in the hjgh resolution spectrum, where it is found that the 

band at +1285 cm-I which is assigned as (vc0)~ is a doublet with the strongest 

component at +1279 cm-I plus a band about half as intense at 1294 cm-I. In 

addition, neither of these bands appears to act as a new sub-origin for a 
0 

band system similar to the one which is associated with the 3481 A band. By 

analogy with the other oxalyl compounds, the existence of a second electronic 

transition must be considered in analyzing the strong discrete system. This 
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point is discussed in Section 4.3. Approximately 1000 cm-1 to the red of 
0 

the band at 3481 A there are a number of weak bands which cannot be fitted 
0

into an analysis of the 3841 A system as hot bands. As with oxalyl chloride 

these bands are assigned to the cis molecule (see Section 4.3). 

At pressure-path conditions of approximately 1 m-atm., a weaker 
0 

spectrum appears, originating at 3872 A (25828.7 cm-1). This spectrum is 

. d to t e 3A n1a,, 1Tfa"* + 1 trans1tion. The vibrational patternass1gne h "( ) X A' .. 

associated with this system is very similar to the vibrational pattern 

associated with the 3481 Asystem, but the complexities which occur at 

+1285 cm-l in the strong system do not occur here. A number of weak bands 
0 

occur about 3000 cm- 1 to the blue of 3872 A. They have sufficient intensity 

that they cannot be ignored. They are considered to arise from a different 

electronic transition. Such a transition is not apparent in the spectrum of 

oxalyl chloride but could exist for oxalyl fluoride. 

4.3 The n ~ 1T* Spectra of cis Oxalyl Halides 

The general appearance of the spectra of the oxalyl halides strongly 

suggest the presence of several over-lapping electronic transitions. The 

observation of then~ 1T* transition for cis glyoxa1C4l) and cis acroleinC49 ,SO) 

just to the red of the corresponding transition for the trans molecule suggested 

searching the spectra of the oxalyl halides for the c is n - ~ TI* transition. 

'fllC quest.ion of the existence of the cis isomer of the oxalyl halide~ 

in the vapour phase has been the source of a certain amount of controversy. 

There is general agreement that the main features of the spectra (with the 

exception of the unpublished UV spectra of oxalyl fluoride) are due to the 

planar trans conformation, but the presence or absence of a spectrum due to 

the cis conformation is more difficult to establish, largely because the 
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spectral features should resemble those of the trans isomer very closely. 

The vibrational infra-red and Raman spectra of oxalyl chloride, 

oxalyl chloride-fluoride, and oxalyl fluoride were studied in the vapour 

and liquid phases by Hencher and King(Sl,S 2) and oxalyl bromide was 

studied in the fluid phases by Kidd and King(S 3). In these analyses, the 

observed bands were attributed solely to the trans isomer. More recently, 

Durig et al. have carried out a series of studies on oxalyl bromide(S4), 

chloride(SS), and fluoride(S6) in which the low temperature spectra of 

these compounds in the solid phase has been examined. The solid state 

infra-red and Raman spectra have been interpreted by these authors as 

indicating the presence of a cis isomer in the fluid phases. The cis isomer 

decreases in concentrationt with a decrease of temperature and disappears 

on crystallization. Although the assignment of the cis spectrum in the 

fluid phase requires that many fundamental modes are not separately distin­

guishable because of coincidences with the corresponding fundamentals of 

the trans isomer, the cis C-C stretch fundamental stands out strongly in 

the infra-red, while the corresponding transition of the trans isomer is 

symmetry forbidden. The coincidence between modes of cis and trans isomers 

is reasonable,_ and the argument in favour of observable quantities of cis 

isomer is plausible. 

Several points of view have also been established with respect to the 

7near ultraviolet spectra of the oxalyl halides. Saksena and Jauhri (S ) have 

described the discrete absorption of oxalyl chloride on the basis of two 

tThe bands in the infra-red spectrum of oxalyl fluoride did not exhibit a 
noticeable temperature affect in the fluid phase but the cis isomer did 
disappear on crystallization. 
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origins - one at 3678 A (27188.9 cm- 1) assigned to the cis isomer and one 

at 3550 A (28144 cm- 1) assigned to the trans isomer. Sidman(58) from the 

high temperature studies on oxalyl chloride that the discrete absorption 

was due solely to the trans isomer and he attributed the underlying con­

tinuum to the cis isomer. Balfour and King( 2, 3 , 4) and Balfour(!) in the 

study of the bromide, chloride and fluoride have accepted the conclusion 

of Hencher and King that only the trans isomer is present in observable 

quantities and have assigned the discret e bands to a single trans isomer. 

The UV spectra of the oxalyl hal i.des were reviewed in a search for 

the spectrum of the cis compound, and in addition a series of new experiments 

was carried out: 

(1) 	 Attempts were made to obtain the Raman spectra of these compounds in 

the vapour phase. This experiment is discussed in Appendix I. 

(2) 	 Attempts were made to obtain emission spectra. This experiment is 

discussed in Appendix I II . 

(3) 	 Attempts were made to obtain low temperature solid state ultraviolet 

absorption spectra. The experiment is discussed in App·endix I I . 

In glyoxal, the origin of the cis n ~ n* transition occurs 1500 cm-' 

to the red of the origin of the trans compound. A similar separation might 

be expected for the oxalyl compounds, and in all cases there is a band at 

about 1000 cm-1 to the red of the strong singlet-singlet origin which does 

not fit into the analysis of the weaker S-T spectrum and has intensity 

appropriate for a hot band of the singlet-singlet spectrum. In the analysis 

of the spectra of the chloride and bromide, BK identified this band as due 

to excitation of one quantum of the ground state mode designated C-C stretch. 

This assignment required a vapour-liquid frequency shift of 139 cm-l for this 
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mode in the chloride and 106 cm- 1 in the bromide. Although these shifts 

appeared abnormally large, agreement between the frequencies observed in 

the sub-spectrum originating on this band and the frequencies observed 

in the n + n* (S-S) system supported its assignment to the n + n* (S-S) 

system. 

The Raman results obtained for oxalyl chloride in the vapour phase 

do not support the postulate of a large vapour-liquid shift in the C-C 

stretching mode. The vapour phase value of 1066 cm- 1 agrees with the 

liquid phase value of 1060 cm-l within experimental error. In addition, 

no band is found at or near the value of 1217 cm- 1 required by the ultra­

violet assignment by BK of the hot band.t The emission spectrum of oxalyl 

chloride gave no indication of a ground state fundamental at 1217 cm- 1 ; 

however it is postulated that the emission arises from the cis isomer (see 

AppendixlII). This spectrum could not then give the trans ground state 

frequencies. 

The solid state UV absorption spectrtim of oxalyl chloride shows a 
0 0 

strong origin band at 3685 A and a weak origin band near 4010 A. This 

confirms 3678 Aand 4103 Ain the vapour phase as origins of the singlet-

singlet and singlet-triplet transition, and refutes the postulate by 

Saksena and Jauhri of the 3678 A band as the origin of the cis isomer (which 

is not present in the solid). 

On the basis of the evi<lence avai lable, an assignment of a weak cis 

n + n* transition can be made for all the oxalyl halides studied. The origin 

of the singlet-singlet transition in cis oxalyl bromide, chloride, and 

tThe vapour phas:z;;~tra were run under conditions of large slit width and 
high sensitivity. The poor quality of the spectrum obtained makes it im­
possible to be certain that there is no band at 1217 cm- 1 • 
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chloride-fluoride is taken to be the band formerly assigned to (vCC)l
0 

of 

the molecule in the trans configuration. It occurs approximately 1000 cm- 1 

to the red of the trans origin and has an intensity similar to that of the 

trans singlet-triplet bands. The case of oxalyl fluoride is more difficult. 
0 

In the assignment by Balfour, the first cold band at 3082 A was considered 

to be the trans origin and a band at 802 cm- 1 to the red was assigned to 

0
(vC-C) 1 . In this case, the frequency of the C-C stretching mode from the 

UV agrees very well with the liquid phase Raman value of 804 cm- 1 for the 

CC stretch in the trans isomer, but also equally well with the vapour phase 

infrared value of 799 cm-1 for the cis isomer. Therefore, the complexity 
0 

of the cold spectra suggests the assignment of 3082 A as the origin of the 

n +TI* (S-S) transition of the cis isomer with the trans origin being either 

0 0

of the strong bands at 3047 A or 3032 A. 

This reassignment of the spectra of the oxalyl halides requires that 

the ground state C-C stretching mode doe~ not appear in the n + n* transition 

of the trans compound. This resolves an apparent difficulty with the previous 

analysis. The cold spectral bands indicate that there is a small Franck-

Condon factor associated with this mode in the excited state. A corres­

pondingly small Franck-Condon factor is expected for the ground state and 

this, combined with the small Boltzmann (~10-3) population for such a high 

energy mode would predict that it should not appear in the spectra. The 

appearance of v"(CC) to give a hot band on the 3082 Aorigin of oxalyl fluoride 

suggests t~1t a different Franck-Condon <listribution (i.e., different change 
0

of geometry) is associated witl1 this system; 3082 A is therefore assigned as 

the origin of the cis n +TI* (S-S) transition. In the cold part of the cis 

spectrum, it is possible to assign a strong band at +1146 cm- 1 from 3082 A 
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as Cve_e)~ but no strong progression in v~=O appears for this origin. On 

the other hand, it is possible to assign a progression in v~=O in the 

0 • ' 0excited state from 3047 A as an origin but none in vee· The band at 3047 A 

is therefore considered a possible origin of the trans n -+ n* (S-S) transi­

tion. 

The observed origins of the n -+ ·rr* (S-S) transitions in the cis 

oxalyl halides are listed in Table 4.2. With the exception of the fluoride, 

these transitions have an intensity which is approximately the same as that 

of the S-T system of the trans isomer. This indicates a very low concentra­

tion for the cis isomer. In the case of the fluoride, the cis spectrum has 

approximately half the intensjty of the corresponding trans spectrum and 

indicates a fairly high cis concentration relative to that of the trans 

molecule. Table 4.2 includes an estimate of the cis/trans ratio and the 

corresponding Boltzmann 6E for the compounds studied. These estimates assume 

equal oscillator strengths for the n -+ n7 
· transitions of the two isomers, and 

can only be considered correct as an order of magnitude. 

The origins of the n -+ n* (S-T) transition of the cis isomers have 

not been assigned. In the case of the fluoride, a sufficiently high cis con­

centration is present that this transition might be observed. A cursory 

examination of the n-+ n* (S-TJ assignment of the 3340 Asystem of oxalyl 

fluoride(!) indicates no obvious discrepancies, and no conclusion has been 

reached on this point. The only firm information about the singlet-triplet 

spectra of the cis compound was obtained l~r oxalyl chloride in emission 
0 

(see Appendix m:). The emission spectrum suggests an origin at 4380 A 

(22830 cm-1) for the cis n-+ n* (S-T), apnroximately 1540 cm- 1 to the red of 

the origin of the trans n-+ n* (S-T) . 



108 


From the data of Table 4.1 it is possible to construct an energy 

level diagram for the ground and first excited state of the cis and trans 

isomers. This has been done for oxalyl chloride in Figure 4.1. It can 

be seen from Table 4.1 that the cis isomer is approximately 500 cm- 1 

higher in energy than the trans for oxalyl bromide, chloride, and chloride­

fluoride. This compares with approximately 700 cm-1 in acroleinC49) and 

approximately 1125 cm-l in glyoxa1C46). For oxalyl fluoride, however, the 

cis isomer is only about 100 cm- 1 higher in energy than the trans. This 

0 

small energy separation accounts for the failure to discover the 3082 A 

(COFCOF) band as a "hot" band in temperature-intensity studies. A similar 

behaviour was observed in the infra-red, where Durig et al. (S6) report that 

cooling to -61°C produced only slight changes in the relative intensities 

of the cis/trans infra-red bands. 

The bands of the cis n + n* (S-S) 0-0 bands of the oxalyl halides 

are found to have rotational contours whjch are very similar to those 

observed for the trans isomer. This was initially a puzzling feature of 

the assignment of the UV spectrum of the cis isomer; however, a study of 

the rotational structure of the 3482 Aband of COFCOCR. (discussed in Chapter 

6) provides an explanation. For the oxalyl halides, the molecules are 

rendered very massive by the halogen substituents and the rotational constants 

are correspondingly small. The bands have the appearance of infra-red bands 

in which P, Q, and R branches :ire present . By means of computer reconstruction 

of band contours it is found that the Q branch is sh;1ded to the blue, or to 

the red, or forms a spike acco 1·ding to whether f).C (the change of the greatest 

moment of inertia) is positive , negative or zero. The Q branch forms the most 

prominent feature of the contm1r whj ch otherwise is quite regular and devoid 
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•trans 	 CIS 

f) These designations refer to the quantities indicated in Table 4. 2. 

Figure 4.1 	 Energy Level Diagram for the Ground and First n ~TI* Excited 

States of cis and trans Oxalyl Chloride (energies are indicated 

in cm -1 ). 
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TABLE 4.2 

Origins of the n ~ n*(S-S) ·rransition for cis Oxalyl Halides 

Separation Estimatea EstimatebOrigin OriginCompound cm- 1 cis/trans tiEcis trans A + Bc ratio Ac 

0 0

(COF) 2 3082 A 3047 A 
32445. 0 cm-1 32815.3 cm-1 370.3 0.7 100 

0

COFCOCR. 3658 A 3481 A. 
27335.1 cm-1 28724.5 cm- 1 1389.4 0.05 650 

0 0

(COCR.) 2 3850 A 3678 A 
25971. 8 cm-1 27188. 9 cm-1 1271.1 0.1 500 

0 

(COBr) 2 4123 A 3942 X 
24255 cm-:- 1 25371 cm- 1 1116 0.1 500 

aObtained from the relative intensities on photographic film assuming the 
n ~ n* oscillator strength is the same for both isomers. 

bObtained from estimated cis/trans ratio using Boltzmann statistics. 

cThese quantities are illustrated in Figure 4.1. 
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of minor features. The n ~ n* (S-S) 0-0 band is C-type (polarized perpend­

icular to the plane of the molecule) for both isomers. The band contour is 

determined not so much by the rotational constants (which will be slightly 

different for cis or trans) but by the respective values of ~C. ~C depends 

on the overall contraction or expansion of the molecule in the molecular 

plane and is less likely to be different for the two isomers. 

In addition to the similarity of the band contours for the cis and 

trans spectra it is anticipated that the frequencies of the vibrational modes 

for the excited state of the two isomers will be very similar, as was found 

for the ground states of oxalyl chloride and bromide by Durig et al. (see 

Tables 4.3, 4.4). Because of the proximity of the cis n ~ n* (S-S) system 

to the stronger trans n ~ n* (S-S) system, the isolation of the cis spectrum 

is quite difficult. Table 4.5 lists the bands of the oxalyl chloride spectrum 

which can be assigned most satisfactorily to the spectrum of the cis isomer. 

In the case of oxalyl chloride, the observed isotopic shifts were of great 

help in separating the two spectra. (Chlorine has two isotopes, ci 37 and Ci 35 , 

which occur naturally in the ratio 1:3. These different isotopic molecular 

species have slightly different frequencies for the vibrational modes of the 

molecule. As described in reference 2 this results ·in isotopic shifts for 

bands of the ultraviolet spectrum.) The band at 3847 Ahas no apparent isotopic 

shift which supports its assignment as an origin band. The isotopic shift, 

where observed, has been included in the table. 

For oxalyl bromide, the quality of the ultraviolet spectrum makes it 

difficult to isolate much of the cis band system. A few bands of the cis 

1B1 (n,n*) + 1A1 (G.S.) system are listed in Table 4.6. For oxalyl chloride­

fluoride, also, the poor quality of the spectrum obtained in this region makes 
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TABLE 4.3 

Ground State Vibrational Frequencies (in cm- 1) for cis and trans 

Oxalyl Chloridea 

Trans CisDescription 
Mode Symmetry Frequencyb Frequencyc Symmetry Mode 

C=O stretch V1 ag 1762 1774 ai \) 1 

C-C stretch V2 109 .) 1059d \) 2 

C-CR, stretch v3 621) 533 \) 3 

cico bend V4 42 7 400 V4 

(CR-CO) rock \) 5 28 7 183 v5 

(C.Q.CO) wag V5 au 39 1 519 a2 V5 

(CR.CO) torsion V7 55 V7 

(CR-CO) wag Vs bg 442 205 b2 v12 

C=O stretch V9 bu 1769 1769b bi vs 

C-Ct stretch v1 O 756 800 Vg 

CR-CO bend V11 498 350 \) 1 0 

(CR.CO) rock \) 1 2 220 194 \) 11 

aFrom the results of Durig and Hannum(SS). 

bSolid state values. 

cLiquid state values. 

<lyapour phase values. 
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TABLE 4.4 

Ground State Vibrational 	Frequencies (in cm-I) for cis and trans 


Oxalyl Bromide a 


trans 	 cisDescription 
Mode Symmetry Frequencyb Frequencyc Symmetry Mode 

C=O stretch \) 1 ag 1752 1807 ai \) 1 

C-C stretch \)2 1052 1003 \) 2 

C-Br stretch \) 3 582 520 \) 3 

COBr bend V4 345 \) 4 

(COBr) rock \) 5 191 167 \) 5 

(COBr) wag \)6 au 362 362d a2 \)6 

(COBr) torsion v7 40 V7 

(COBr) wag va bg 358 113 b2 \) 1 2 

C=O stretch V9 bu 1792 1810 b1 vs 

C-Br stretch \) 10 664 770 \) 9 

COBr bend \) 11 405 325 \) 1 0 

(COBr) rock v12 176 123 V11 

aFrom the results of Durig and IlannumCS4). 


bSolid state values. 


cLiquid phase values. 


d
Vapour phase values. 




114 


TABLE 4.5 

Bands Observed in the 1B1(n,7T*) + x1A1 of cis Oxalyl Chloride 

Isotope Shift 
\) a A . b SeparationIntensity ss1gnmentvac From 0-0 Band \)(35,35)-\)(35,37) v(35,35)-v(37,37) 
(cm- 1 ) 

25890.2 vvvw 101 -81.61 
25940.5 vvvw 11~ -31.3 

11225950.6 vw . 2 -21. 2 -1. 7 

25961.0 w ui -10.8 -1. 0 -1. 9 

25971. 8 mw o~ 
26007.2 vw 6f +35.4 

26052.3 w 7f +80.5 +l.O 

26087.5 vvw 6f 7t +35.4+80.3 

26136.7 vw 7~ +80.5+84.4 

26178.6 vw 126 +206.8 

26256.0 vvw 1267i +206.8+77.4 

26257.3 vw 56 +285.5 1. 3 

26287. 0 vvw 46101 +398.6-83.4 

26331.9 vvw 561i +285.5+74.6 

26370.4 mw 46 +398.6 1.6 4.7 

26406.8 vvvw 466i +398.6+36.4 

26447.6 vvw 467i +398.6+77.2 2.9 
2

26543.8 vvw So +285.5+286.5 3.2 

26590.2 mw 36 +618.4 
1 1 26643.0 mw 4o5o +398.6+272.5 

aTaken from Balfour and King( 2). 

bObtained by adapting the assignment by Balfour and King('2). 
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TABLE 4.6 

Bands Observed in· the 1B1(n,7T*) + xlA1 of cis Oxalyl Bromide 

Separationv a (cm-1) Intensity Assignmentvac From 0-0 Band 

0
24255 w Oo 

24286 vw 6i +31 

24316 vw +611i 
24436 vw 56 +181 

24552 vvvw 4i +297 

aTaken from Balfour and KingC4). 

TABLE 4.7 

Bands Observed in the 1A"(n,TI*) + X1A' of cis 

Oxalyl Chloride-f.luoride 

Separationv a (cm-1) Intensity Assignmentvac From 0-0 Band 

27335.1 w () ~ 

27417.3 vw 12 i +82.2 

27469.3 vw 116 +134.2 

27515 vvw 96 +180 

1
27614.5 vw 8 0 +279.4 

27750. 2 vw 76 +415.1 

27889.8 vvw 8~ +554.7 

27~)39. 8 vvw +604.8 
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it difficult to isolate much of the lA"(n,-rr*) + xIA' system. A few bands 

of the system have been listed in Table 4.7. 

Oxalyl fluoride has the most intense (cis relative to trans) ultra­

violet spectrum of the oxalyl halides studied. This makes it, potentially, 

the best source of information about the spectral properties of the cis 

isomer. 

4.4 Complexities in the "Cold" Spectral Bands of Oxalyl Chloride-Fluoride 

In the series of molecules, glyoxal, oxalyl fluoride, and oxalyl 

chloride, it was originally anticipated that the substitution for hydrogen 

by a halogen atom with its increased number of electrons might produce add­

itional low energy transitions for the oxalyl halides. The calculations 

discussed in Chapter 3 have contradicted this hypothesis, and the analysis 

of oxalyl fluoride has not progressed sufficiently to permit comparison of 

the calculation with experiment on this point. Oxalyl chloride-fluoride, 

however, has lower symmetry than these molecules, and for COFCOCt there is 

found to be an additional low energy n -+ n* transition which is allowed. 

It was noted in Section 4.2 that the "cold" spectrum accompanying 

the trans lAu(n,n*) + lAg origin of oxalyl fluoride and the trans 

1A11 (n 1 ,ni") ~- lA' origin of oxalyl chloride-fluoride appeared to be more com­

plex than the corresponding spectrum of glyoxal. For oxalyl chloride-fluoride 

then the cold spectrum may be complicated in a manner similar to the spectrum 

of oxalyl fluoride and which is not predicted by the theoretical calculations. 

In addition, however, the appearance of a second n-+ n* electronic transition 

is anticipated. In view of these potential complications in the spectrum of 

oxalyl chloride-fluoride, a great deal of use was made of repetitive patterns 

to establish the bands which belonged to the first n-+ n* systems, and to 
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isolate bands which did not. 

3Balfour and King( 2 , , 4) have noted that the n ~ n* (S-S) and 

n ~ n* (S-T) transitions have very similar vibrational structure for both · 

oxalyl chloride and bromide. ·With a few exceptions, the same vibrational 

modes are active in both the S-S and S-T spectra. A similar behaviour is 

expected for oxalyl chloride-fluoride, and inspection of the frequencies 

of the strong bands near the n ~ n* (S-S) origin (28724.5 cm-1) and the 

n ~ n* (S-T) origin (25828.7 cm- 1) (see Table 4.8) indicates that this is 

the case. In addition, it is found that at the S-T origin+ (vc )6,
0

+ (vC=O)~, and+ (v~=O)~, bands appear strongly and act as sub-origins for 

band systems which also have the same band pattern (see Table 4.8). The 

region near the expected S-S origin + (vC=0)6, however, does not follow 

the pattern. To higher energy from the S-S origin, there is an increase of 

(absorption) intensity at rv+l285 cm-1. Under high resolution, this absorp­

tion is seen to consist of two bands, at +1279.2 cm- 1 and +1294.1 cm- 1 . In 

the band system associated with this reg i on it is possible to assign a 

series of bands in combination with +1294 .1 cm- 1 (the weaker of the pair) 

which repeat the pattern established for the other origins and sub-origins; 

however, for the system of bands expected_ to appear in combination with 

+1279.2 cm- 1, about half are missing (sec the 30004 cm- 1 band in Table 4.8). 

Two explanations of the anomalous region near 0-0 (S-S) +1285 cm-

are suggested here: (1) the existence of a new electronic transition with 

origin at +1279.2 cm-1, and (2) the existence of Fermi resonance between 

(vC=O)~ and a combination band producing the observed doublet. If +1279.2 

cm-1 (30004.0 cm-1) is chosen as the origin of a new electronic transition, 

a system of short progressions and sequences may be assigned to the bands 

1 



TABLE 4.8 


Principal Frequencies of the Vibrational Structure of COFCOCt as They Appear on the Various Origins 

and Sub-Origins of the First n + n* Transition 

Singlet-Triplet 
Origin ST + 1 vco1 ST + 2 vco1 ST + 1 vC01 

25828.7 0.0 27120. 8 (1292.1) 28375.6 (1254.8) 27520.2 (1692.4) 

25848.9 20.1 27140. 6 19.8 Very weak Not observed 

25914.3 85.6 27206.1 85.3 28459.9 84.3 27606.5 86.3 

26010.6 181 . 9 ~7300.5 179.8 28556.7 181.1 27701. 3 181.1 

26111.5 282.8 27406.7 285.9 28654.9 279.3 27803.8 283.6* 

26192.7 181. 9 27480.8 179.8 Obscured by (COCt) 2 27879.8 181.1 

+182 . 1 +180.3 178.5 

26196.7 282.8 27491.5 285.9 28738.4 279.3 Not observed 

+85 . 2 +84.8 +83.5 

26294.2 282.8 Obscured by (C0Ct) 2 28836.4 279.3 27983.4 283.6 

+182.7 +181.4 179.6 

Very weak 282.8 Not observed r Not observed 

+283 

Obscured by SS26120.8 1292.1 28375.6 1254.8 

Obscured by SS27520.2 1692.4 Not observed 

Not observed 

l 
I-' 

26246.0 417.3 27536.7 415.9 Region complex I-' 

26531.0 702.2 Not observed Region complex 

26901. 9 1073 .1 28182.4 1061.6 28578.9 1058.6 
*Abnormally weak. 

00 



TABLE 4.8 (cont'd.) 

Singlet-Singlet ss + 1 vco1 SS + 2 vC01 SS + 1 vC02 30004.0Origin 

28332.7 -391. 7 29619.7 -399.l(FR) 30885 -391 Region Not observed 

28507.4 -271.l(FR) 29799.9 -218.6 Very weak Too Complex Not observed 

28724. 5 0.0 30018.8 (1294.1) 31276. (1257) 30404.2 (1679.7) 30004.0 (1279.2) 

28747.5 23.0 30039.5 21.0 Too diffuse Over-lapped · Over-lapped 

28809.0 84.6 30103 .1 84.6 31358 . 83 30489.7 85.2 30089.1 85.1 

28904.4 180.0 30199.1 180.6 rv31450 

29002.1 277.6 30298.1 277.7* rv31550 

29073.9 180.0 30367.0 180.6 

+169.4 +167.9 

29086.0 277.6 30380.0 277. 7 

+83.9 +83.9 

rv175 30582.8 177 .8 Not observed 

rv275 30681.1 276.9 30283.0 279.0 

30752.4 177 .8 Not observed 

167.4 

30766.2 276.9 30380.0 279.0 

85.2 83.9 

29183.1 277.6 Over-lapped 	 Lines become 30861. 4 276.9* Very weak 
increasingly+180.9 by 	 180.3diffuse and 


29278.1 277.6 SS + 1 v~O inseparable 30956.7 276.9* 30561.4 279.1 

from contin­+276.0 	 275.6 278.3 uous background. 

30018.5 1294.1 31276 1257 ss + 1 vco 31276 1272I 
30404.2 1679.7 31653 1634t 

29143.4 418.9 Very weak 30821. 6 417.4 Very weak 

29421. 0 696.5 Obscured Obscured 	 30700.3 696.3 

29635.1 910.6(FR) Very weak Lines become 30903 . 899 ..._. 
..._. 

29835.1 1110.6 31115. 0 1097. 2 (FR) · diffuse 	 31114 1110 ~ 

*Intensity wrong *intensity lower than 
toverlap by (COF) 2 the strong spectrum 
makes this tentative. 	 in this region. 
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1 .not assigned to the n + TI* transition as combinations with (vC=O)o at 

' 1+1294.1 cm- 1 or (vC=O)O at +1679.7 cm- 1 . Since the absorption system of 

COFCOCi becomes diffuse approximately 1000 cm-1 to the blue of 30004.0 cm-1 

it is not possible to verify these assignments as has been done in Table 

4.8 for the principal excited state frequencies appearing in the spectra 

of the first n + TI* transition. In addition, the isotope shift, which might 

be useful at this point, is obscured by a slight predissociation of the 

bands. The existence of a second electronic transition with origin at 

30004 cm-l remains a possibility which can neither be eliminated nor 

adequately confirmed. 

The alternative explanation for the experimental results is that the 

pair of bands near +1285 cm- 1 are a Fermi doublet. In the n + n* systems of 

two similar molecules, acrolein (COCH 2 -COH) and propynal (HC=C-COH), the 

first member of the progression in excited state carbonyl stretch is found 

to be a Fermi doubletC47 , 4s,S9). In the case of propynal, Brand Callomon 

and WatsonC59) have developed a complex system of Fermi resonance involving 

three vibrational fundamentals. The doublet at Cvc0)~ is caused by resonance 

1
between (vC=O)O and a combination band involving two other excited state 

frequencies. In this case, the two bands of the Fermi doublet do not act 

as true sub-origins for additional quanta of the three modes involved. The 

detailed analysis of the n + TI* (S-S) system of oxalyl chloride-fluoride 

(discussed in Chapter 5) indicates ~1at Fermi resonance is possible, in the 

excited state, between the fundamental band 0-0 (S-S) + v1 C=O stretch and 

the combination band 0-0 (S-S) + (CF+ CC stretch) + (COX rock). Onv3 v9 

the basis of this postulate, a satisfactory analysis of the band system in 

the region near 0-0 (S-S) + 1285 cm- 1 has been obtained. It is felt that 
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this explanation is preferable to the postulate of a new electronic transition 

originating at 30004 cm-1. 

The calculations of Section 3.10 and the detailed analysis (see 5.4) of the 

spectrum of COFCOCi have identified the presence of a second n 7 n* electronic 

transition to the blue of the first. This second transition appears weakly in 

COFCOCi and is symmetry-forbidden for COFCOF; thus the analysis of COFCOCi 

does not provide a solution to the problems remaining in the assignment of the 

oxalyl fluoride spectrum. 



CHAPTER 5 

THE VIBRATIONAL ANALYSIS OF THE l,3A"(nla',nia") + X1A' TRANSITIONS 


OF trans OXALYL CHLORIDE-FLUORIDE 


5.1 Introduction 

As was discussed in Chapter 4, the n ~ n* transition has been well 

characterized for a number of compounds analogous to oxalyl chloride-

fluoride. The pattern of actjvity of the fundamental vibrations is very 

similar among compounds of the series, and most of the assignments of fre­

quencies to normal modes in the chloride-fluoride have relied heavily on 

this criterion. The vibrational spectrum of the ground state has been 

studied in the infra-red by Hencher and King(SZ) and in the infra-red and 

Raman by Adelhelm(B). The assignment of ground state fundamentals in the 

ultraviolet has required some changes in the ground state analysis. 

The rotational structure of the singlet-triplet transition is much 

more compact than that of the singlet-singlet. This results in a simpler 

appearance for the S-T spectrum, which is discussed first. 

6In the assignment of bands, the convention of Brand and Watson( 0) 

has been adopted. The symbol ApBn designates a transition which involves 
q s 

the vibrations numbered A and B in the ground state. The superscript p's 

and subscript q's refer to the number of quanta of these vibrations excited 

in the upper and lower electronic states respectively. Excited state vibra­

tional modes have been labelled with the same numbers as the corresponding 

modes in the ground state. 
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* 5.2 The 3A"(nla''nla") + X1A' Transition (Trans Isomer) 

Table 5.1 gives a band-by-band assignment of the singlet-triplet 

n + n* transition. A number of weak lines in the spectrum did not fit into 

the assignment as combination bands or hot bands and yet were not of suf­

ficient intensity to be analyzed separately. These have been listed in 

Appendix IV. A photograph of a section of the spectrum near the origin is 

shown, with the corresponding microdensitometer trace, in Figure 5.1. 

The ground state frequencies of oxalyl chloride-fluoride are summar­

ized in Table 5.2. The excited state vjhrational frequencies which appear 

as strong intervals of the spectrum have been described in Section 4.4. 

Additional weaker bands appear in the spectrum, and these have been attributed 

to vibrational frequencies of the same excited state. Comparison with the 

analyses of glyoxal C3Z), ox~lyl bromideC4J, and oxalyl chloride(Z, 3) produced 

the assignments shown in Table 5.3. These compounds all belong to the c2h 

point group and have a higher degree of symmetry than the chloride-fluoride. 

Propenal and oxalyl chloride-fluoride belong to the C point group and boths ­

compounds have a larger number of totally symmetric normal modes than do the 

more symmetric compounds. (Propenal has a larger number of nuclei than the 

other compounds discussed, and comparisons with this molecule must be made 

with caution.) In both cases, a larger number of fundamentals appear in the 

spectra. Comparison with propenal produced the assignments shown in Table 5.4. 

(a) Rotational Structure of the Bands 

The bands of the S-T spectrum as photographed on the 20 foot McMaster 

Ebert spectrograph appeared in absorption as line-like features with no 

resolved structure. Some of the hands showed a slight degradation to lower 

frequency, but most of them appeareJ as lines less than 1 cm- 1 wide. In many 
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cases the absorption bands of the spectrum appeared to be no wider than the 

atomic iron emission lines of the adjacent calibration spectrum. 

(b) Isotope Effect 

Chlorine has two stable isotopes, which have masses 35 (76% abundance) 

and 37 (24% abundance), and vibrations of the molecule which involve a motion 

of the chlorine atom differ slightly in frequency (usually by· a few wave-

numbers) for the two masses. The observed spectra consisted of a superposition 

of the two isotopic spectra with int~nsity ratios proportional to the natural 

abundances. This isotope effect was of great help in the assignment. Since 

the isotope shift was never more than a few wavenumbers, the weaker spectrum 

(due to the 37ci molecule) has not been listed separately. Table 5.1 lists 

the observed spectral frequencies for the isotope containing 35C£. The fre­

quencies given refer to the peak positions of the absorption lines, or, where 

red degradation of a band was apparent, to the head at the blue edge of the 

band. The spectrum of the isotope of mass equal 37 has been included in Table 

5.1 in terms of the isotope shift. 

(c) The Origin Band 

The origin at 3870 A (25828.7 cm- 1 ) is the most intense band of the 

weak spectrum, in agreement with the behaviour of the other oxalyl halides. 

The most concrete evidence in support of this assignment is, however, the 

observed isotope effect. Figure 5.2 shows how the observed isotopic shifts 

-1 as a function of number of quanta excited extrapolate to zero at 25828.7 cm . 

Balfour and King(Z, 3) have found that the chlorine vibrational isotope shifts 

in the n + rr* (S-S) and n + n* (S-T) transitions of oxalyl chloride are linear 

in quantum number and extrapolate to zero at the origin. 
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(d) Ground State Fundamentals 

Even the best photographs obtained showed very little absorption 

to the red of the origin. The most prominent hot band occurs at v
00 

-218.9 cm- 1 with weaker bands at -257.2 cm- 1, -66.3 cm- 1 and -132 cm-1. 

The infra-red spectra reported by llencher and King(S 2) and by Adelhelm(S) 

differ in this region, with HK listing only a band at 278 cm-I and A listing 

only a band at 230 cm-I. A normal coordinate analysis carried out by 

Hencher(S) using a Urey-Bradley force field transferred from oxalyl chloride 

and oxalyl fluoride calculates values of 222 cm-I and 278 cm-I for the low 

frequency in plane rocking modes which correlate with the antisymmetric and 

symmetric modes, respectively, in the molecules of c h symmetry. Since it2

is usually difficult experimentally to measure bands in this infra-red region 

accurately, the discrepancy between the infra-red and ultraviolet frequencies 

is not considered a serious difficulty. The interval between the origin and 

" . .the strongest band at -218.9 is assigned as , the "antisymmetric" in planev9 

rocking of the OCX groups. The normal coordinate analysis indicates signifi­

cant motion of the chlorine atom in agreement with the observed isotope shift 

to 1.75 cm-I. The band at v -257.2 cm-I is the strongest band to the red
00 

of v -218.9 cm-I. The band cannot be fitted as a sequence stacked on00 v00 

-218.9, and the interval 257.2 cm-I is assigned to vg", the "symmetric" in 

plane rocking motion of the OCX groups. Again the normal coordinate analysis 

predicts a significant motion of the chlorine atom, in agreement with an 

observed isotope shift of 1.99 cm-I. 

By analogy with the spectra of glyoxal and propcnal, the bands at v00 

-66.3 cm-I and -132.0 cm-I are assigned to the first and second quanta of the 

torsional vibration vI 2". HK list the infra-red frequency 129 cm-I, observed 
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only in combinations, as v12 " , but since a value of 127 cm- 1 is observed for 

glyoxal, the lower value seems more in keeping with the replacement of the 

hydrogen by a much more massive atom. 

A problematic band at v
00 

-178.3 cm- 1 is not assigned to a fundamental. 

No isotope effect is observed for the band (the nearest band of appropriate 

intensity is +9.4 cm- 1 away) and the frequency interval is assigned as a 

sequence. An additional extremely weak band at v -563.3 cm-1 is tentatively
00 

assigned to 9~ which is a combination of the in plane scissor motion with the 

C-Ci stretching motion. HK gjve a value of 570 cm- 1 for this mode in the 

infra-red. 

The singlet-singlet analysis shows the strongest hot band at v
00 

-318.6 cm- 1 • Although there i s weak complex absorption in the region of -390 

cm- 1 from the singlet-triplet origin, the intensity is too weak to warrant 

listing these bands. This problem is discussed in more detail in Section 5.3. 

(e) Excited State Fundamentals 

The part of the spectrum which lies to the blue of the origin shows 

a much more complex vibrational structure than occurs for either oxalyl 

chloride or oxalyl bromide. This is attr ibuted to the fact that an increased 

number of f undamentals are active in the transition. (There is a larger num­

ber of totally symmetric vibrat ional modes for the C molecule than for the 
s 

c h molecules.) In addition, the region between v +400 cm-: and v +10002 00 00 

cm-l contains a large number of weak bands. Since very few patterns are 

obvious among these weak bands, many have not been fitted into the assignment 

of the S-T system. Several of the bands in this region can be attributed to 

activity of excited state fundamentaJs, l1t1t these bands have intensities very 

l.i ttlc grcnt e r than the numcro11s weak hands. Because of thj s prohlem, assign­
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ments have been divided into two categories depending upon the confidence 

with which they can be made. 

Strong bands at v + 145.9, + 181.9, + 237.3, + 282.8, + 1292.1,00 
1and +1692.4 cm- have been assigned to 11~, 9~, 10~, 8~, 2~ and l~ res­

pectively. Both the and the modes involve stretching of the twov1 v 2 

carbonyl bonds, but is more highly localized in the carbonyl bond adjacentv1 

to the chlorine atom. The ground and excited state values for the fundamentals 

are compared in Table 5.2. It is apparent that the frequency change between 

ground and excited is much larger for v2 than for v1 , and the CNDO calculations 

* provide an explanation. The nla" molecular orbital is antibonding along both 

carbonyl bonds with a slight localization at the end adjacent to the chlorine 

atom; the nla' molecular orbital has some bonding character along the carbonyl 

bonds and with a significant localization at the end adjacent to the chlorine. 

- * The nla' -+ nla" promotion should produce a larger change in the strength of 

the C=O(Ct) bond and consequently in relative to v1 •v2 

Tables 5.3 and 5.4 summarize the vibrational modes active inn-+ n* 

transitions of a series of related molecules. By analogy, the vibrational 

modes involving OCX rocking and scissors motion should be active in COFCOCt. 

The progression in OCX scissors motion will lie in the difficult region above 

v + 400 cm- 1 , but the strong bands at v + 181.9 cm- 1 and v + 282.8 cm~ 1 00 00 00 

are assigned to 9~ and 8~ respectively. v8 and v9 can be approximately des­

scibed as the two COX rocking modes. Two well-characterized but less intense 

progressions in the frequency intervals + 145.9 cm- 1 and 237.3 cm- 1 are 

assigned to 10~ and 11~ where v10 and v11 are the out-of-plane wagging modes. 

The remainder of the assignments are made with a lower degree of con­

fidence than those already described. The poorly characterized intervals 
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+1073.1, +722.2, and 417.3 cm- 1 can be identified in the spectrum. The band 

1 0 1v + 1073.1 cm- is overlapped by the band 912 but an isotope shift of00 0 

2.04 cm- 1 can be observed. The normal coordinate analysis of the ground 

state(S) indicates that the chlorine atom does not move in but does inv3 

v4. The interval 1073.l is assigned to v 4 (a'). By comparison with the 

ground state frequencies, the frequency 722.2 cm- 1 is probably v5 (a'). This 

mode is a complex combination of OCX rocking with bond stretching and in­

volves considerable motion of the chlorine atom in agreement with an observed 

isotope shift of 2.56 cm-1. A fundamental band with a somewhat diffuse pro­

file appears at +417.3 cm-1. The pattern of adjacent lines is such that the 

isotope shift for this band is either 0.0 cm- 1 or 4.60 cm- 1. Although the 

latter value is surprisingly large, combination bands using the interval 

417.3 cm- 1 could be found which displayed the same isotope shifts. It may be 

noted in passing that if 417.3 cm- 1 were attributed to pure 35ci motion, the 

37ci band would occur at approximately hS/37 x 417 = 405 cm- 1 which would 

represent a shift of 12 cm- 1. The fundamental v 7 shows the largest motion of 

the chlorine atom of any of the modes and 417.3 cm- 1 is accordingly assigned 

to v7 (a'), a combination of coci scissors and C-Ci stretching motions. 

Two in plane vibrations, the C-F stretching mode, and v6 the COPv 3 

1scissors mode, remain unassigned. These have the values 1197 and 570 cm-

in the ground state and are tentatively assigned in the excited state to the 

intervals 1147.7 and 603.6 cm-1. Both appear to have small (<0.5 cm- 1) isotope 

shifts. 

The excited state assignments are summarized in Table 5.2. Only the 

torsional mode is not observed. The anticipated value of this mode is 151.9 

cm-1 (66.3 + 85.6, see the next section) which places it in a region of strong 
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discrete absorption. The hot band 12~ is very weak and it is believed that 

12~ is not prominent enough to identify. 

(f) Sequences 

The prominent interval + 85.6 cm- 1 is assigned to the sequence in . 

the torsional mode v12 in agreement with the observation of a strong torsional 

sequence in glyoxal (+ 107.6 cm- 1)C4l), oxalyl fluoride (100.5 cm-1)(l), 

oxalyl chloride (78.3 cm- 1)(2) and oxalyl bromide (64.6 cm- 1)(4). TWo addi­

tional members of the sequence are observed although the third is extremely 

weak. 

There are in addition a large number of weaker bands near the origin 

which have been assigned as sequences or cross-sequences.t Cross-sequence 

bands in the n ~ TI* transition of propynal have been observed by Brand, 

Callomon and WatsonC59). 

Sequence bands have been assigned at - 37.0 cm- 1 to v9 , the in plane 

COX rocking mode (the correspo~ding sequence in oxalyl chloride appears at 

- 11 cm- 1), and, tentatively, at - 178.3 cm-l to v11 the out of plane wag. 

This last interval is large, but could not be assigned to a ground state 

fundamental. 

Cross-sequences have been assigned at - 73 cm- 1 to v9 " and v11 ' , the 

COX rocking and COX out of plane wagging modes, at + 63.8 cm- 1 to a cross-

sequence between v9" and v 8 ', the two in plane COX rocking modes, and at 

+ 20.1 cm- 1 to v9 " and v10 ', the other COX wagging mode. The singlet-singlet 

spectrum has a band at + 20 cm- 1 with a very atypical rotational profile. 

tA cross-sequence is a transition between a lower state characterized by "n" 
quanta of excitation in one of the Fund<1mental vibrations and an upper state 
characterized by "n" quanta in a different fundamental. 
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TABLE 5.1 


The Frequencies Observed in 


the a3(A") + XJ(A') Absorption Spectrum of COFCo3Sct(trarts) 


(with COFC0 37c2-COFCOC2 35 Isotopic Shift Included) 

Energy (cm-1 ) Int. Assignment Isotopic Shift 

25265.4 vvvw -563.3 

255 71. 5 vw -257.2 +1.99 

25609.9 w -218.9 +1.75 

25650.4 vw -178.3 "'O 

25696.7 vw -218.9+86.8 +l. 35 1.55 

-132 

25755.0 w -218.9+145.2 0 0.3 

25762.4 vw -66.3 +0~69 

25791.7 vw -37.0 0 

25828.7 vs origin 0 

25848.9 w +20.1 0 

25854.8 vvw +25.9 = -257.2+283.3 -0.92 

25869.1 vvw +20.1+20.2 0 

25878.1 vw -37.0+86.4 0 

25892.5 vw +63.8 -218.9+282.6 +0.55 

25914.3 s +85.6 0 

25935.6 vw . +85.6+21.3 0 

25974.6 m +145.9 -1.38 

25978.5 vvw +63.8+86.0 0 

26000.0 w +85.6+85.7 0 

26010.6 s +181.9 -1.48 

26031.5 vw +181.9-t20.9 -1. 41 
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26039.2 w ll l (9081) +145.9+64.5 00 1 0 
111 (90101) +145.9+87.126061. 7 w -1.450 1 0 
10126066.1 w +237.3 -0.960 

26074.5 vw 91(9081) + 181. 9+64. 7 -0.910 1 0 
326085.4 vvvw 12 +85.6+85.7+85.4 0
3 


1 1
26096.5 ms 9 12 + 181. 9+85. 8 -1.940 1 

81
26lll. 5 s +282.8 -0.970 

26117. 7 vw 91121(9°101) +181.9+85.8+21.2
0 1 1 0 

11226120.6 vw +145.9+145.9
0 

26131. 5 vw 91 (90101) +282.8+20.00 1 0 
1 126150.4 w 10 12 +237.3+84.3 -1.43
0 1 

91ll 1 ·. -2. 3926157.8 w +181. 9+147 .10 0 
1 226182.2 vw 9 12 +181.9+85.8+85.70 2 


92
26192.7 rn +181. 9+182 .1 -2.84
0 
1 126196.7 w 8 12 +282.9+85.2 -0.96
0 1 


ll 1101
26212.4 vw +237.3+146.3
0 0 


71
26246.0 rn +417.3 -4.60
0 


91101
26248.4 w +181. 9+237. 8 
0 0 


81ll 1
26258.4 vw +282.8+146.9 -1.94
0 0 


26279.3 vw 90 
2121 

1 
+181.9+182.1+86.6 


8112226281. 8 vw +282. 8+85.8+85.10 2 

8191
26294.2 ms +282.8+182.7 -2.53 

0 0 

1 1


2633.7 m 1 12 +417.'.)+87.2 -4.39
0 1 


81101
26348.0 vw +282.8+236.4 -1.99 
0 0 


93
26369.9 w +181. 9+182.1+177.2
0 

26379.6 vw 8191121 +282.8+182.7+85.4 -2. 71
0 0 1 


82
26391.2 vvw +282.8+279.6
0 
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7112226419.6 vw +417.3+87.2+85.90 2 

7191
26427.8 w +417.3+181.8 -6.250 0 

61
26432.3 w +603.6

0 
3 126455.1 vw 9 12 +181.9+182.1+177.2+84.20 1 
1 1 226464.6 vvw 8 9 12 +282.8+182.7+85.4+84.90 0 2 


9281
26476.8 vw +181.9+182.1+284.2 -4.970 0 
1 126517.2 vw 6 12 +603.6+84.90 1 


7181
26531.0 vw +417.3+285.0 -5.260 0 

51
26551.9 vw +723.2 -2.560 

7181121
26615.9 vw +417.3+285.0+84.90 0 1 

718191
26713.4 vw +417.3+285.0+182.40 0 0 

41
26901 . 9 m +1073.1 -2.040 

9021 
 -218.9+1292.01 0 

21111
26943.5 w +1292.1-177.30 1 

31
26976.4 +1147. 7 0 

112126987.7 vw 9°2 -218.9+1292.0+85.81 0 1 
127054.7 vw 12°2 -66.3+1292.3

1 0 

27081.6 w 902191 -218.9+1292.0+179.71 0 0 

21
27120.8 s +1292.1

0 

27140. 6 m 21 (90101) +1292.1+19.80 1 0 
2112127206 .1 ms +1292.1+85.30 1 

21111
27262.1 w +1292.1+141.30 0 

27290. 7 vw 20 
1122 

2 
+1292.1+85.3+84.7 

219127300.5 m +1292.1+179.8
0 0 


9011 
 -218.9+1690.71 0 

4171
27320.7 vw +1073.1+418.90 0 

21111121
27348.5 vw +1292.1+141.3+86.6

0 0 1 

27357.0 w 20 
1100 

1 +1292.1+236.2 
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1 1 127386.2 w 2 9 12 +1292.1+179.8+84.S0 0 1 

27406.7 rn 2181 +i292.1+285.90 0 

27441. 6 w .21101121 +1292+236.2+84.70 0 1 
219227480.8 w +1292.2+179.8+180.30 0 
90119127482.8 w -218.9+1690.7+182.21 0 0 

27491. 5 vw 2181121 +1292.1+285.9+84.80 0 1 
1127520.2 rn +1692.4

0 
217127536.7 w +1292.1+415.9
0 0 

1112127606.5 w +1692.4+84.60 1 
217112127622.3 vvw +1292~1+415.9+85.6

0 0 1 

27701.3 rn 1191' + 1692. 4+ 181. l
0 0 

21719127713. 8 vvw +1292.1+415.9+171.l
0 0 0 

119112127787.9 vw +1692.4+181.1+83.9
0 0 1 

118127803.8 vw +1692.4+283.6
0 0 

119227879.8 w +1692.4+181.1+178.5
0 0 

214128182.4 vw +1292. l+ 1061. 6 
0 0 

2228375.6 rn +1292 . 1+1254.8
0 

2212128459.9 vw +1292 . 1+1254.8+84.3
0 1 

2211128518.1 w +1292 . 1+1254.8+142.5
0 0 

229128556.7 rn +1292 . 1+1254.8+181.4
0 0 

114128578.9 w +1692.4+1058.60 0 
2 1

28605.5 vw 2 10 +1292. 1+1254.8+229.9
0 0 

229112128641.4 vw +1292. 1+1254.8+181.4+84.6
0 0 1 

228128654.9 w +1292.1+1254.8+279.3
0 0 

228112128738.4 vw +1292.1+1254.8+279.3+83.5
0 0 1 

22819128836.4 vw +1292.1+1254.8+279.3+181.4
0 0 0 

Obscured by A. 1 (A") + Xl(A') System 

~ 
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TABLE 5.2 


Ground and Excited State Frequencies for Oxalyl Chloride-Fluoride 


x1 c1A') 

Fundamental a3 (3A") Al (1 N'')
HKa Modifiedb 

a' 	 C=O(F) stretch \) 1 1859 1692.4 1679.7 

C=O (Ci) stretch V2 1790 1292.1 1282.8 

CF + CC stretch \) 3 1197 (1147. 7) (1110. 6) 

cci + cc stretch V4 932 (1073.1) (976. 0) 

\) 5 713 722.2 738.4 

COF scissors VE; 570 (563~3)c (603.6) 594.S 
(asymmetric COX 
scissors) 

coci scissors V7 491d 417.3 418.9 
(symmetric COX 
scissors) 

COX rock (symm) V9 278 257.2 282.8 277 .6 

COX rock (asymm) V9 222 218.9 181. 9 180.0 

a" 	 COX wag \) 1 0 409 391.7 237.3 237.S 

COX 	 wag v11 360 145.9 143.9 

torsion \) 12 	 (66. 3) 

aHencher and King(Sl). 

bModified values indicated by the UV analysis. 


cAssignments which are considered tentative have been bracketed. 


dThis band has disappeared or undergone a large shift in the solid infra­
red spectrumC8). 
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·TABLE 5. 3 


Comparison of the Ground and Excited State Fundamentals Observed 


in the Triplet n -+- TI* Spectra of Oxalyl Chloride-Fluoride 


and a Series of Molecules 


Fundamental COFCOCR- cocicoci COBrCOBr COHCOHc 

GROUND 

CC stretch (ag ,a') 1207 \)4 

dC-X stretch (ag ,a') x x x x 612c \) 3 (vvw) 

LOCX scissorsa (a ,a') 499C V4 (w)g 441 \) 4 (w) 

LOCX rockb (a ,a') 257.2 V9 (vw) 280c V5 (vvw) 185 \) 5 (w) 553 \) 5g 

2X (Torsion) (au,a") 132.0 2v12 (vvw) 254 2v 7 

ex wag (b ,a") 391.7 V7 (w) 1048 \) 8 g 

EXCITED 

bLocx rock (ag ,a') 282.8 va (m) 281 \) 5 (m) 186 \) 5 (m) 509 v5 (m) 

LOCX scissorsa (a ,a') 417.3 V7 (w) 401 V4 (s) 312 V4 (s) \) 3 
g 

dC-X stretch (a . , a ' ) xxxxx 635 \) 3 (m) 642 \) 3 (m) \) 1 
g 

C-C stretch (a ,a') 1073.l V4 (w) 1028 V2 (w) 1002 V2 (s) 947 V4 (rn)
g 

C=O stretch (ag ,a') 1292.1 \)2 (vs) 1508 \) 1 (vs) 1537 \) 1 (vs) 1391 v2 (s) 

2X Torsion (a ,a") ? 464 2v 7 (w) 
u 

OCX wag (b ,a") 145.9 \) 11 (w) 204 \Jg (w) 737 v8 (ss) 
g 

a In glyoxal this mode is designated CH in plane rock. 


bln glyoxal this mode is designated cco bend. 


c
From the n -+ TI* singlet spectrum C3Z) . 

dThis mode is not really comparable in COFCOCR-. 
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TABLE 5.4 


Comparison of Ground and Excited State Fundamentals Observed 


in the n -+ TI* Spectra of Oxalyl Chloride Fluoride and Propenal 


Fundamental COFCOC.R­ COFCOCR­
Singlet Triplet 

GROUND STATE 

LCCO bend (a') 218.7 (w) 218.9 v~(w) 

Torsion (a") 66.0 (vw) 66.3 v12(vw) 

EXCITED STATE 

Torsion (a') ? ? 

Lcco bend (a') 180.0 (m) 181. 9 v 9 (m) 

LOCX scissorsa (a') 594.5 (vw) 603.6 v6 (vw) 

C=O stretch (a') 1279.2 

1294.1 

(vs ) 

(m) } 
1292.1 v2 (vs) 

bOut of (a") 143.9 (w) 145.9 vu(w) 
plane 
wag (a") 237.5 (vw) 237.3 v10 (vw) 

aln propenal this mode is desc r ibed as CH in plane rock. 

bThese are designated =CH wag and -CH wag in propenal.
2 

Propenal 

Singlet 


564.9 V12" 

156.2 via" 

251. 8 \) 18' 

488.3 \) 12' 

1132. 7 \) 8' 

1265.6}v
s' 

1294.7 

582.2 \) 16' 

644.0 \) 15' 
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This assignment has been transferred from the singlet spectrum where the 

assignment is more restricted (see Section 5.3 (g)). 

* ­5.3 The 1A"(n TI ) + XIA' Transition (Trans Isomer)
la' ' la" 

Table 4.2 demonstrates the similarity between the singlet and 

triplet spectra. The most striking difference is the change in the rotational 

structure of the bands. The extensive rotational structure of each band in 

the S-S spectrum makes it impossible to observe the isotope shift in most 

cases, and weak bands are more difficult to identify. In many instances it 

has been necessary to refer to the singlet-triplet spectra for confirmation 

of assignments. 

The band by band assignment of the singlet-singlet n + TI* spectrum is 

given in Table 5.6. A number of weak lines in the spectrum did not fit into 

the assignment of combination bands or hot bands, and have been included in 

Appendix IV. A photograph of a section of the spectrum near the origin is 

shown in Figure 5.3, together with the corresponding microdensitometer trace. 

Again, the analyses of the spectra of oxalyl bromide, oxalyl chloride, 

glyoxal and propenal have been used extensively in assigning the spectrum. 

Table 5.7 compares the fundamentals active in the ground and excited state of 

the c h compounds and lists the assignments made in COFCOC~ on this basis.2

A comparison with propenal has been included in Table 5.4. 

(a) Rotational Structure of the Bands 

The origin band shows semi-regular fine structure. This structure, 

discussed in detail in Chapter 6, disappears for bands several hundred wave-

numbers to the blue of the origin, but the band profile which is character­

ized by a blue degraded head remains sharp up to several thousand wave-

numbers from the origin. According to the selection rules for electronic 



6
1 

8
2 9 18 1 7' 8 1121 9' 11I 0 

1 12' 00 
00 0 Ir 0 f. ' 8' 

I 

29,200 28,800 28,400 cm- 1 

Figure 5 . 3 THE A('A")-X('A') ABSORPTION SPECTRUM - COFCOCL 
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transitions (see reference 6), the origin band and all.totally symmetric 

fundamentals should appear as type C bands, while non-totally symmetric · 

fundamentals should appear through vibronic mixing as type A-B hybrids. 

In the case of oxalyl chloride-fluoride, the distinction between type A~B 

and C bands is not dramatic (see Chapter 6). In addition, with eleven 

normal modes appearing, there is a large amount of overlap of adjacent 

bands, with the result that ass1gnmcnt of band type is often not possible. The 

profiles of most assigned bands appeared to be similar to that of the origin 

band. This distingujshes oxalyl chloride-fluoride from oxalyl chloride and 

oxalyl fluoride, where significant changes were observed in the type C band 

profiles. 

(b) Perturbations 

Perturbations are observed in two places in the S-S spectrum. As 

described in Section 4.4, there is a complex perturbation of the vibrational 

pattern in the region of the first member of the progression in C=O stretching 

motion. This complexity can be explained by Fermi resonance between three 

fundamentals. Asecond case is to be found in the region of the spectrum near 

the origin-A band which appears at + 20 cm- 1 has a rotational profile which is 

quite different from the origin band of oxalyl chloride-fluoride. The profile 

is sufficiently different to suggest the possibility of an impurity in the 

spectrum; however the interval + 20 cm-·1 appears throughout the spectrum with 

the same profile repeated. The conclusion is that the rotational structure is 

altered by rotational perturbation, perhaps Coriolis coupling, but an analysis 

of this rotational structure has not been attempted. 

The Fermi-resonance at + 1300 cm- 1 is responsible for a large devia­

tion from the anticipated vibrational structure in this region. Figure 5.4 
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compares the vibrational pattern at + 1300 cm- 1 with the pattern at the 

origin. The singlet-triplet spectrum showed a repetition of the vibrational 

pattern at the first member of the progression in vCO' but in the case .of the 

S-S spectrum, a slight change in the frequencies of the fundamentals has pro­

duced the conditions for Fermi resonance. Table 5.5 summarizes the frequencies 

expected on the basis of simple combinations and illustrates how Fermi reson­

ance can account for the observed structure. One of the most puzzling features 

of the + 1300 cm-1 region of the spectrum was the inverting. of the re lative 

1intensities of the bands v + 1279.2 + 180 cm- 1 and v + 1294.0 + 180 cm­
00 00 

from the pattern observed for v
00 

+ 1279 cm- 1 and v
00 

+ 1294 cm- 1. It should 

be noted that this has been accounted by a very large negative anharmonicity 

in vg (rocking). This anharmonicity was also observed at the origin in a 

situation where Fermi resonance does not appear to be the cause. 

(c) Isotope Effect 

As was the case in the triplet spectrum, the presence of two isotopes 

of chlorine was a valuable check on the vibrational assignments, although in 

.this spectrum the extensive rotational structure created some difficulty in 

identifying the spectrum of COFCOci3 7 • Again the snectrum of COFCOCi 37 has 

been listed in terms of its separation from hands of the stronger spectrum of 

the 35 isotope. 

(d) The Origin Band 

The origin band has been assigned to the strongest band of the discrete 

spectrum at 3480 A(28724 cm-1). This assignment is confirmed by the extremely 

small isotopic shift (0.2 cm- 1) observed for this band. 

(e) The Ground State Fundament;ils 

Small sample quantity was not a problem in obtaining photographs of 
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Figure 5. 4 Fermi Resonance Pattern at v + 1300 cm -1 _compared with the00 
Normal P·attern at the Origin of the 1A" + X1A1 Transition. 

L cm-1 

a'
0 

12 ~ 

I T 
30.0 200 100 .0·0 


cM-1 

+300 +2 

g'
0 

o'f'______+_•_o_o_______f..__•_2_9_2_____________________~ 
+170 1" 180 

TABLE 5.5 

Fermi Resonance Involving v1-v 3-v 9 in COFCOCR- n -r n*(Singlet-Singlet); 

Unperturbed Values were Obtained from G (v1,v3,v9) = l w?v. + l x· ·Vivia0 1 1 l] ­
i=l,3,9 i~j=l,3,9 

Assignment Unperturbed Observed 

Values Values 


\) 3 180.0 180.0 

2v 3 349.4 349.4 


\) 1 1282.8 1279.2 -3.6 

V9 + \) 3 1290.5 1294.1 +3.6 


\) 1 + \) 3 1465.2 1474.6 +9.4 
Vg + 2v 3 1459.6 -1451 ~ -9 (b) 

0 0 0 
w = 1295.2 w3 not obtainable = 185.3

1 
w9 

x = -12.4 x33 not obtainable x = -5.3 
11 99 

x = -2.5 x = -0.l
19 39 

~See reference (7), page 21. 

This combination comes into Fermi resonance with 1512~ (see Fig. 5.5). 
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the region lying to the red of the S-S origin, as was the case with the S-T 

spectrum. The increased intensity of the background continuum and overlap 

by the triplet spectrum, however, have reduced the amount of information 

which could be obtained from this region. 

The .most prominent band in the hot part of the spectrum falls at 

v00 - 391.7 cm- 1 . The profile of this band suggests an isotope shift com­

patible with an assignment as a hot band of the trans n ~ n* (S-S) spectrum 

with origin at 28724 cm- 1 . Comparison with similar compounds (Table 5.2) 

suggests assignment of the interval 391.7 cm-I to the COX scissors mode.v 7 

This assignment, however, is difficult to reconcile with the absence of a 

similar strong band in the singlet-triplet spectrum. It is therefore prefer­

1 "able to assign 391.7 cm- to v1 a , the out of plane wag which can appear in 

the singlet-singlet spectrum throur h vibronic mixing without necessarily 

satisfying the condition of vibronic spin orbit perturbation required for 

singlet-triplet intensity. Unfortunately, the band 10~ is not one of the 

strongest cold bands and it is necessary to invoke a large change in the 

normal mode on excitation, with corresponding change in intensity. The 

frequency of the ·mode drops from 392 to 237 cm-I so this is possible. This 

assignment would suggest a reassignment of the corresponding band in oxalyl 

chloride and oxalyl bromide. Another possibility which cannot be eliminated 

is that the band belongs to the cis spectrum. The strong intensity of this 

band does not however seem compatible with the lower intensity of the cis 

origin. 

The intervals - 256.7 and - 218.7 cm- 1 have been assigned to the 

ground state vibrational modes v 8" and v9 '' respectively, the COX rocking 

modes. A weak band at :.. 66.0 cm- 1 is tentatively assigned to v12 the tor­
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sional mode. The weak band observed at - 563.3 cm-1 in the singlet-triplet 

spectrum has not been observed here. 

(f) The Excited State Fundamentals 

Only the interval correspondong to the torsional mode is not observed 

in the excited state. The most prominent interval is 1282.8 (see Table 5.7) 

the carbonyl (chlorine) stretching mode. Two strong bands at v + 277.6 and
00 

1 1 1
+ 180 cm- are assigned to 8 and 9 where and are the in plane rockingv 8 v9 

modes. Weaker bands at v
00 

+ 235.5 and ·+ 143.9 cm- 1 are assigned to 10~ and · 

11~ where v10 and vil are the out of plane wagging modes. 

To the blue of v
00 

+ 400 cm- 1 the spectrum resembles the S-T spectrum 

with a large number of weak lines present . The progressions stand out less 

prominently and assignments between v + 400 cm-I and v + 1300 cm-I are 

0 0 

00 00 

made with a lower degree of certainty. Comparisons between the S-S and S-T 

spectrum have been used extensively in this region. 

The two strongest bands of the region v + 400 cm- 1 to v + 1300 cm- 1 
00 00 

occur at voo + 1110 .6 and + 418.9 cm- 1 and have been assigned to 7~ and 30 
I 

respectively; v7 is the coci scissors motion and v3 is the CF stretching 

motion. The band at v
00 

+ 418.9 cm- 1 is one of the few bands of the spectrum 

which has a rotational contour different from that of the origin band, but in 

this case, the band could possibly be the superposition of two type C bands. 

A moderately strong band at+ 1679.7 cm- 1 is assigned to 1~ involving the 

carbonyl (F) stretching mode. The large frequency difference between the two 

excited state carbonyl stretching modes parallels the pattern observed in the 

S-T spectrum and supports the concept of localization of the first n -+ 1T* 

transition on the carbonyl group nearest the chlorine atom. 

Weaker bands at v
00 

+ 594.5 cm- 1 (isotope shift~ 0), + 738.4 cm- 1 
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(isotope shift apparently+ 3.8 cm- 1), and+ 976.0 cm-1 (isotope shift 

1.6 	cm- 1) have been assigned to 6~, s~. and 4~ respectively. v 6 is the 

COF scissors mode, while and are complex bending and stretchingv 5 v4 

modes. The large isotope shift observed for v 5 ' agrees with a similar 

large shif~ observed in the S-T spectrum and indicates that motion of 

the chlorine atom is involved heavily. 

The region of the spectrum near ·v
00 

+ 900 cm- 1 presented a problem 

in the analysis. Strong (relative to nearby bands) absorption in this 

region appears to be the overlap of two bands at v + 895.2, and + 910.6
00 

1cm- . These two bands occur at -384 cm-l from the strong bands at v +
00 

1279.2 and+ 1294.0 cm- 1. The most logical assignment appears to be in 

terms of this interval, but no strong band was observed at v - 383 cm-1,
00 

and no final assignment has been made. 

(g) Sequences 

The pattern of sequence bands in the S-S spectrum is similar to 

that in the S-T spectrum. The prominent interval + 84.6 cm- 1 is assigned 

to a sequence in v 12 , the torsional mode. In addition, a sequence band is 

assigned at -38.7 cm-1 to v9 . Cross-sequences have been assigned at 62.0 

Cm- I to v 9" and v8 ' and at + 19.3 cm-I to vg " and v10 ' . 

The band at v + 19.3 cm- 1 has proved to be a very puzzling feature
00 

of the spectrum, and no satisfactory explanation has been provided. This · 

band has a rotational profile which is quite different from that of the 

1origin and shows line structure for which the spacing is rv 0.35 cm- (versus 

rv 0.1 cm- 1 for the origin). The origin (C-type) band has been matched by a 

computer synthesized contour, and the corresponding A and B-type bands do 

not resemble the band at v + 19.3 cm- 1 . The observation of the interval
00 
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~ +20 cm-I throughout the A1 + X1 and a3 + xI spectra established definitely 

this interval as a sequence in the n -+ 7f* transition, but the rotational 

contour remains unexplained. 

The interval ~ +20 cm- 1 appears in both the S-S and S-T spectra with 

an intensity equivalent to that of the second member of the torsional sequence, 

and the second member of the +20 cffi-l sequence also appears (weakly). This 

suggests that the ground state frequency involved is small, probably near 

1200 cm- . Only three vibrational modes have a ground state frequency which 

is low enough. The additional requirement that the sequence have nearly the 

same value in the S- S and S-T spectra leads to the assignment of + 19.3 cm- 1 

to a cross-sequence in v 9 " and v10 ' • 

5.4 Additional n-+ 7f* Transitions of COFCOCi (Trans) 

In both the S-S and S-T spectra a small number of prominent lines 

occur which cannot be assigned in terms of the excited state fundamentals. 

These are attributed to a second electronic transition. Table 5.8 lists 

the bands attributed to B + X and Table 5.9 lists the bands attributed 

to b + X . The CNDO calculations discussed in Chapter 3 indicate the 

possibility of additional low energy electronic transitions which exist for 

oxalyl chloride-fluoride because of its low symmetry. The transition 

*observed here is probably the A"(n a,,7f 2a11 ) + X1A' transition associated1

with the C=O (F) group. It is interesting to note that for the S-S (trans) n -+ TI* 

spectra, the origins of oxalyl chloride and oxalyl fluoride fall at 27189 

cm-I and 32815 cm- 1 respectively whereas the two origins of oxalyl chloride­

fluoride fall at 28724 cm-1 and 30815 cm-1 respectively. For the S-T spectra, 

the origins for oxalyl chloride and oxalyl fluoride fall at 24370 cm- 1and 

29942 cm- 1 whereas oxalyl chloride-fluoride has S-T origins at + 25829 cm-l 
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and 28098 cm- 1 • It would appear that the transition energys for oxalyl 

chloride fluoride cannot be predicted by simple averaging of the transition 

energies of oxalyl fluoride and oxalyl chloride; the association with the 

chromophoric groups has greater significance. 
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TABLE 5.6 

The Frequencies Observed in 

the ft) (A") + X1 (A') Absorption Spectrum of COFCo3Sct (trans) 

(with COFco3 7ct Included in Terms of the Observed Isotopic Shift) 

Energy (cm-1 ) Int. Assignment Isotopic Shift 
Obs'd. Cale. 

28116.0 vvw 10°9°
1 1 

-391.7-216.8 

28332.7 w 10°
1 

-391.7 +l. 72 

28414.3 vvw 10°121 
1 1 

-391. 7+81.5 . 

28435.2 vvw 10°(9°101)
l · 1 0 

-391.7+81.5+20.9 

28466.1 vvw 8°
1 

-256.9 +1.35 

28495 .1 vvw 10°12 2 
1 2 

-391.7+81.5+80.9 

28505.7 vw 9°
1 

-218.7 +1. 22 

28531.3 vvw 10°91 (9°10 1
)

1 0 1 0 
-391~7+181.3+17.3 

28590.9 vw 9°12 1 
1 1 

-218.7~85.1 

28609.5 vw 10°81 
1 0 

-391.7+276.7 

28658.5 vw 12°
1 

-66.0 

28685.7 vw 91 
1 

-38.7 

28724.46 vs o~ origin -0.20 

28747.5 m (9°101)
1 0 

+23.0 

28769.0 vw (9°10 2)
2 0 

+23.0+21.S 

28783.3 vw 9~8~ +58.9 = -218.7+277.6 0 

28809.0 s 121 
1 

+84.6 -0.56 

28832.0 w 121 (9°10 1)
1 1 0 

+84.6+23.0 

28854.3 vvw 121 (9°10 2)1 2 0 +84.6+23.0+22 . 2 

28868.3 w 11~ +143.9 -2.01 

28893.1 m ·122 
2 

+84.6+84.0 -0.79 

28904.4 s 91 
0 

+180.0 -1.47 
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228916.5 w 12 (9°10 1) +84.6+84.0+23.52 1 0 

28927.0 w 91 (90101) +180.0+22.60 1 0 

28939.2 vw 122 (90102) +84.6+84.1+23.5+22.72 2 0 
10128962.0 w +237.50 

1 128988.9 m 9 12 +180.0+84.S0 1 
8129002.1 s +277 .6 -1.300 

29024.5 w 81(90101) +277.6+22.40 1 0 
9111129045.4 w +180.0+141.00 0 

29073.9 m 92 +180.0+169.40 

29086.0 ms 81121 +277.6+83.90 1 

81121 129108.8 w (9°10 ) +277.6+83.9+22.80 1 1 0 
7129143.4 ms +418.90 

2 129157.7 vw 9 12 +180.0+169.4+83.9
0 1 


81122
29170.3 m +277.6+83.9+84.2
0 2 

819129183.1 ms +277. 6+180. 9 
0 0 


71121
29228.7 m +418.9+85.3
0 1 

29266.9 w 8191121 +277.6+180.9+83.90 0 1 
8229281.9 m +277.6+276.0

0 

29302.7 vw 82 (90101) +277.6+276.0+24.5
0 1 0 

6129318.9 m +594.5
0 


7191
29323.6 w +418.9+180.30 _O 

29351. 3 w 8191122 +277.6+180.9+83.9+84.3
0 0 2 


29366.2 w 82121 +277.6+276.0+84.3

0 1 

718129421. 0 m +418. ~)+277. 6
0 0 

29438.9 vw 7181 (9°10 1) +418.9+277.6+17.9
0 0 1 0 

29462.9 w 51 +738.4 3.8
0 


29506.1 w 7181121 +418.9+277.6+85.1

0 0 1 
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1.6 

29548.5 vw 

29601.8 vvw 

29619.7 ms 

29635 . 1 ms 

29702.0 w 

29739.2 vvw 

29799.9 m 

29835.1 ms 

29885.4 w 

29919 . 3 w 

30004.0 vvs 

30018 . 5 vs 

30039.5 w 

30049.1 vvw 

30089.1 ms 

30103.1 m 

30112 . 1 w 

30122.3 vw 

30133.3 vw 

30162.4 w 

30177 .1 m 

30186.8 vw 

30199 . 1 ms 

30221.4 w 

30250.0 m 

30271.4 w 

30283.0 ms 

51121 
0 1 

+738.4+85.6 

718191 
0 0 0 +418.9+277.6+180.8 

2~ -384 +1279.2-384.3 

319
1 ~3840 0 +1294.1-383.5 

. 1 
40 +976.0 

5181 
0 0 +738.4+276.3 

31(9091)
0 1 0 +1110.6+183.4-218.6 

31 
0 

+1110.6 

3
1

(9°9
1

)12
1 

0 1 0 1 
+1110.6+183.4-218.6+85.S 

31121 
0 1 

+1110.6+84.2 

21 
0 

Fermi +1279.2 

3191 
0 0 

Res. +1110.6+183.4 

3191 (90101) 
0 0 1 0 +1110.6+183.4+21.0 

21 (90102)
0 2 0 

+1279.2+45.1 

21121 
0 1 

+1279.2+85.1 

3191121 
0 0 1 

+1110.6+183.4+84.6 

3181 
0 0 

+1110.6+277 .o 
1 1 1 0 I.

3090121 (911< () )+1110.6+183.4+84.6+19.2 

3181 (90101) +1110 . 6+277.0+21.2
0 0 1 0 
1 22 12 ? +1279.2+85.1+73.3
0 2 Fern 1 

3192 . +1110.6+183.4+158.6
0 0 
1 1 2

3 9 12 +1110 . 6+183.4+84.6+83.7
0 0 2 Res. 

2191 +1279.2+195.1
0 0 

2191 (90101) +1279.2+195.1+22.3
0 0 1 0 

3171 +1110.6+415.0
0 0 
1 1 0 1 +1110.6+415.0+21.33070(91100) 

2191121 +1279.2+195.1+84.0
0 0 1 

rvO 

rvO 
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30296.2 w 319181 
0 0 0 +1110.6+183.4+277.7 

30334.S vw 3171121 
0 0 1 +1110.6+415.0+84.5 

30367.0 w 2191122 
0 0 2 +1279.2+195.1+84.8+84.0 

30380.0 vw 319181121 
0 0 0 1 +1110.6+183.4+277.7+83.9 

30404.2 m 11 
0 +1679.7 

30420.2 w 2171 
0 0 

+1279.2+416.2 

30477 .4 w 219181 
0 0 0 

+1279.2+195.1+278.3 

30489.7 w 11121 
0 1 +1279.2+416.2+85.4 

30541. 3 vvw 11111 
0 0 ? +1679.7+139.l 

30557.2 vvw 2182 
0 0 +1279.2+279.0+274.1 

30561.4 vw 219181121 
0 0 0 1 +1279.2+195.1+278.3+84.0 

30573.9 vw 11122 
0 2 

+1679.7+85.5+84.2 

30582.8 w 1191 
0 0 

+1679.7+177.8 

30633.3 w 11101 
0 0 ? +167~>. 7+229 .1 

30668.0 m 1191121 
0 0 1 

+1679.7+177.8+85.3 

30681.1 m 1181 
0 0 

+1679.7+276.9 

30700.3 vw 2151 
0 0 

+1279.2+696.3 

30750.3 vw 1192 
0 0 

+1679.7+177.8+167.7 

30766.2 vw 1181121 
0 0 1 

+1679.7+276~9+85.2 

30821. 6 w 1171 
0 0 

+1679.7+417.4 

30861.4 vw 118191 
0 0 0 

+1679.1+276.9+180.4 

30885.1 vw 2210°0 1 
+1279 . 2+1271.7-391 

30903.2 m 32 
0 

+ 1110 . 6+1068. 1 

30956.7 m 1182 
0 0 

+1679.7+276.9+275.6 

31079 . 9 vw 3281 
0 0 

+1110.6+1068.1+176.7 

31092.2 w 2131 
0 0 

+1279.2+1088.2 

31162. 5 vvw 32glpl
0 0 ··1 +1110.6+1068.1+176.7+82.6 

31176 .4 w 2131Pl 
0 0 ··1 +1279.2+1088.2+84.2 
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31275.7 ms 22 
0 

+1279. 2+1271. 7 

(+1282.8+1268.1) 

31358.1 

31450 

31550 

32530 

m 

w 

vw 

m 

22121 
0 1 

2291 
0 0 

2281 
0 0 

23 
0 

+1279.2+1271.7+83~4 

+1279.2+1271.7+174 

+1279.2+1271.7+274 

+127~). 2+1271. 7+1254 

(+1282.8+1268.1+1254) 
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TABLE 5.7 

Comparison of Ground and Excited State Fundamentals Observed in the 

Singlet n -+ 7r* Spectra of Oxalyl Chloride Fluoride and A Series 

Fundamental 

GROUND STATE 

c-c ·stretch (a 	,a')
g 

C-X stretchc (a ,a')
g 

Locx scissorsa 	(a ,a')
g 

Locx rockb (a ,a')
g 

2X (torsion) (a 	,a")
u 

ex wag (b 'a")g 

EXCITED STATE 

Locx rockb (a ,a')
g 

LOCX scissorsa (a ,a')
g 

c ' C-X stretch (a 	,a )
g 

C-C stretch (a 	,a')
g 

C=O stretch (a ,a')
g 

2X torsion (a ,a")
u 

OCX wag (a ,a")
u 

of Molecules 

COFCOCR. COCR.COCR. 

xx xx 	 612 v3 (vvw) 

499 V4(W) 

256 . 9 	 280 v5(vvw) 

66.0 

391.7 

277.6 "a (m) 	 282 V5(S) 

418.9 V7(W) 398 V4 (s) 

xxxx 619 V3 (s) 

976 . 0 v4 (vw) 970 V2(W) 

1282.8 "2 (s) 1460 v1(vs) ­

? 

143. ~) (w) 204 ''S (w) 

COBrCOBr 

441 v4(vw) 

186 V5(W) 

186 v5 (m) 

312 v4 (s) 

642 v 3 (w) 

1003 "2 (m) 

1537 v 1 (vs) 

COHCOH 

1207 V4 

t533 V5 

1048 VS 

509 v 5 (m) 

947 V4(m) 

1391 V2(S) 

464 2V7(W) 

737 v8 (ss) 
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TABLE 5.8 

Lines Observed in the B + X Transition of COFCo3Sci 


- 1
Energy (cm ) Intensity Displacement 

30815 m Possible origin 
(+2091 cm-1 from oO Al + xi)

0 


30895 m 80 


30965 vw 150 


30980 vw 165 


31050 vw 235 


31115 m 300 


31198 w 383 


31490 w 675 


31570 vw 755 


31655 m 840 


31735 m 920 


31820 m 1005 


' 
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TABLE 5.9 


-
Lines Observed in the b + x Transition of COFC0 35CR. 

Energy -1(cm ) Intensity Displacement 

28098.3 

28162.0 

m 

vw 

Possible origin 

(+2269.6 0from o0 
a3 *" 

63.7 

xi) 

28200.1 vw 101.8 

28240.9 vw 142.6 

28278.6 m 180.3 

28298.1 m 199.8 

28519.7 m 421.4 

28646.6 m 548.3 

28795.4 m 697.1 

29042.4 w 944.1 

29125.0 w 1026.7 



6.1 

CHAPTER 6 


* ROTATIONAL STRUCTURE OF TI-IE ORIGIN BAND OF TI-IE lA"(nla''nla") + X1A' 

TRANSITION OF trans COFCOCt 

the origin of the absorption transition to the 1A" (n;:a,, nla") excited 

Introduction 

The 3481 Aband of trans oxalyl chloride-fluoride has been assigned 

: * 
as 

electronic state on the basis of the vibrational structure associated with 

this transition. The lA" + X( 1A') transition is polarized along the axis 

of the greatest moment of inertia and the origin band should be a C-type 

band.t The absorption in the region of 3481 Ahas been photographed under 

very high resolution (in excess of 450,000), and a print of the origin band 

is shown in Figure 6.1 with the corresponding microdensitometer trace. The 

rotational profile contains a prominent blue degraded head, and closely 

-1spaced fine structure extending some 15 cm to higher and lower frequencies 

from the head. The fine structure to higher frequency is almost obscured by 

the strong absorption associated with the head, but the fine structure to 

lower frequency, consisting of a series of nearly regularly spaced line-

like features, can easily be seen in Figure 6.1. Similar fine structure is 

observed for both oxalyl fluoride and oxalyl chloride. 

Under medium resolution (i .e., spectra taken on the 20 ft. McMaster 

Ebert Spectrograph) the rotational contour, which is not reproduced here, 

has the same appearance as that shown in Figure 6.1, only the line-like 

features are not resolved. 

tFor a discussion of theory and terminology, see reference (6), Chapter 9, . 
reference (7), Section II, 3, or reference (61). 
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I I 

28733 ·41(VAC) 28715 ·91 (VAC) 

__,Figu re 6 . 1 THE ORIGIN BAND OF A('A'') -- X('A') l1'I 
(X) 

OXALYL CHLORIDE FLUORIDE 
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~ u
q' 0.\1050 ~: 0°0,0'\2 c"~o.o'iOO' 

q' ~ o. ,,"2.oo -.' c 0.01"2.''- c/: o.os' \1 

_, 
o.o - ':>.O C:lf\.. 

Figure 6.2. (a) Type C Contour Computed for the Origin of Oxalyl 
Chloride-Fluoride with Line Structure Produced by Head Formation 
in the K Subbands 

q". o.\~.., -o• = 0.010?,~ c•= o.04q4' 

q': 0.,\000 "&'..: o.o&q1~ c':o.osol.6 

Figure 6.2 (b) Type C Contour Computed for the Origin of Oxalyl 
Chloride-Fluoride with Line Structure Produced by Multiple 
Coincidence of J Lines 
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' 


~"= 0.•10'!>0 -W':o.o,oq-. e':0.0'!»00, 

~ 1 =o. \,~oo B' :o.oita.'1 C. 1 : o.O!;U1 

-S.O C.n'\._, 

Figure 6.3. (a) Trpe A Contour Corresponding to the Type C Contour 

in Figure 6.2(a). 


A" s o. ,,o':>o "&" • o.o,oqa C" .. o. o'5iooCfi. 

Ft 1 ~ O· '"TtlOO °Q 1 : 0.012,?. C 
1 =o. O~ \ '1 

+9·0 o.o 
Figure 6.3. (b) Type B Contour Corresponding to the Type C Contour 

in Figure 6.2(a). 
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1
f:l 1 • O.\W,~1 "'i'1 

: o.010'54' C ''w:: 0.0 o4q4~ 

F\ / = o. ''ooo ~,-= o.09c.'llt1 C'. o.o!lcn.E> 

Figure 6.4. (a) Type A Contour Corresponding to the Type C Contour 
in Figure 6.2(b). 

f\": O.l'-'1E>1 -.''• 0.010~4' C • " o. o~q-\'-

f\' • O·''ooo "'b': 0.0~-.1~ C'• o. 0'6oi6 


o.o -'5.0.... s.o 
Figure 6.4. (b) Type B Contour Corresponding to the Type C Contour 

in Figure 6.2(b). 
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6.2 The Medium Resolution Contour 

Theoretical rotational contours were generated by means of a 

computer program written by Parkin(6Z) but modified to calculate the 

asymmetric rotor eigenvalues for J ~ 3 exactly. In the program, eigen­

values for 3 < J < 85 are obtained by an interpolation method in which 

eigenvalues are calculated exactly for 10 selected values of J. Only 

subbands with L1 < 30 were calculated with the asynunetric rotor program; 

subbands with 30 < K_1 < 60 were added to the contour by a symmetric rotor 

subroutine. 

By means of the computed profiles, it was possible to show that 

the origin band contour under medium resolution could be satisfactorily 

identified as a C-type band of oxalyl chloride-fluoride. Since no inform­

ation was available on the · ground state rotational constants of COFCOC£, 

several sets of values were calculated from assumed ground state geometries. 

These values are listed in Table 6.1 and give an estimate of the magnitude 

and range of the rotational constants. Bond lengths and angles were 

selected by analogy with related molecules. 

The profiles of the computed contours were sensitive to the values 

of 8A (A' - A"), 8B and 8C, but not to the values of A", B", or C" (within 

the range indicated by Table 6.1). An estimate of the value of 6C was 

obtained by matching calculated heads with the observed head in Figure 6.1. 

The absorption in the region of this head can be attributed principally to 

the rqQ and pqQt subbranches. In computed contours, these two subbranches 

appear as a central spike for 8C : O, or as a blue or red degraded head for 

tThe first and second superscripts refer to 8K+l and 8K_ 1 respectively. 



TABLE 6.1 


ROTATIONAL CONSTANTS FOR A SERIES OF ASSUMED GROUND STATE GEOMETRIES FOR OXALYL CHLORIDE FLUORIDE (trans) 

LCCO(F) LCCO(CR.) LCOF LCOCR. A B crec rco (F) rco (CR-) rCF rcci K
-1 -1 -1A A A K A deg. deg. def. deg. cm cm cm 

1.45 1.18 1.18 1.34 1. 74 123 123 118 118 .0532 .0741 .1885 -.69 

1.40 1.195 1.195 1.35 1. 75 123 123 122 122 .OSSO .0790 .1810 -.61 

1.SO 1. 24 1. 24 1.34 1. 75 123 123 120 120 .OS14 .0737 .1707 -.63 

1. so 1.24 1. 24 1. 34 1.S 123 123 120 120 .0564 .0827 .1773 -.56 

1.42 1.32 1. 327 1.34 1. 75 122 122 118 118 .OS11 .0743 .1636 -.S9 

1.42 1. 32 1. 327 1. 34 1.5 122 122 118 118 .0559 .0836 .1693 -.51 

1.42 1.32 1. 32 1.34 1. 75 122 122 117 117 .0509 .0734 .1658 -.61 

1.42 1.32 1. 32 1. 34 1.50 122 122 117 117 .0557 .0826 .1717 -.54 

1.42 1.32 1. 32 1. 34 1. 75 117 122 117 122 .0516 .0747 .1668 -.60 

...... 

°' VI 
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C positive or negative respectively. The same result is predicted by the 

empirical relation developed by McHugh et a1C63) for "line" frequencies in 

the rqQ and pqQ subbranches of a C-type band. 

2
"Q = v0 + tiC(n"+ 1) - tis [6.1] 

where n = J + m, m = J - K_ 1 and tis= (2m2 
+ 2m + l)(tiA + tiB)/4. The 

strongest rotational transitions in the Q subbranches occur for J : K_ ,
1 

where tis is small, and since n takes values from 0 upward, the degradation 

of the head depends principally on tic. It was found that tic : +0.0008 cm-l 

produced a reasonable match for the observed head. 

The most intense subbranches of a C-type band of an asymmetric top 

are the pqP, the pqQ, the rqQ and the rqR subbranches.t The wing observed 

to high frequency from the head can be attributed principally to the rqR 

subbranch while the low frequency wing can be attributed principally to the 

pqp subbranch. It was found that values for ti(A - B)tt which lay outside 

. -1the region -0.01 to +0.01 cm produced a distinct head in the R or P wings 

respectively. Since the observed profile shows no head formation in either 

of the two wings, this established outside limits for ti(A - B). 

In a discussion of the calculation of absorption intensities associated 

with the band contour method Kidd and KingC64) have pointed out the unsatis­

factory nature of the simple approach used in current band contour programs. 

The medium resolution trace of the 3481 Aband shows no distinctive sharp 

features, and it was felt that an attempt to obtain information from a simple 

matching of the intensity distributions in the experimental and calculated 

contours would be unwarranted. 

tSee reference (61), section 8g. 

tt- 1 1
B = ~ (B + C) for a prolate top or B 2 (A + B) for a oblate top. 
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6.3 The Fine Structure in the Very High Resolution Contour 

The 3481 Aband photographed under very high resolution shows 

clearly a series of "lines" to the red of the strong head. Another series 

of "lines" can be seen less clearly to the blue of the head. The frequencies 

of these line-like features are listed in Table 6.2. (Frequency measurements 

of the very high resolution photographs were reproducible to within a 

-1hundredth of a wave number, and accuracy was better than ±0.1 cm .) 

The rotational constants of a molecule as large as COFCOCt are so 

small that rotational line structure is not expected, even under very high 

resolution. The "lines" observed in the fine structure seen in Figure 6.1 

do not arise from individual rotational transitions, but rather correspond 

to the coincidental superposition of several strong rotational lines. 

Rotational fine structure of this type has been observed for a considerable 

number of large molecules, most of them planar and aromatic, and this subject 

has been reviewed by Brown(6S). 

Fine structure can occur in the rotational contours of large molecules 

as a result of two types of pattern in the rotational lines: (a) head forma­

" K_" 1,tion in the individual subbands characterized by given values of K+l and 

can produce successive "lines" due to the successive subbands, or (b) the 

spacing between neighbouring subbands, characterized by given K~ 1 and K~ 1 , 
can cause a phasing of the individual lines in the subbands with the result 

that many rotational lines superimpose to produce a fine structure "line". 

The spacing of the "lines" corresponds to the rotational constants in different 

ways for the two classes discussed above, and it is important to decide which 

class is applicable here. However, no completely satisfactory analysis of the 

fine structure has been obtained for oxalyl chloride-fluoride, and the two 
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TABLE 6.2 


Line Frequencies of the Observed Fine Structure in the Origin Band 


of COFCOCR. 


BLUE SERIES RED SERIES 

Indext Frequency 
-1

(cm ) Indext Frequency -1
(cm ) 

47 28729.84 31 28722.03 

46 .75 32 28721. 93 

45 .65 33 .81 

44 .56 34 .69 

43 ' .46 35 .58 

42 .36 36 .47 

41 .27 37 .36 

40 .19 38 .25 

39 28729 .09 39 .12 

38 28728.98 40 28721. 01 

37 .88 41 28720.88 

36 .79 42 .77 

35 .69 43 .65 

34 .59 44 .51 

33 .48 45 .43 

32 .38 46 .31 

31 .29 47 .19 

30 .21 48 28720.07 

29 .11 49 28719.96 

28 28728.04 50 .84 

27 28727. 93 51 • 71 

26 .84 52 .58 

25 . 74 53 .45 

24 .65 54 .34 

23 .60 SS .22 

22 .45 56 28719.10 

21 . 38 57 28718. 97 

20 .28 58 .84 
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BLUE SERIES RED SERIES 

Indext 
Frequency -1(cm ) Indext -1Frequency (cm ) 

19 28727. 20 59 28718. 72 

18 .09 60 .60 
17 28727.01 61 .47 
16 28726.91 62 . 34 
·15 .84 63 .22 

14 . 76 64 28718.09 

13 .66 65 28717.98 
12 .57 66 .85 
11 .47 67 .73 

10 .37 68 .59 

69 ' .47 

70 . 34 

71 .22 

72 .11 

73 28716. 96 

74 .84 

75 .73 

76 .60 

77 .46 

78 .33 

79 .22 

80 28716. 09 

81 28715.95 

82 .85 

83 .69 

84 .58 

85 .44 

86 .31 

37 .19 

88 28715. 06 

89 28714. 91 

90 .80 

tThis index has been assigned on the basis of extrapolating the series to an 
1origin near 28725.5 cm- , the best estimate of the frequency of the band origin. 
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classes of fine structure are discussed in some detail in order to elaborate 

the difficulties encountered in applying to oxalyl chloride-fluoride the 

equations which have been developed to explain fine structure in other large 

molecules. 

(a) Head Formation 

Fine structure produced by head formation in the individual subbands 

has been reported for p-benzoquinone(66), pheno1C67), and 2,l,3-benzothia­

diazole(68). These molecules have been treated as nearly symmetric tops; 

symmetric top formulae were employed to make estimates of the rotational 

constants and -these estimated values were refined by computer methods. 

Within a subband (K~ 1 , K~ 1 fixed) head formation takes place in the 

P or R branch for b.B positive or negative respectively. The head is formed 

at a J value approximately equal to (B' + B")/26B for a P branch or 

(3B' - B")/26B for an R branch. It is assumed that the separation of the 

heads in successive subbands is the same as the separation of successive sub-

band origins. The positions of the subband origins are given by 

K" = 1,2,3 ... 
sub (p) + (A' B') ± 2(A' - B' ) K" + 6 (A - B) K"2 [6.2]vo R = VO ­

K" = 0,1,2 

v~ub(Q) = v0 + b.(A - B) K" 2 K" = 0,1,2 [6. 3] 

for the perpendicular (b.K = ±1) and parallel (6K = 0) transitions of a prolate 

symmetric top respectively. (The corresponding expressions for the oblate 

limit are obtained by interchanging A and C.) If the heads are assigned a 

numerical index, then the head position as a function of the index has a 

linear coefficient which corresponds to a first approximation to 2(A' - B') 

for perpendicular bands or to 0. 0 for parallel bands. The quadratic depend­

ence corresponds to 6(A - B). The quadratic dependence is independent of the 
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choice of an indexing system, but the linear dependence is sensitive to 

this choice. 

The fine structure produced by head formation depends upon the near 

synunetric top behaviour of rotational lines in the region of fine structure 

formation. The appearance of regular fine structure becomes more likely as 

~ = (2B - A - C)/(A - C) tends to the symmetric top limits ±1, and for given 

}{ should appear for rotational transitions associated with high K and low J. 

The well-defined fine structure which lies to the red of the strong 

head observed in Figure 6.1 almost certainly arises in the pqp subbranch. 

The regularity of the fine structure "lines" increases with the value of K" 

in agreement with the behaviour expected under (a) above. The frequencies 

of the red series were fitted by least squares to an equation of the form: 

(6.4] 


where I refers to an indexing system by which the observed "lines" are 

numbered. A value of -0.0001308 cm-l is obtained for A independent of the2 

numbering of the bands, and a value near -0.1 cm-l is obtained for Al for any 

choice of index which places the origin of the series near the head. This 

would suggest a value for (A - B) of approximately 0.05 cm -1 It can be 

seen by inspection of Table 6.1 that this value is almost half that expected 

on the basis of estimated geometries. This would appear to eliminate head 

formation as a mechanism for observing fine structure, but one further pas­

sibi1i ty exists. 

For oxalyl chloride-fluoride there is the possibility that the 

observed fine structure consists of the staggered superposition of the 

spectra of the 3Sc~ and 3 7 c~ isotopic molecules, each of which have fine 

structure spacing of ~o.2 cm -1 . This proposal is supported by the observed 
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behaviour in oxalyl fluoride, where the line spacing of ~o.3 cm-1 agrees 

more closely with the trial molecular constants; however, a strong argument 

against it is that a regular 3:1 intensity alternation corresponding to the 

relative concentrations of the two isotopic molecules is not obvious in the 

spectrum. 

The postulate of two superimposed spectra requires a re-indexing of 

the observed lines in which only alternate lines are numbered. Then in 

equation [6.4], the least squares fit gives values for A of -0.00051 and
2 

-0.00059 for the two postulated series in the P wing while values for A1 are 

near 0.2 cm -1 
The lines in the red series become obscured shortly after 

line 60 of the series (i.e., line ~30 of the staggered series). Since the 

restriction J > K means that as K increases lines of successively increasing 

J are missing from the spectra, a point will be reached in successive sub-

bands where there are no J lines to contribute to the subband head. If it 

is assumed that this occurs at K ~SO, then a value of approximately 0.12/100 

or +0.0012 cm-l is predicted for 8B. We thus have the following relations 

- ~ -1predicted among the rotational constants: A' - B' ~ 0.1 cm , 

8(A - B) ~ -0.0005 cm-l, 8B ~ +0.0012 cm- 1 . If in addition, the inertial 

defect (IC - IB - IA) is assumed to be zero, then all six rotational constants 

can be determined by choosing a value for one of them. A choice for A' of 

0.1120 cm-l in line with the values of Table 6.1, provides a set of ground 

and excited state rotational constants for which 8C =+ o.ooH cm-l in 

keeping with the requirements predicted by Section 6.2. A contour computed 

from these rotational constants had a suitable profile and showed the desired 

fine structure in the P wing. A composite contour was constructed by super­

imposing two contours (corresponding to the two isotopic molecules) with .the 
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intensity ratio 3:1 and an assumed relative shift of 0.1 cm-l to the blue 

for the COFC0 37ct contour. (In the experimental contour, a possible 

-1isotope shift of <0.2 cm to the blue was observed although a red shift 

can not be ruled out.) The composite contour, shown in Figure 6.2a, gives 

near agreement with the observed contour. The heads (lines) of the pro­
' . 

posed COFC0 35ct and COFC0 37ci series have been identified in Figure 6.2a 

in terms of the K value of the subband in which the head occurred. Since 

head formation in each specific subband of the pqp subbranch occurs to the 

red of the subband origins the series of lines produced in the computed 

contour extrapolate to an origin not at v
0 

- (A' - B') (the frequency of 

the origin of the first K subband in the symmetric top limit), but to a 

. 4 -1point some 2. cm to the red of this. The numbering of the K heads in 

Figure 6.2a then does not correspond to the empirical indexing system 

employed in Table 6.2. 

The series of lines observed to the blue of the origin can be 

attributed to a system of heads in the rop subbranch. The poor definition 

of the blue series is in agreement with the relatively weak intensity of 

this subbranch. A least squares fit to equation [6.4] of the frequencies 

of alternate lines of the blue series gives a quadratic dependence which 

agrees with the quadratic coefficients for the two red series, but the 

linear coefficient determined for any reasonable indexing of the blue series 

is smaller (~ 0.17) than the corresponding term for the blue. This is un­

explained except for the suggestion that it results from a deviation from 

symmetric top behaviour. 

(b) Line Coincidences (Analytical) 

The observation of fine structure in the rotational profiles of 



172 

large molecules has stimulated the development of simplified expressions 

for the energy levels of asymmetric top molecules which could be used in 

special cases to predict multiple coincidences among the rotational trans­

itions, and line-like features in the rotational profile. This material 

has been reviewed by Brown(6S). Although this approach has yielded a 

great deal of information for some other planar molecules, it has not been 

possible to apply any of the simplified expressions to the case of oxalyl 

chloride fluoride. Since the explanation given in Section 6.3(b) of the 

fine structure observed in the 3481 Aband of COFCOCi is not completely 

satisfactory, it was initially felt that this second type of behaviour 

might provide a better solution to the problem. A detailed discussion 

is given here to indicate that these derived expressions cannot be applied 

to oxalyl chloride-fluoride. 

Simplified formulae for the energy levels of asymmetric top mole­

cules can be obtained from a method developed by Gora [6.4]. The energy 

levels are given by 

1 . 1/2
E(A,B,C) = CJ(J+l) + z (2J+l)m1 ((B-C)(A-C)] 

- } m2(A+B-2C) [6. 5] 

if correlation is made to the oblate top limit, or by 

E(A,B,C) = AJ(J+l) - } (2J+l)m1[(A-B)(A-C)]l/Z 

+ ~ m2(2A-B-C) (6. 6] 

if correlation is made to the prolate limit. 

m = (m+l)n + mn [6. 7] 
n 


m = J - K +l ·(oblate) or J - K_1 (prolate) 
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These simplified expressions are valid in the region of high J and low K+l 

for equation [6.5] or high J and low K_ 1 for equation [6.6] where the "K 

splitting" of the asymmetric top levels is absent. These conditions .di ffer 

from the conditions for fine structure through head formation described in 

Section 6.3a. 

In the case of planar molecules, equation [6.5] undergoes an additional 

simplification. Substitution of the relation for zero inertial defect 

IC = IA + IB [6 .8] 

c2 = (A-C)(B-C) [6. 9] 

gives 
E(A,B,C) = CJ (J+ 1) + 2 

1 C (2J+l)m i1 m2(A+B-2C) [6.10]1 

or 
E(A,B,C). = C(n+l) 2 - s [6.11] 

n = J + m 

S = ! m (A + B)2 

These expressions are based on the correlation to the oblate limit. No 

corresponding simplification of the prolate expression [6.6] is possible, 

and it has been customary to discuss all molecules - even near prolate tops 

(K < O) - in terms of eXJ>ression (6.11] and the selection rules for the 

oblate limit. 

The rotational transitions of an asymmetric top (defined in terms 

of 8J, 8K+l and 8K_1) can be obtained from the above expressions for the 

energy levels. The intense transitions are those for which 8K+l' 8K_ 1 = O, 

±1, and the intense branches of the three bands have been summarized in 

Table 6.3. In cases where a simple expression for line frequencies in the 

branch can be obtained from equations [6.10] or [6.11] the expressions have 
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been included in Table 6.1. It can be seen that ·for an asymmetric top, 

on the basis . of equations [6.5] and [6.10] fine structure can be expected 

in the P and R wings of the rotational contour of type A and B bands (per­

pendicular for the oblate top), and in the Q wing of the type C band 

(parallel for the oblate top). 

Oxalyl chloride-fluoride displays fine structure in the P wing of 

a type C band. Since this was not predicted to occur by the expressions 

listed in Table 6.3, equations [6.5] and [6.6] have been examined in more 

detail to see if additional cases of line coincidence can be predicted. 

For the pqp branch, the m,n (oblate) selection rules are 8m = -1, 8n = -2, 

and equation [6.11] gives 

2 18E = -4nC' + (n+l) 8C + m(A+B) - 4" m2(8A+8B) [6.12] 

Multiple coincidences in the high J low K+l region occur only if (A+B) is 

some integral multiple of C. In that case where 

[6.13] 

8E = -(4n - mx)C' + (n+l) 28C - 1 (8A+8B) [6.14]4 m2

Thus for example if x is equal or near 3.0, multiple line coincidences may 

be expected between the transitions 

pqp (J K) pqp (J K ) P<lp (J K+l()) ...•.
' ' +1' +S ' +2' 

while if x is 4.0 multiple li11c coincidences may be expected for 

Again the values of 8A, 8B and 8C must be small. 

If, instead, the molecule is considered as a near prolate top, and 
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TABLE 6.3 

Intense Branches for the A, B and C Type Bands of an Asymmetric Top 

Molecule with Simple Formula for the Line Energies of the Rotor as 

Band 
Type 

Intense 
Transitions 

A qpp 

qpQ,qrQ 

qrR 

PPp rppB , 
prp 

prQ,rpQ 

prR ,rrR 

rpR 

pqp 

rqQ,pqQ 

rqR 

m = J - K+l; n = J 

s = i-rA:B) 
2 

= ( +1) + mm2 

AE = E' - E" 

a Near Oblate Top where These Exist 

Reduced Expressions for Line 

Energy 


AE = "o+ACn
2 

-(2n+l)C"-AS 


Not Available. 


2

AE = v +tiC(n+l) +(2n+3)C'-6S 0


2

6E = "o+ACn -(2n+l)C"-AS 


Not Available. 


Not Available. 


2AE = "o+6C(n+l) +(2n+3)C'-6S 

Not Availab le. 

Not Available. 


2

AE = "o+AC(n+l) -AS 


Not Available. 


+ m 

llm L\n 

0 

+l 

0 

-1 

+l 

+1 

0 

-2 

+l 

0 

+2 

-1 

-3 

+l 

+l 

+3 

-1 

0 

1 

-2 

0 

2 
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equation (6.6] is employed, the selection rules become flJ = -1, flm = 0, 

and the transition energies are given by 

flE = -2A"J + (2J-2K + l)[(A"-B")(A"-C")]l/ 2 
[6.15]-1 

+ (J
2

-J)flA + (2J 2 -2JK+K-~)fl[(A-B)(A-C)] 1 / 2 + .!:_ m (2flA-flB-flC)
2 4 2 

'Ibe condition for multiple coincidences in this case is 

2A"--------- = Integer = n [6.16]
[ (A"-B") (A"-C")] l/2 

when flE = -2A"[J + ~(2J - 2K_ + l)] [6.17]1 

+ !>.A etc. 

It should be noted that whereas the expressions of Table 6.3 predict fine 

structure in the high J, low K+l region provided flA and flB are small, 

equations [6.14] and [6.17] require in addition a very specific relation­

ship between A, B, and C. The fine structure predicted by equation [6.14] 

should have a spacing equal to C' while that predicted by equation [6.17] 

should have a fine spacing equal to 2A". It has been indicated in Table 6.1 

that C' ~ 0.05 cm-l while A" %0.16 cm-l Since the observed spacing is 

1approximately 0.1 cm- , equation [6.14] or [6.17] cannot explain the observed 

fine structure. 

It has not been possible to extend the methods developed by McHugh 

et a1C63) to the case of oxalyl chloride-fluoride. 

(c) Line Coincidences (Empirical) 

The equations discussed in the previous section do not include all 

types of superposition of the lines from different K subbands. If the 

molecule is treated as a near symmetric top, the spacing of the lines in a 
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K subband is determined approximately by the values of B and 6B, and the 

spacing between the K subband origins is determined approximately by 

(A' - B') and 6(A - B'). An appropriate choice of rotational constants 

can produce the sought after multiple coincidences between the rotational 

lines of the K subbands for which the K_ 1 , K+l values differ by 1, 2, 3, 

etc. 

The Parkin program was used to print out individual line frequencies. 

Values for B ~ 0.06 cm-l and ~ B ~ +0.0001 cm-l produced line spacings in 

agreement with observed fine structure (linear coefficient ~o.l cm-! quadratic 

coefficient -0.00013 cm-1) in the K subbands with K greater than about 15. 

'Ihese two values together with 6C = +0.0008 cm-l and an assumed value for A' 

are sufficient to determine the six rotational constants of the planar mole­

cule (inertial defect assumed zero). It was initially assumed that 2(A'-B') 

should be some integral multiple of the linear coefficient of the observed 

"line" structure, but when A' was chosen to give 2(A'-B') the desired value, 

the resultant value of d (A-B) was of the order of +0.01 cm- 1• Such a large 

value for A(A-B) resulted in a spacing of subband origins which was quadratic­

ally dependent on Kand which did not create the multiple superpositions. It 

thus proved impossible to choose a value for A' analytically. Fine structure 

could be obtained in the computed contour by ~mpirical adjustment of A'. A 

contour with A' = O. \\OO cm-l is shown j n Figure 6. 2b. This value for A' is 

not unique and similar contours could be obtained for several other values. 

It should be noted that in this section (6.3(c)), it has been assumed 

that the observed fine structure could be attributed solely to the more 

abundant COFco3Sci isotopic molecule. 
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6.4 General Comments on the Rotational Structure 

In this study of the rotational contour, an attempt was made to 

satisfy two objectives: (a) to show that the assigned origin at 3481 A 

could satisfactorily be classified as a type C band, and (b) to explain 

the cause of the regular fine structure observed in this band. It was 

fairly simple to establish requirements for the rotational constants which 

would satisfy criterion (a). Within these requirements it was shown that 

the fine structure could, potentially, be explained in two ways ~ through 

head formation in K subbands, or through constructive phasing of the J lines 

from neighbouring K subbands. 

The contours shown in Figure 6.2 are preliminary contours which 

demonstrate that criterion (b) can be satisfied. The rotational constants 

which produce the fine structure shown in Figure 6.2(a) and 6.2(b) have not 

been optimized to produce the most satisfactory medium resolution contour. 

In view of the fact that the ground state rotational c~nstants are not 

known, the results of such a procedure cannot have too much significance. 

It is felt that the next step in studying the oxalyl chloride-fluoride 

problem should be a consideration of the rotational structure of the corres­

ponding bands of oxalyl chloride and oxalyl fluoride. 



CHAPTER 7 

CONCLUSIONS 

The electronic absorption spectrum of oxalyl chloride-fluoride 

has been observed in the near ultraviolet. In keeping with the observed 

spectra of other oxalyl halides (oxalyl bromide, oxalyl chloride, oxalyl 

fluoride), the spectrum consjsts of discrete absorption in the region 

from 3000 Ato 4000 Awith intense continuous absorption to shorter wave 

lengths. 

The discrete absorption of oxalyl chloride-fluoride (which belongs 

to the Cs point group) is of interest relative to the discrete spectra of 

the more symmetric oxalyl halides (which belong to the c h point group)
2

because it represents a particularly simple example of the effect on an 

electronic spectrum of a reduction of molecular symmetry. Oxalyl chloride-

fluoride differs from the chloride or the fluoride only by the replacement 

of a single atom at such a position in the molecule that the effect on the 

electronic and vibrational energy levels is small. COFCOCi has been success­

*fully treated as an approximate c h molecule· the 1A" and 3A'' (n · n ) +
2 ' la' ' la" 

* ­X(lA') transitions (which correlate with the 1A and 3A (n- ,TI ) + X( 1A ) u u oa a gg u 
transitions of the c h oxalyl halides) have been observed with approximately2

the same energy and intensity as the corresponding allowed transition of 

oxalyl chloride or oxalyl fluoride, and the 1A" and 3A" (nla, , 1T Za") + X ( 1A') 

* ­transitions (which correlate with the 1B and 3B (n- ,n ) + X( 1A) trans­
:g g oag au g 

itions of the ~Zh oxalyl halides) have been observed with an intensity that 

is much lower than the first n -+ ·1r* traw-;ition, while the corresponding 

transition of oxalyl chloride or oxalyl nuoride does not appear. The 
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first observation gives proof of the fact that molecular wave functions 

of the Cs molecule are very similar to those of the c h molecules while2

the second observation confirms the anticipated effect of asymmetric halogen 

substitution: transition moment integrals which were identically equal to 

zero (to a first order of approximation) for the c h oxalyl halides are2

small but non-zero for oxalyl chloride-fluoride by virtue of the decreased 

synunetry of the wave functions. 

1A11 * In addition, the vibrational analysis of the and 3A"(nla''Tila") 

+ X( 1A') system of oxalyl chloride-fluoride reflects the decrease of 

symmetry. A larger number of fundamentals are active in the spectrum than 

were observed for the c h molecules for two reasons: (a) there are a2

larger number of totally symmetric fundamentals (which can have activity 

in the allowed n ~TI* transition), and tb) a larger number of excited 

states can be effective in producing transition intensity for the non-totally 

synnnetric mode through perturbations. 

A general study of the electronic spectra of the oxalyl halides, and 

the related compounds glyoxal and biacetyl has produced new interpretations 

of the observed spectra, and simple CNDO calculations have proved to be very 

useful in the assignment of electronic transitions. A strong case has been 

advanced for the appearance, in the ultraviolet region, of the spectrum of 

the cis isomer of the oxalyl halides; the spectrum of the cis isomer occurs 

superimposed upon that of the trans. The results obtained are in general 

agreement with the spectra reported previously for cis acrolein and cis 

glyoxal. In addition, it has been shown that for glyoxal and biacetyl, the 

liquid and vapour phase ultraviolet spectrum is complicated by the presence 

of a third molecular species - a species formed through weak linkages between 
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two or more molecules. The spectra of these polymeric species are well 

isolated for glyoxal and biacetyl. Although no similarly well isolated 

system can be identified in the oxalyl halides, it is anticipated that 

polymeric species probably exist for the oxalyl halides and for a large 

number of other molecules. The presence of a polymeric species in the 

vapour .phase is, perhaps, surprising and should be taken into consider­

ation in experimental work related to the properties of such molecules. 
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APPENDIX I 

THE VAPOUR PHASE RAMAN SPECTRUM OF OXALYL CHLORIDE 

The trans oxalyl halide molecules of the type (COX) belong to the c h2 2

point group and. have a center of symmetry. Since only the totally symmetric 

ground state fundamentals are active in the UV spectrum, it is necessary to 

compare vapour phase values for the ground state frequencies from the UV 

spectrum with liquid phase values from the Raman. In order to avoid the 

problem of vapour-liquid shifts in compar ing the frequencies of the funda­

mental modes between Raman and UV, attempts were made to obtain the Raman 

spectra of the oxalyl hlaides in the vapour phase. 

The first experiment which was attempted was to employ a multiple 

reflection collecting cell in order to increase the efficiency of collection 

from a "folded" (multiply reflected) laser beam. A 10 cm collecting cell was 

designed. The aperture of the cell was matched to the aperture of the spectro­

graph in the manner outlined by Callomon(AI-l), and in addition the cell was 

so designed that the entire height of the entrance slit (approximately 5 cm) 

was i 11uminated. 

For the experiment, a Spex , Czerny-Turner triple slit monochromator 

was used with a Spectra Physics model 140, 2-watt argon ion laser. The slits 

of the spectrograph are vertical, and the laser beam was multiply reflected 

within the cell in the plane parallel to the slits and the axis of the 

spectrometer by means of plane parallel mirrors above and below the cell. 

The laser beam was reflected about 10 times. 

The laser spectrum of atmospheric nitrogen was run using the cell. 

It was found that no significant jmprovemcnt was achicvc<l over the normal 
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simpler configuration under which Raman spectra were usually run. An 

analysis of the two configurations was made. 

(a) The Normal Configuration: In this configuration, the laser beam is 

passed twice through the line where the entrance slit is "back-focussed" 

by a condensing lens. The scattered light is collected once in the forward 

direction and once in the backward direction (after reflection from a concave 

mirror) through a solid angle equivalent to the aperture of the instrument. 

(b) The Multiple-Reflection Collecting Cell: In this configuration a 

greater number of passes of the laser beam are employed, but none of them 

coincide with the position at which the entrance slit is "back-focussed". 

This means that only a negligible amount of light is collected in the 

spectrometer from a simple forward reflection. Al though the scattered light 

from any point of the cell is collected through a solid angle equiva1ent to 

the aperture . of the cell, much of it enters the spectrograph only ·after 

multiple reflections from the mirrors of the cell, with loss of intensity 

after each reflection. In addition, the laser beam does not illuminate all 

points of the cell. 

· It was concluded that for a condensed source such as the laser beam, 

which has dimensions that match the slit width of the spectrometer, it is 

not possible to use a multiple-reflection collecting cell to advantage. Such 

a cell has been used to obtain Raman spectra using a mercury arc light source 

(see reference AI-2). In this instance, the source illuminates every point 

in the cell, and the considerations employed in (a) and (b) above indicate 

that the multiple reflection collet·tion cell provides a significant advantage 

in this case. 

In order to settle a controversy in the UV analysis of the oxalyl 
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halides (see Section 4.3) an additional attempt was made to obtain the Raman 

spectrum of oxalyl chloride in the vapour phase. For this experiment, the 

spectrograph was set up in the usual configuration, and a cylindrical glass 

cell of . ~3nun diameter was used. A small amount of oxalyl chloride was 

sealed in the micro cell by use of a vacuum line. The cell was mounted in 

the cell holder of the spectrometer and heated to approximately 100°C b~· 

means of a hot air gun, thus vapourizing the sample. A spectrum was then 

run with spectrometer slits set at ~2 mm and without a filter in the laser 

beam (the latter to provide maximum power in the exciting frequency). A 

crude Raman spectrum overlapped by the plasma lines from the argon ion laser 

was obtained. It was possible to obtain some of the ground state frequencies 

in the vapour phase, and thes e frequencies have been listed in Table Al. No 

band can be observed in the r egion of 1217 cm-l the value proposed by Bal~our 

and King(AI- 3) for the ground state frequency of the C-C stretching mode of 

oxalyl chloride in the vapour phase. 

REFERENCE~ : 

AI-1. J. H. Callomon, Can. J. Phys., 34 , 1048 (1956). 

AI-2. B.P. Stoicheff, Can. J. Phys., 32, 330 (1954). 

AI-3. W. J. Balfour and G. W. King, J. Mol. Spect., ~' 130 (1968). 
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TABLE Al 

Ground State Vibrational Frequencies Observed by Raman Spectroscopy 

_for Oxalyl Chloride in the Vapour Phase 

Frequency 
-1cm 

231 

262 

285 

311 

386 sh 

471 

610 

630 

784 

802 

927 

1066 

1350 

1570 

1800 

Intensity 

w 

w 

w 

w 

m 

s 

w 

w 

w 

w 

vw 

w 

w 

w 

rn 



APPENDIX II 

THE SOLID STATE SPECTRUM OF OXALYL CHLORIDE 

(a) Introduction 

For the oxalyl halides (with the exception of oxalyl fluoride) it 

has proved to be impossible to observe temperature/intensity variations in 

the low temperature spectra of the molecules in the vapour phase because 

of their low vapour pressure and high freezing point (near 0°C). It was 

felt that the low temperature spectra in the solid phase might be of interest. 

Oxalyl chloride was chosen from the series because it is the most readily 

available and most easily handled. 

(b) Experimental 

Oxalyl chloride (obtained from Matheson Coleman and Bell) was used 

after single distillation. A Cary liquid helium cell was used to cool the · 

sample for recording the spectra. This cell was modified to permit prepara­

tion of the sample by spraying the compound on a cold window at low pressure. 

No equipment was available to record or control sample temperature. Spectra 

were recorded photographically on the Hilger model E quartz prism spectrograph 

using I-0 f~lm (see Chapter 2), and spec1rophotometrically on the Cary 14 

spectrometer. When matrix isolation of oxalyl chloride was attempted, a 

vapour phase mixture of COCR.COCR. and SF6 was deposited. The SF6 was obtained 

from Matheson (of Canada). A crystalline quartz window was used in the cell 

as the cold window. 

(c) The Spectra 

All samples were prepared by depositing, slowly, the sample on the 

cold window while the window w:1 s maj ntained near 1iquid nitrogen temperature. 
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The spectrum of the 1AuCnia ,7Tia ) + X1A transition was observed at liquidg u g 

nitrogen temperature, and little difference was noted between the spectra 

of the COCtCOCi/SF6 solid solution and pure COCtCOC2 solid. The spectn.tm 

at 77°K has been reproduced in Figure Al; the intensity of the continuous 

background absorption is much lower in the low temperature spectrum than it 

is in the vapour spectn.tm, indicating that it is the "hot" part of an . intense 

non-discrete transition to some higher energy excited state. The only 

structure observed in the ,spectn.tm at 77°K is a prominent progression having 

a frequency interval of approximately 14oo ·cm -1 which has a maximum intensity 

at the third member (i.e., -v~). It is assigned as a progression in the 

excited state carbonyl stretching mode. The frequencies of the observed 

peaks have been listed in Table A2. There is a change in the progression 

frequency after the fifth member at 2990A. The CNDO calculations described 

in Section 3.10 indicate the possibility of a second n + 7T* transition just 

to the blue of the first. The progression irregularity is considered to be 

evidence for the presence of a .second electronic transition, the 

1A (nza ,7T~a) + XlA, for which the origin is near 35,000 cm- 1. This trans-
u g u ' g 

ition is not observed in the vapour phase because of the combined problems 

of the intense continuous background and predissociation of the first n + TI* 

transition. 

The spectrum observed at 77°K sharpened up considerably when the cell 

was cooled with liquid helium. The best spectra were obtained for the 

COCiCOCt/SF solution, but the failure to observe the same quality of spectrum
6 

with pure COC2COC2 was probably attributable to differences in sample prepara­

tion. The temperature was not measured, but it is believed that it was near 

the temperature of liquid helium. The spectra obtained are shown in Figure A2. 

http:spectn.tm
http:spectn.tm
http:spectn.tm
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foigure Al The Ultraviolet Absorption Spectrum of Oxalyl Chloride at 77°K. 
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TABLE A2 

Bands Observed for Pure COCtCOCt Solid at 77°K 

Peak Positionst Band Separations 
-1 -1cm cm 

tt25000 (weak origin) 


26400 shtt 1400 


27950 sh (strong origin) 


29350 1400 


30750 1400 


32050 1300 


33450 sh 1400 


35100 1650 


36750 1650 


38450 sh 1700 


sh = shoulder 

t measurement 9f peak at maximwn peak height. Reliability of the numbers 
is approximately 50 cm-1. 

ttobserved in the thick film only. 
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. -1
In the thick solid film, peaks were observed at 24940 cm and 

26390 cm-l with total absorption to higher energy. These peaks are assigned 

0 . 1 3 - * -1to the o0 and 10 bands respectively of the A (n1a ,n1a ) +- X A electronic 
u g u g 

transition, indicating a value of rvl450 cm-l for v1 ' the carbonyl stretching 

3 - * 
I 

-1mode in the excited state. The A (n1a ,n1a ) +- X A transition was observed 
u g u g 

in emission from the crystal at 4.2°K by Shimada et al(AII-l). They list 

v _ as 24780 cm-l where their measurements were made on the leading (high0 0 

energy) edge of the peak. Frequencies measured in this work were the fre­

quencies at maximum peak height, which were used because of a lack of resolu­

-1tion. A measurement of the leading (low energy) edge of the 24940 cm peak 

gives a value of 24 780 cm-l for v in absorption for the COCR.COCR,/SF solid
00 6 

solution, in agreement with the value observed in the emission spectrum. In 

the vapour phase, Balfour and King(AII- 2) report that the origin of the 

-1 -1 . .
transition occurs at 24370 cm . A small shift (410 cm ) to the blue exists 

between the vapour and solid phase values of v _
0

.
0

. * 
In the thin solid film, the 1A Cnia ,n1a ) + transition is 

u g u 

observed. The frequencies of the observed peaks have been given in Table A3, 

and a tentative analysis of the spectrum is listed. Three frequency inter­

vals, approximately 450, 900 and 1500 cm-l, figure prominently in the assign­

-1ment. The band at v + 470 cm has been assigned to the superposition of
00 

4~ and 5~ because of its high intensity. The vibrational modes v 4 and vs are 

approximately described as the in plane lCCO bending and the (COCi) rocking 

modes respectively. The remaining intervals have been assigned to v2' and 

v1 ' respectively where v2 is described as the C-C stretching mode and v1 is 

described as the C=O stretching mode. By analogy with the n ~ n* (S-T) 

transition, the origin of the S-S transition should occur at the leading edge 
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Figure A2. Microdensitometer Trace of the Absorption Spectrum of Oxalyl Chloride at Low Temperature 
(near 4°K). 
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TABLE A3 

Observed Bands in the Liquid Helium Spectrum of Oxalyl Chloride 

Frequencies 
-1 cm 

27140t . 

27610 


28100 


28630 


28980 


29060 


29490 


30080 


30350 


30480 


30750 


30960 


31560 


31970 


32290 


32510 


32820 


33290 


33770 


34270 


34410 


Intensity 

m 

s 

w 

m 

w(sh) 

s 

w 

m 

w(sh) 

s 

m(sh) 

w 

m 

s 

w 

w 

w 

m 

w 


vw 


w 

in an SF6 Matrix 

Separation from the Origin 

o.o 

+470 

+960 

+1490 

+960+880 

+1490+430 

+1490+860 

+1490+1450 

+1490+1450+270 

+1490+1450+400 

+1490+1450+670 

+1490+1450+880 

+1490+1450+1480 

+1490+1450+1480+410 

+1490+1450+1480+730 

+1490+1450+1480+950 

+1490+1450+1480+1260 

32820 + 470 

32820 + 950 

Assignment 

? 
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TABLE A3 (cont'd.) 

34840 .m 

35220 w 

tThe frequencies listed are the frequencies of the peaks at maximum 
absorption. The value for v is 26850 cm-1 the frequency of the 
leading (low energy) edge of0~his peak. 
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-1 	 -1of the 27140 cm 	 peak. This gives a value of 26850 cm for v _ in. the
0 0 

-1 	 -1solid, a shift of 340 cm to the red from the value o.f 27188.9 cm reported 

for the vapour phase spectrum by Balfour and King(AII- 3) . . Again a break is 

3observed in the pattern of the progressions beyond v _ + 10 , providing
0 0 

additional evidence for a second electronic transition, the 

* ­1A (nza ,na ) + X1A , in this region.u g u g 

The most puzzling feature of the low temperature spectrum of the 

solid is the marked difference in the intensity distribution as compared 

to that observed in the vapour phase spectrum. The overlap of two unresolved 

bands in the region of v _ + 470 cm-l has been proposed as a partial answer,
0 0 

but in addition there must be a different Franck-Condon distribution of 

intensity in the solid state spectrum. 
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APPENDIX I II 

TI-IE EMISSION SPECTRUM OF OXALYL CHLORIDE 

Introduction 

As outlined in Chapter 4, and Appendix I, there has been consider­

able interest in obtaining the totally symmetric ground state vibrational 

frequencies of the c2h oxalyl halides in the vapour phase. A series of 

experiments was conducted to observe the n ~ n* transition in emission with 

a view to obtaining the ground state frequencies. Again oxalyl chloride 

was chosen because of its availability. 

Experimental 

The spectrograph, cell, and source of excitation used have been 

"b d b . . (AIII-1)descr1 e y Lim and Moule . Spectra were run on: 1) pure oxalyl 

chloride, 2) a 5/1 mixture of benzene/oxalyl chloride, with the samples 

flowed at low pressure. 

Discussion of Results 

When pure oxalyl chloride was investigated the strongest features 

observed in the emission spectrum were bands due to carbon monoxide. In 

addition a large number of weaker bands appeared which seemed (by virtue 

of their rotational profile) to arise from a transition of a polyatomic 
I 

species. When the benzene/oxalyl chloride mixture was investigated, again 

the emission spectrum was a superposition of bands due to carbon monoxide 

and the polyatomic bands; but in this case the polyatomic bands had approx­

imately the same intensity as the CO bands. 

The presence of CO emission bands indicates the tendency for oxalyl 

chloride to dissociate in the rf discharge to yield carbon monoxide as one 
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of the products. In the CO emission both the Angstrom bands and the Herzberg 

bands are observed. These bands were used as calibration for measurement of 

the spectrum. 

0 

In the polyatomic emission, weak bands are observed at 3680 A and 

4100 Awhich can be attributed to the origins of the lA 
u 

(n,n*) + lA 
g 

and 

3A u + 1A g transitions which have been observed in absorption for oxalyl 

.d (AIII-2,AIII-3)chlor1 e . The strongest polyatomic emission, however, appears 

to have an origin near 4380 A (22830 cm- 1). In the region to the red of 

0 

4380 A a large number of weak bands occur, some of which arise from weak 

emission systems of CO and many ·of which appear to be polyatomic in origin. 

The absorption in the region of 4380 Aconsists of a sharp spike associated 

with a less intense band some 40 cm-l wide. A strong band with a similar 

0
profile occurs at 22830 crn-l - 1095 crn-l The 4380 A band is proposed as 

the origin of 1B1 ~ 1A1 transition of cis oxalyl chloride with the frequency 

-1interval 1095 cm corresponding to the frequency of the C-C stretching rnod·e 

in the ground state. (Durig et al(AIII-4) give a value of 1059 cm-l for cis 

C-C stretch. The discrepancies in the frequencies determined from the 

emission spectrum could be as large as this difference.) No strong band is 

identified in the region where the first member of the progression in the · 

ground state carbonyl stretching mode is expected· and the above proposal 

requires that the C-C stretching mode be more active than the CO stretching 

mode in the n ~ n* system of the cis molecule. 
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TABLE A4 

Frequencies of Bands Observed in the Emission from a 5/1 Mixture of Benzene 

and Oxalyl Chloride in under Radio Frequency Excitation 

-1Frequency (cm ) 

24370 m 

24245 m 

23910 w 

23650 vw 

23230 s 

23190 s 

23120 m 

22995 w 

22940 s 

22830 s (sharp ~pike)} Tentative origin 
1B1 + 1A1 cis oxalyl chloride 

22745 m 

22304 vw 

4510.9 X s co 
22085 w 

21820 w . 

21735· s (sharp spike)} v00 + 2~ (cis) ? 

21500 m 

21375 m 

21290 m 

21760 m 

21110 m 

20955 m 

4835.3 vs co 

20170 m (sharp spike) 

20110 m 



APPENDIX IV 

FREQUENCIES OF OBSERVED BANDS IN THE ULTRAVIOLET SPECTRUM 


OF OXALYL CHLORIDE - l="L uo~ \t>E 


A complete listing of all bands observed in the ultraviolet spectrum 

of oxalyl chloride-fluoride is given in Table AS. Several bands observed are 

believed to be due to oxalyl chloride. Such bands are marked with an asterisk. 
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TABLE AS 

Frequencies of the Observed Band Heads in the Ultraviolet Spectrum 

Frequency 

(cm-1 vac) 

24990.6 

996.5 

25001. 3 

004.7 

235.4 

237.1 

242.5 

243.9 

265.4 

266.6 

268.8 

431.3 

434.6 

441.8 

443.4 

447.1 

479.3 

481.6 

483.1 

483.9 

487.5 

522.5 

of Oxalyl Chloride Fluoride 

Frequency Frequency 

(cm-1 vac) (cm-1 · vac) 

25526.9 25691. 9 

528.6 696.7 

530.2 698.1 

533.4 703.3 

536.3 705.6 

571.5 708.9 

573.6 710. 2 

579.6 712.4 

582.3 755.0 

602.1 762.4 

604.1 763.1 

606.9 769.1 

609.9 781.4 

611.6 783.0 

623.3 791.7 

650.4 807.1 

659.8 817.1 

669.S 818.2 

670.8 819.1 

677. 7 820.4 

679.0 822.3 

685.0 828.7 

Frequency 

(cm-1 vac) 

25830.7 

832.0 

833.3 

837.0 

848.1 

848.9 

854.8 

855.8 

861.0 

869.1 

878.1 

878.6 

879.6 

885.8 

886.7 

889.2 

892.S 

893.1 

902.0 

914.3 

931. 5 

933.0 
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25935.6 26059.3 26171. 8 26279.3 

937.8 060.3 176.6 281.8 

942.0 061.7 180.2 288.1 

945.1 063.6 182.2 291. 7 

950.6 065.1 189.8 294.2 

953.8 066.l 192.7 294.8 

960.8 071.2 195.7 295.8 

969.8 074.5 196.7 298.7 

973.3 075.4 207.5 299.3 

974.6 085.4 210.6 306.1 

978.5 089.4 212.4 307.3 

978.9 094.5 213.1 309.9 

981.6 096.5 213.6 329. 3. 

988.6 108.3 220.4 330.5 

989.3 110.6 220.8 333.7 

26000.0 111. 5 221. 7 338.2 

003.9 114.1 234.4 339.4 

009.1 116.5 237.2 340. 8 

010.6 117. 7 237.9 341. 3 

012.6 120.6 241.4 346.0 

022.1 129.0 246.0 348.0 

024.7 131.5 248.4 369.9* 

027.6 149.0 256.5 370.6 

030.1 150.4 258.4 376.9 

031.5 . 155.4 261.5 379.6 

039.2 157.8 263.8 384.0 

045.6 161.4 265.9 385.0 
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26391.2 26487.9 26567.2 26680.1* 

393.0 493.1 569.9 684.9 

396.5 495.3 575.6 686.3 

419.6 496.1 578.3 690.4* 

421.6 497.5 580. 2 . 694.4 

427.8 498.7 588.7* 696.1 

432.3 502.8 592.7* 698.0 

433.3 517.2 594.0* 699.7 

437.0 523.2 597.0* 701. 2 

440.2 525.7 598.9* 702.7 

443.2 527.3 602.9 704.2 

445.4 528.5 606.3 710.9 

448.2 529.0 610.0 713.4 

454.5 531.0 611. 7 714.5 

455.1 533.9 615. 9 . 723.0* 

458.4 535.7 619.1 723. S* 

459.6 537.4 621. 5 767.4 

463.2 544.5 634.7* 769.2 

464.6 546.3 637.9 776. 9* 

466.8 548.4 645.5 778. 3* 

469.5 551.9 647.5 781.4 

471.2 555.9 652.2 789.9 

472 .9 557.3 606.9 792.9 

476.8 562.0 663.6 795.2 

483.0 563.0 668.9 798.9 

485.7 564.2 671. 7 814.5 

486.9 565.2 674.3 831.3 



205 

26835.1 27052.4 27142. 4 27271. 0* 

837.9 054.7 165.7 272.0 

845.S 069.9 168.2 287.4 

848.0 077. 7 171.9 289.3 

851.5 081.6 177.1* 290.7 

861.4 083.6 178.1* 298.6 

899.8 085.2 182.2* 300.5 

901.9 087.0 183.5* 316.1 

903.2 089.S 185.2* 319.0 

943.5 095.7 187.8* 320.7 

949 . 3 096.6 189.0 325.1 

966.2* 098.0 192.2 330.2 

968.8* 100.1 206.1 335.1 

970.0 102.0 207.1 344.2 

972. 5* 104.3* 209.0 348.5 

976.4 118.4 210.2 355.2 

982.6 120.8 218.6 357.0 

987.7 123.6 220.1* 383.3 

994.5 124.5 224.4* 385.1 

996.7 126.6* 226.3 386.2 

998.5 130.6 230.9 405.4 

27007.5 131.5 234.4 406.7 

011.6 133.3 260.6 407.6 

015.7 134.5 262.1 417.3 

048.3 135.7 265.8* 439.5 

050.2 137.6 266.9* 441.6 

051.6 140.6 268.3* 469.3 
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27470.9 27631.0 27737 .5 27823.0 

480.8 633.2 739.7 825.4 

482.8 640.0 742.5 832.4* 

491.5 657.5* 743.7 838.4 

497.3 660.l* 750.2 840.3 

499.2 663.7* 752.9 841.5 

518.6 672.0* 755.1 843.6 

520.2 675.7 756.5 845.9 

534.8 678.2 759.0 856.5 

536.7 680.9 760.9 863.7* 

581.1 685.0 763. l 866.2 

582.3 686.7 765.9 869.9 

585.0* 690.0 768.3 871. 2 

587.6* 699.3 771.0 879.8 

590.7* 701. 3 774.9 881.8 

593.4 702.S 776.6 882.6 

594.6 704.4 780.7 887.2 

599.3 707 .4 785.1 889.8 

604.8 711.2 787.9 894.2 

606.5 713.8 789.3 904.2 

611.5 717 .5 802.3 922.8 

614.5 720.5 803.8 926.7 

617.2 724.7 805 .4* 927.8 

618.1 728. 2 808.4* 931. 2 

622.3 732.3 812.0* 939.8 

624.5 734.0 815.5* 942.6 

628.6 735.6 818.3 944.0 
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27946.5 28063.1 28258.8 28479.80 

949.2 067.1 260.9 495 .13 

957.5 069.2 277.0 505.73 

959.7 070.9 278.6 507.37 

961.4 072 .1 289.2 510.87 

962.3 074.4 291.2 513.99 

964.2 076.8 298.1 515.21 

966.5 078.4 332.7 518.12 

969.9 089.0 334.5 519.67 

973.0 098.3 349.5 531.32 

976.1 107.5 353.1 556.73 

978.9 111. 7 355.0 578.88 

983.4 116.0 362.8 590.85 

996.2 128.9 366.6 605.49 

28004.4 131.5 370.9 609.46 

005.9 138.9 375.6 639.98 

009.1 144.6 391.2 641. 36 

013.7 158.2 400.5 646.57 

018.9 160.8 414.3 654.92 

022.9 172. 2 427.3 658.49 

024.3 182.4 435.2 661. 06 

027.9 199.0 445.7 663.63 

029.6 200.1 452.1 676.60 

032.2 237.5 459.85 680.76 

036.9 240.9 466.09 685. 72 

046.S 242.6 477. 25 690.51 

059.5 246.1 478.73 698.87 
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28724 .46 28883.91 29108.8 29348.5 

738.43 888.99 125.0 351. 3 

747.45 ·892.28 131. 7 354.4 

760.82 893.07 132.8 366. 2. 

766.94 902.97 138.5 379.3 

768.99 904.44 143.4 385.0 

775.84 916.54 157.7 401.5 

783. 34 920.99 170.3 416.9 

786.48 92~.86 176.9 421.0 

791. 26 927.01 183.1 434.9 

795.44 935.20 201.4 438 .9 

803.36 937.25 213.2 459.1 

803.98 939.23 223.6 462.9 

804.66 957.01 228.7 467.3 

806.46 961. 97 238.7 469.2 

807.18 987.69 266.9 483.l 

808.48 988.94 278.1 487.2 

809.04 29000.76 281.9 499.6 

832.06 002.06 294.5 506.1 

836.36 017.87 302.7 514.2 

852.41 024.S 308.3 519.7 

854.25 042.4 313.4 527.3 

855.09 045.4 318.9 538.9 

856.15 073.9 323.6 548.5 

866.31 086.0 328.7 562.1 

868.32 100.3 340.0 582.3 

878.35 105.8 344.1 584.3 
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29588.0 29792.0 30089.1 30367.0 

594.1 793.8 103.1 380.0 

597.2 799.9 112 .1 381.4 

601. 8 810.9 122.3 404.2 

619.7 813.3 . 133.3 413.5 

621.8 815.4 151. 9 420.2 

629.3 822.2 155.2 440.6 

633.3 824.8 162.4 450.2 

635.1 835.1 163.8 459.0 

652.9 836.7 172. 9 465.3 

660.1 850.3 177 .1 473.4 

662.4 857.4 186.8 477.4 

674.0 863.9 191. 8 488.7 

675.9 885.4 199.1 489.7 

677.2 898.7 221.4 498.6 

700.4 919.3 238.4 505.7 

702.0 940.2 250.0 510.8 

717. 7 952.5 260.7 520.1 

725.4 960.4 271.4 528.9 

735.9 30004.0 283.0 541. 3 

739.2 006.2 296.2 557.2 

742.1 018.5 298.1 561.4 

745.6 039.5 311.3 573.9 

753.5 049.1 315.1 578.3 

759.7 072 . 3 334.5 582.8 

773.5 077 .6 337.5 592.4 

788.3 080.0 356.2 606.6 
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30610.8 30834.0 30079.9 

615.4 839.2 092.2 

633.3 845.5 108.7 

639.6 851.4 114. 7 

643.7 855.5 138.1 

646.8 861.4 159.3 

655.7 865.6 162.5 

658.8 871. 2 176.4 

668.0 885.1 182.8 

681.1 893.7 186.9 

700.3 895.4 195.2 

711. 7 903.2 198.4 

723. 7 916.9 208.0 

734.1 920.0 212.0 

750.3 925.8 261.0 

752.4 934.0 275.7 

759.0 956.7 315.5 

760.7 965.9 338.2 

763.8 975.2 341.8 

766.2 983.2 358.1 

779.2 993.0 380.5 

794.9 31000.7 396.4 

805.8 013. 7 425.3 

808.3 026.7 441. 9 

810.S 050.0 450 

815.7 074.7 550 

821.6 076.4 530 
*These bands are attributed to oxalyl chloride. 
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