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The two electronic band systems of oxalyl fluoride 

0 0 
whose origins are located at 3082 A and 3340 A have 

been photo~raphed in absorption under low resolution. 

These band systems have been assigned to 1A~1A and 
u ' 

3A~ 1A transitions respectively, and have been partially
u & 

analyzed in terms of the vibrational energy levels 

associated with the combinin, electronic states. 
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CHAPTER 1. 

INTRODUCTION 

I.THEORETICAL: 

The total internal energy of a molecule is the sum of the kinetic 

and potential energies of the electrons and nuclei, (we ignore here the 

translational kinetic energy or the molecule and the ener~ies due to 

electronic and nuclear spins ). The quantum mechanical Hamiltonian 

operator,:J:J-, corresponding to th~ internal energy has eigenfunctions, 

1j;, and eigenvalues, CT' which satisfy the equation 

(1.1) 

Equation (1.1) can be separated into equations for the electronic, 

vibrational, and rotational motions respectively. In order to achieve 

this, coordinate systems for the electrons and nuclei must be defined. 

The electronic coordinates, r. (x., y ., z.), are referred to a set of 
l. l. 1 l. 

molecule-fixed Cartesian axes ~th origin at the centre of m3ss. The 

nuclear coordinates, R., consist of JN-6 displacement coordinates,.J.,
l. l. 

with origins at the equilibrium positions of the nuclei, and three 

Eulerian angles, ( &, '! , X ), which define the orientation of the molecule 

1. 



2. 


relative to space-fixed axes. 

According to the Born-Oppenheimer approxim.ation1 the molecular 

Hamiltonian operator can be written as a sum of two components, i.e., 

where~E is the Hamiltonian for the motion of the electrons in the 

Coulombic field of the nuclei and has eigenfunctions ~(ri, Ri), and 

eigenvalues, Ep;i which satisfy 

(1.2) 

:1/-N is the sum of the operators for the kinetic and electrostatic 

repulsion energies of the nuclei which, together with the electronic 

energy, B.E' determine the potential field in which the nuclei move. 

~ has eigenfunctions, 1/N(R ), and eigenvalues, ~, which satisfy1

(1.3) 

Thus, the molecular wave .function, r;, of equation (l.l) becomes 

¥r = 'V;(ri, Ri) lf;;(Ri) (1.4) 

In general, the nuclear energies are considered relative to the 

bottom of the potential well given by 



where VN is the potential energy due to electrostatic repulsion of the 

nuclei. In spectroscopic discussions the electronic energy is taken as 

the minimum value of V(R.) and given t . e symbol E, i.e.,
1 e 

0 0 0E == V(R.) = E__(R. ) + VN(R.)e 1 ~ l. l. 

where R0 
• is the value of R. for which V(R.) is a minimum. 
1 l. l. 

In the rigid rotor approximation for the rotational motion, the 

nuclear wave function, 1.i'N'<R1), becomes 

(1.5) 

Substitution of (1.5) into {1.3) gives the equations 

(1.6) 

for the vibrational motion, where Ev is measured relative to Ee = V(R~), 

and 

(1.7) 

for the rotational motion. 

As a result of the separation of the electronic, vibrational, and 

rotational motions, the total e.."llergy, €,, T' becomes 

(1.8) 

and the total wave function, !!;, becomes 



(1.9) 

where the subscript of the electronic wave function, ~, in equation 

(1.2) has been ch&"'lged for consistency with the convex.tional electronic 

When a transition takes place between two states,~ andjf!;, 

energy is emitted or absorbed in the form of radiation with wave number 

(1.10) 

where the single and double primes refer to the higher and lower energy 

states respectively) h, is Planck's constant, and, c, is the velocity of 

light. 

IJ T,,.• 11)'The probability of transition between states1VT and-l"T is 

~ 

proportional to the square of the transition moment, M, which is given by 

(l.ll) 

._:;,. 
where~ is the dipole moment of the molecule. The transition is allowed 

INFRARED SP'lCTRA: 

When a transition takes place between two vibrational states )t--~ and 



5. 

f; associated with the electronic ground state, radiation is emitted or 

absorbed in the infrared spectral region . ("V'l0-101 000cm-1). The vibra­

tional wave functions ~ and r; are factors of the total wave functions 

v~ and rr respectively, i.e., 

1F I = 4 /,tt r•)/1 ,,//It 
T If' e c.rv YR (1.12) 

where yY~ =?j/: represents the electronic ground state, and 1/'~ = ~; 

for a simple vibrational transition. 


...,,.. 

For a simple vibrational transition, the dipole moment~, as a 


function of the internal coordinates,J., is given approximately by 
. 1 

(l.13) 

...:._.. 
where.}" is the permanent dipole moment of the mol ecule . 

0 

Substitution of (l.13) and (l.12) for; 1 ~,, and r;, in (1.11) 

gives the vibrational transition moment 

~ f '* 'f"Mv = 1/'v,qµ-- v d-c v (1.14) 

since 11}F* ce Ye dT e == 


and 
 fifR"* ttf"Rd rR = l, 

and andj'Y/;*i{ d-C= o~ 



6. 

(1.15)where 6_,;,°"t=£ (~) dJ. 
i ?4i 0 l. 

and d -r- = d 7:e d TV d r R 

-:;.­
The vibrational transition moment, V\T, is given relative to 

Carteeia.n axes fixed in the molecule. An infrared transition is allowed 

~ 

if Mv.is non-zero. 

Each infrared band is composed of rotational fine structure which 

results from transitions between rotational levels associated with the 

ccmbinin& vibrational. states. If rotational-vibrational transition 

__...,. 
moments, MvR,' are considered, a more complicated expression than (1.13) 

is required for the dipole moment~ In this thesisi only simple vibra­

tional transitions will be discussed. 

RAV.AN SPECTRA: 

Raman spectra result from transitions between vibrational levels of 

the ground state as do infrared spectra; however, the probability of a 

transition being observed in the Raman spectrum is proportional to the 

square of the polarizability rather than the square of the transition 

moment. 

~ 

The induced dipole moment, P, is given by 



7. 

(1.16) 

~ 

where ~ is the electric vector of the exciting radiation and OG is a 

dyadic, corresponding to the polarizability tensor which relates the 

_,.. -"1­

Cartesian components of P and 1=_ • For a simple vibrational transition 

the polarizability CX... can be expressed as the linear expansion 

(1.17) 

Substitution of (1.12) and (lel6) in equation (1.11) followed by 

substitution of (l.17) for ol gives the polarizability t ensor 

(1.18) 

where 

A transition _i_s allowed in the Raman spectrum. only if C( V~ o. As 

is the case with infrared bands, each Raman vibrational band is composed 

of rotational fine structure. 

VIBRONIC SPECTRA: 

When a transition takes place b~tween two electronic states 'tf' e 

1/_,..tland y e' radiation is usually emitted or absorbed in the visible or 

ultraviolet spectral regions, {tVl0,000-100,000cm-l). The Franck-Condon 

principle states that the nuclei do not move s i gnificantly during the 



B. 


->
electronic transition; thus, the electric moment, m, is not dependent upon 

the internal coordinates, ~ . • 
l. 

-:;­
Substitution of Ir for/-"" in equation (1.11) leads to the electronic 

transition moment 

{1.19)Me 1y:*-:7/: dz-JY~*f; dTv 

An electronic transition is allowed if M :/: O. The spectrume 

consists of a series of bands due t o transitions bet.een vibrational levels 

of the combining electronic states. Each vibrational band consists of 

rotational fine structure due to transitions between rotational levels 

'I I/' 11 I/' ~ //' /}IJ .
Of the CO!llbining vi?ronic states f e l( V and 'f' e lf' V• 

A necessary condition that the transition moments be non-zero is 

that the integrands in {1.14), {l.18), and (l.19) transform like the 

totally symmetric representation of the molecular point group. '!he 

conditions under which the integrands are totally symmetric are easily 

obtained by the methods of group theory which will be discussed in later 

chapters. 

II.HISTORICAL: 

The three molecules studied here are oxalyl fluoride, oxalyl chloride, 



and oxalyl chloride fluoride. Three possible isomeric forms for each of 

these molecules are shown in FIGURE 1.1. 

FIGURE 1.1 

ISOMERS OF THE OXALYL HALIDES 

0 x x 1P
\ lo lo ,,// 

c \c \ c 
I \ 11 I 

x I \ 
x / x I x 

CIS TRANS STAGGERED 
(planar) (planar) (non-planar) 

x, X ' == F, Cl 

In general the isomers sho\m in FIGURE 1.1 belong to different point 

groups and the selection rules for all011od spectroscopic tra.~sitions are 

different. It is therefore feasible to determine the isomeric form of a 

molecule from an a.~alysis of its molecular spectra. 

or the oxalyl halides studied here, only oxalyl chloride has been 

the subject of previous structural investigations. The earliest attempt 

3 
at determining the structure of oxalyl chloride was made by Wierl using 

the electron diffraction technique; however, his results were inconclu­

sive. More recently, Luvalle has determined that the structure is planar 

and trans by the same method. Luvalle 1s measurements of the interatomic 



distances have been reported by Allen and Sutton4 a~d are given in 

TABLE 1.1. 

TABLE 1.1 

INTERATOMIC DISTANCES FOR OXALYL CHLORID~ 

c - c 1.50 ±. 0.03 ~ 
C - Cl 1.72 ± 0.03 i 
c = 0 1.20 .i. assumed 

c - c = 0 123 ± 2° 
Cl-C=O 123 ± 2° 

Groth and Hassel5have studied the crystal. structure of solid oxalyl 

chloride by means of x-ray diffraction. The experimentally determined 

crystal space group is consistent with a centrosymmetric molecular 

configuration although there is evidence that the molecules are not 

strictly planar in the solid state. 

The infrared and Raman spectra of axal.yl chloride have been studied 

by several investigators~-l3In addition, some of the frequencies of 

o.xalyl chloride fluoride have been reported by Haszeldine and Nyman}4 

however, no references to the infrared. and Raman spectra of oxalyl 

fluoride are to be found in the literature. 

The most complete vibrational analyses of the infrared and Raman 



11. 

11 
spectra of oxalyl chloride were reported by Saksena and Kagarise, and 

12
Ziomek, Meister, Cleveland, and Decker. Saksena and Kagarise reported a 

marked temperature dependence of the intensity of certain bands, both in 

the infrared and Raman spectra. Bands whose intensity increased when the 

temperature was increased were assigned to the cis isomer. All other 

bands were assigned to the trans isomer. The energy difference, 6. H, 

between the cis and trans isomers was calculated using the formula 

It It 
1 2I' =I' exp (1.20) 

tl t2 

due 
15 

to Bernstein; It, It'' It , and It' are intensities of bands due to 
1 1 2 2 

cis and trans isomers respectively at temperatures T and T • Using the1 2

intensities of Raman bands at 533cm-l (assigned to the cis C-Cl stretching 

mode) and 620cm-l (assigned to the trans C-Cl stretching mode), these 

authors obtained an energy difference,.6.H = 2.8 K cal./mol between the 

cis and trans isomers. The product rule for cis and trans isomers given by 

16 
Bernstein gave observed a.~d calculated ratios of 2..44 and 2.5, respectively. 

In a later experiment, Kagarise reported a marked difference between 

the infrared spectrum of liquid oxalyl chloride at room t emperature and 
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the infrared spectrum of the solid at -78°C. Two bands (at 520cm-l and 

1050cm-1) present at room temperature but absent at -78°C, were assigned 

to the cis isomer. 

Ziomek et al. were able to make a complete assignment of all observed 

infrared and Raman frequencies on the basis of the trans structure alone; 

however, their analysis depended on the assignment of a depolarized Raman 

-1band, 35.5cm , to an in-plane fundamental, and the assignment of a polar­

-1 .ized. Raman band, 465cm , to an out-of-plane fundamental. The latter 

assignments contradict the symmetry selection rules for the trans isomer 

and leave this analysis open to question. Ziomek et al. carried out a 

normal coordinate analysis for both cis and trans models, in which they 

used a modified valence force field and initial force constants transferred 

from phosgene and ethane. The frequencies calculated for the trans isomer 

were in better agreement with ·the observed frequencies than were the fre­

quencies calculated for the cis isomer. 

The present analysis of the infrared and Raman spectra of oxalyl 

chloride has not explained the temperature dependence reported by Kagarise; 

however, the additional infrared data which has been obtained for the 
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1region 400-250 cm- , in particular, has made possible a more satisfactory 

assignment of bands which are definitely due to the trans isomer. In a 

later chapter detailed arguments will be advanced which indicate that the 

trans structure predominates at ro~~ temperature. 

The ultraviolet band spectrum of oxalyl chloride which occurs in 

17-20 
the region of 3700 ~ has been reported several times. The most complete 

18 
previous analysis is that reported by Sidman. He observed that the 

absorption spectrum consisted of sharp vibrational structure superimposed 

on a background of continuous absorption. The intensity of the continuous 

absorption increased relative to the intensity of the sharp structure as 

the temperature of the absorption cell was raised. Sidman concluded. that 

the sharp structure was due to a transition between electronic states 

of the trans isomer. He attributed the continuous absorption to a tran­

siticn from the ground state of the cis isomer to a non-planar excited 

state. The overall transition was identified as of n~TI* type, in 

which a non-bonding electron on the oxygen atom is excited into an 

unoccupied 11* orbital. 

20 
Saksena and Jauhri preferred to assign the continuous spectrum to a 
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transition between electronic states of Cl-C = 0 radicals which were 

considered to be formed by photochemical decomposition of the oxalyl 

chloride molecules. The sharp structure was then assigned to two over­

lapping band systems due to transitions between electronic states of both 

cis and trans isomers. There was no clear evidence which distinguished 

the bands due to one isomer from those due to the other; therefore~ the 

assignments do not seem to be necessarily justified. It is also quita 

unlikely that a sufficient number of Cl-C = 0 radicals to produce a 

spectrum would be formed during an ~xposure. 

19
Kanda et al. observed a weak band system in absorption at 4100 i. 

They also observed the phosphorescence emission spectrum of oxalyl 

chloride in cyclohexane at 90°K~ The absorption and phosphorescence 

were both assigned to a singlet-triplet transition of the n"-7 fr'* type. 

Measurements of the oscillator strengths,:/-, for the singlet-triplet 

transitions of several oxalyl.compounds were compared. These oscillator 

strengths are tabulated in TABLE 1.2. 
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TABLE l.2 

19
OSCILLATOR STRENGTHS OF THE SINGLET-TRIPLET

TRANSITIONS OF SOME OXALIL HALIDF.5 

MOLECULE APPARENT ELEC~NIC OSCILLATOR 
ORIGIN (cm- ) STRENGTH 

(CCC1)2 
(COidr )

2 
(COCH

3
)2 

24,374 
22,943 
19,500 

l.34 x l0-7 
-63.13 x 10 

1.12 x l0-7 

The investigation of the ultraviolet spectra of oxalyl fluoride 

was undertaken in order that a comparison could be made with the spectra 

of oxalyl chloride. As was the case with oxalyl chloride, the singlet-

singlet spectrum consists o:t sharp structure superimposed on a continuous 

background; however, there is a marked discontinuity in the continuum at 

about 2900 i, where it becomes so intense that the sharp structure is 

almost completely absent. Sidman observed no such discontinuity in the 

continuum of the oxalyl chloride spectrum. The discontinuity' is attri­

buted to predissociation due to overlapping of the lower energy planar 

excited state with a higher eneriY excited state which is predicted to 

24be non-planar. 

In order to check the validity of the growid state assignments ot 

the infrared and Raman frequencies, normal coordinate analyses :were _ 
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carried out for all three molecules. It was also hoped that the stretching 

force constants would give some indication of the bond strengths, and in 

particular, the C-C bond strength of oxalyl fluoride. 



CHAPIKR. 2. 

PREPARATION AND IDENTIFICATION OF OXALYL FLUORIDE 

AND OXALYL CHLORIDE FLUORIDE 

I.INTRODUCTION: 

A general method. for the preparation of acyl fluorides has been 

21
reported by Tullock and Coffman. By their method a chlorine atom of an 

acyl chloride is exchanged for a fluorine atom of sodium fluoride. The 

reaction is carried out in a non-aqueous solvent of high dielectric 

constant. ~hese authors prepared oxalyl fluoride (boiling point, 0-2°C.) 

from OY..alyl chloride, using tetrahydrothiophene-1,l-dioxide as solvento 

II.PROCEDURE: 

The procedure used to prepare oxalyl fluoride was an adaptation of 

the method of Tullock and Coffman. It differed from their procedure in 

that the reaction was carried out at room temperature (22°c.), without 

reflux, for longer periods of ~ime. Under these mild conditions, both 

oxalyl fluoride and oxalyl chloride fluoride (boiling point, -21°c./140;nm.) 

were obtained. The apparatus which was used is sho-.m in FIGURE 2.1. 

100 g. of tetrahydrothiophene-1 1 1-dioxide (Matheson, Coleman, and 

17. 



Bell, m.p. 20-22°c.) and 52 g. of powdered scxiium fluoride were placed 

in the two-necked 500 ml. flask A. Flask A was fitted with a dropping 

funnel, B, and connected to the rest of the apparatus. The system was 

evacuated and the mixture in flask A was stirred for 12 hr. with a 

magnetic stirrer. 

After the stirring period·, stopcock D was closed and air was let 

into the apparatus. TRAP IV was disconnected and replaced by a drying 

tube packed with Cac1 • TRAP I was cooled in a dry ice-acetone bath (-78°C)2

and TRAPS II a.l'ld III were immersed in liquid air (rv-190°c). With 

stopcock C open, 21 ml. of o.xalyl chloride were very slowly added from 

the dropping funnel to the cont~nts of flask A. Some decomposition took 

place during the addition of the oxal.yl chloride. Decomposition products 

condensed. in TRAPS II a.rid III (-l90°C.) but not in TRAP I (-78°C.). 

The reaction mixture was stirred for 4-12 hrs., longer time resulting 

in high~r ratios of oxalyl fluoride to oxalyl chloride fluoride in the 

product. When the reaction period was over, TRAP IV was reconnected and 

immersed in liquid air. Stopcock D was opened and the reaction product 

was pumped off the reaction mixture and condensed in TRAP I (-78°C.). 
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Warming of flask A made the release of products from the reaction mixture 

easier. Release of the products was noted by the effervescence of the 

mixture in flask A. When effervescence ceased, stopcock C was closed 

a.~d the liquid air bath on TRAP II was replaced. by a dry ice-acetone 

bath. All decomposition products then condensed in ·TRAP III. The 

contents of TRAP III were discarded and the contents of TRAPS I and II 

were distilled under vacuum into a sample tube. Unreacted oxalyl chloride 

was later removed from the reaction product by trap-to-trap distillation. 

The product sample which remained was a mixture of oxalyl fluoride, oxalyl 

chloride fluoride, q.nd a trace of oxalyl chloride. 

III.PURIFICATrON: 

A Perkin Elmer model 154 vapor fractometer was used to separate the 

components of the prod~ct sample. Since this instrument was designed for 

analytical purposes, its detector was intended for use with small quantities 

of material. For the large quantities of sample used in preparative work, 

a detector bypass device was provided with the instrument as an accessory. 

This bypass device allowed only a small fraction of a given sample to 

pass through the detector. 

22 
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FIGURE 2.1 

PREPARATIVE APPARATUS 

r 
I 
\ 
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FIGURE 2.2 

FRACTOMETER SAMPLING APPARATUS 
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Because oxalyl fluoride is a gas at room temperature, the syringe input 

to the fractometer could not be used; instead, a gas sampling device 

was employed. The analytical gas sampling valve on the fractometer was 

removed and replaced by the input apparatus shown in FIGURE 2.2. 

I 

The input apparatus was provided with pressure stopcocks A, A , B, 

and C. A and A ' were two-way stopcocks which could be turned so that the 

carrier gas, nitrogen, either bypassed the input system or flowed 

through it. 

The typical sampling procedure was carried out as follows: 

I 
Stopcocks A and A ~ere turned to bypass the input system; then, stopcock 

B was turned to open the input system to the vacuum pump. After evacu­

ation of the input system, stopcock B was closed, and stopcock C was 

opened. 0.5 - l ml. of sample were distilled into TRAP D which was 

cooled in liquid air. Stopcock C was closed and the sample in TRAP D 

was warmed up to room temperature in order to vaporize the sample. 

Stopcocks A and A ' were then turned so that the sample was swept out of 

the input system by the carrier gas. The carrier gas flow in the 

fractometer was sustained under a pressure of 15 p.s.i. The axalyl 
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fluoride fraction pa$sed the detector at rv 3-5 min. and oxalyl chloride 

fluoride passed the detector at rv 9-11 min. 

The packing which was used for the preparative column consisted of 

Chr~~asorb P (Johns-¥.i.a.nville 30/60 mesh) as support phase and fluorolube 

grease as stationary phase. The fluorolube grease made up 40% by weight 

of the packing. 

The fluorolube was dissolved in ethyl ether and dry Chromasorb P 

was stirred in. .After the mixture had been agitated for about 1 hr., 

the ether was stripped off by means of a rotary evaporator. The packing 

obtained was spread.out on paper and placed in an oven at 110°c. for 

4 hr. Two lm. x 25mm. glass tubes, each tapered to Bm.m. at both ends, 

were packed with the above material Cl.&"1d connected in sel~ies with a 

short piece of Tygon tubing. The free ends of the column were connected 

to the detector block by short pieces of ?mm. glass tubing. 

A sBM~ple gas chromato~ram.is given in FIGURE 2.3. Fractions were cut 

between ~ and ..X' for oxe..lyl fluoride and between Y and Y' for oxaJ.yl . 

collecting vessels~ 

http:chromato~ram.is
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FIGURE 2.3 

SAMPLE GAS 
CHROMATAGRAM 

NITROGEN PRESSURE 15 p.s.i. 


FLOW RATE maxim.um 


RECORDER SENSITIVITY 4 


I 

I I I 

12 ll 10 8 7 5 3 2 i 0 


TIME (MINUTES) 


http:maxim.um


IV.IDENTIFICATION OF COMPOUNDS: 

Oxalyl fluoride and oxalyl chloride fluoride were identified 

from c13 satellite peaks observed in their fluorine nuclear ma~etic 

resonance spectra. The analyses of these spectra have been reported 

by Gillespie and Bacon~3 
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V.PURITY OF SAMPLES: 

The gas chromatographically purified samples were checked for purity 

using an infrared spectrophotometer (Perkin-Elmer model 21, NaCl optics). 

The infrared spectrum of oxalyl chloride fluoride vapor showed no 

impurities up to 550rmn. sample pressure. No spectra were recorded above 

this pressure because of the smallness of the sample (0.5ml.). 

The spectrum of oxalyl fluoride vapor showed no impurities up to 

JOOmm. sample press~e, where the strong 936cm-1 band of o.xalyl chloride 

fluoride appeared weakly. Since .5mm. pressure of oxalyl chloride fluoride 

produced 5-10% transmission at 9J6cm-1, the percentage of oxalyl chloride 

fluoride present in oxalyl fluoride as an irnpurity was estimated to be 

less that 0.5%. The amount of oxalyl fluoride sample was approximately 

2ml. 

The pure samples described above were used for all the infrared 

work; however, these samples proved insufficient in amount for recording 

a Raman spect~. - In the case of oxalyl fluoride, a larger, relatively 



impure, sample (1-2% oxalyl chloride fluoride) was used for the Raman 

spectrum. 



CHAPTER 3. 

INFRARED AND RAMAN SPECTRA 

I.THEORETICAL: 

A discussion of the selection rules for vibrational transitions 

observed in the infrared and Raman spectra requires a knowledge of the 

symmetry properties of the vibrational wave functions, 'fv, which are 

solutions of the equation 

(1.6) 

The wave functions, ~, are functions of 3N-6 displacement coordinates, 

J.., which were des~ribed in Chapter 1. 
l. 

If the potential energy function is assumed to be harmonic, and the 

normal coordinates, Qk' (to be discussed in Chapter 5) are chosen as 

displacement coordinates, the potential energy is given by 

3N-6 

v = ~ z: >tk Q~ (3.1) 

k=l 
where 

and the kinetic energy is given by 

26. 
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3N-6 

T = ~ (3.2)2:i Q~ 
k=l 

To a very good appro.ximation~5the quantum mechanical operator for 

the kinetic energy can be written as 

3N-6 d2 
1 (3.3)-~lfi £. d 2 

k = 1 Qk 

Thus, the operator.J/V is given by 

3N-6 ·/ 3N-6 

flv=-~ £.i d2d Z /i kQ~ 
k=l Qk k=l 

which can be substituted into equation (1.6) to give 

3N-6 2 3N-6 ) 
(3.4)(-~ Z ~ Q2 d 6 »k ~ Yv = Ev rv 

k=l k k=l 

Since the Qk are orthogonal, the wave function, Vv- 1 can be written 

as 

3N-6 

(3.5)~v= 71*<~> 

k=l 

and consequently, 

3N-6 
(3.6)Ev=~~ 


k=l 

Substitution for Ev and i'; in equation (3.4) using equations (3.5) and 

(3.6) respectively gives 3N-6 equations of the simple harmonic ascillator 

form 
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2 

(3.7)(-~ ?<{ d\ Q0 ¥k" (Qk) = ~~ (~) 
k = 1,2, ••• JN-6 

Each of these equations can be solved to give 
1 1 

~(Qk) = [(~f v 1 ]::! exp(-~ ~k Qn Hy c.Y~ Qk) (3.8) 
2 k v 1 k 

k 1 

and ~ = (Vk + ~) 1i ~ ~ = (Vk + , ·~) 11-z.Jk (3. 9) 

A~ 
where vk is the vibrational quantum number, Jlk =__Ji is the classical 

211' 

\) -- 2 'i'T'i:Jk, ]
frequency, !k 1i and llyk ( 'i~ ~) is the Hermite polynomial of 

Substitution of equations (J.8) and (3~9) into equations (3.5) and 

(3.10) 

where 

and the total vibrational energy 

3N-6 

Ev= z (Vk + i)~-i{ (3oll) 

~=l 

Because of the assumption of a harmonic potential function, equation 

(3.1), the eigenvalues and eigenfunctions given in equations (3.11) and 

(J.10), respectively, are not in exact agreement with experiment. 

Experimentally, the vibrational energy levels decrease in separation as 
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the vibrational quantum number increases, whereas the above theory predicts 

equally spaced levels. The observed vibrational transitions are found to 

obey the selection rule ~Vk = :!: 1, :!: 2, '! 3, ••• , whereas the simple 

harmonic oscillator selection rule is .Livk = ~ 1. 

II.SYMMETRY: 

If a molecule possesses a set of symmetry elements, there is a 

corresponding set of symmetry operators which either exchange identical 

nuclei, or leave them unchanged. The symmetry operators, including the 

identity operator, constitute the elements of a point group. 

Symmetry operators are given special symbols. The operator 

symbols which will be used in this chapter are listed and described in 

TABLE 3.1. 



29a.FIGURE 3.1 

SYMMETRY ELEMENTS OF THE OXALYL HALIDES 
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TABLE 3.1 

DESCRIPTION OF SYMMETRY SYMBOL 

OPERATOR 

Identity E 

Two-Fold Rotation 

Reflection in a plane 
perpendicular to the 
principal ax.is 

Reflection in a plane ~(gg') 
in which the Pfincipal 
axis lies g,g = x,y,z 

Inversion i 

In FIGURE 3.1 the symmetry elements of each molecule are shown. Cis 

oxalyl chloride fluoride has the same symmetry elements as trans ox.alyl 

chloride fluoride. In TABLE 3.2 the point groups of the molecules are 

given together with the operators which make up each point group. The 

symmetry operators are referred to the Cartesian axes defined in 

FIGURE 3.1. 
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TABLE 3.2 

MOLECULE POINT GROUP SYMMETRY POINT 
OPERATORS GROUP 

trans (COF)2 E, c2 (z), Oh(xy), i 

trans (COC1)2 

cis (COF) E, c;(z), oy(zx), oV(yz)2 
cis (COC1)2 

COF.COCl E, ~(xy) c s 

The character tables for the point groups C2h' c2V' and C are 
8 

TABLE 3.3, TABLE 3.4, and TABLE 3.5, respectively. The irreducible 

representation or symmetry species appears in the first column of the 

character table. For example, the symmetry species of point group C are 
6 

f! • 

labelled A and A • The direct products obtained from multiplication 

of the corresponding characters belonging to two symmetry species are 

given in TABLES 3.6, 3.7, and ,3.8. 
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TABLE 3.3 

THE CHARACTER TABLE FOR POINT GROUP C2h 

.E c2 (z) Oh (xy) ic2h 

A l l l l g R z ct.xx' Ol.yy' Clzz' <:txy 

A 1 l -1 -1 Tu z 


B 
 1 -1 -1 1 R ,R g x y (J,,yz' C:zx 


B l -1 1 -1 T ,T 
u x y 

TABLE 3.4 

THE 9HARAC'I'ER TABLE FOR POINT GROUP c2V 

C2V E c2 (z) oV(xz) ~(yz; 

Al 

A2 

Bl 

B2 

1 

l 

1 

l 

1 1 l ITz 

1 -1 . -1 R z 

-1 l -1 T ,Rx y 

-1 -1 . l 

Ct:xx' ~' Qtzz 

~xy 

Ctzx 

C(yz 
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TABLE 3.5 

THE CHARACTER TABLE FOR POINT GROUP C s 

A ' l 1 T ~T ,R _x y z 

fl 

A T ,R ,R1 -1 z x y 

TABLE 3.. 6 

THE DIRECT PRODUCTS TABLE FOR THE c2h POINT GROUP 

A A B B 
g u g u 

A A A B B . g u ug i 


A 
 A A B B u u g u g 

B B B A A g g u g u 

B B B A A u u g u g 
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TABLE 3.7 


THE DIRECT PRODUCTS TABLE FOR THE c2V POINT GROUP 


Al 


A2 


B . 
1 

B2 

\ A2 Bl B2 

A2 Bl B2~ 

~ Ai B2 Bl 

Bl B2 Ai A2 

B2 Bl A2 Ai 

TABLE J.8 

THE DIRECT PRODUCTS T.ABIB FOR THE C POINT GROUP 
s 

I ti 

A A 

' t It 

A A A 

at n I 

A A A 



• • 

• • • • • 

• • • • • • 

• • • • • • 
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III.VIBRATIONAL REPRESENTATIONS: 

Let JN-6 independent valence internal coordinates, Sk' be chosen as 

internal displacement coordinates; then, application of any symmetry 

operator, R, to these coordinates will produce a new set of coordinates, 

t 

sk, such that 

' sl 
t 

32 

= 

t

83N-6 

011.,1 11.,2 11_,3N-6 

R2,l R2,2 R2,3N-6 

R3N-6,l RJN-6,2 • • • R3N-,6,3N-6 

sl 

s2 

• 
(3.12)

• 

• 

SJN-6 

where the matrix [R] is the symmetry transformation matrix which 

corresponds to the symmetry operator R. The set of transformation 

matrices generated by the application of the group symmetry operators, 

~~ to the coordinates, Sk' forms a representation of the molecular 

point group, because the matrices, [R] , satisfy the same multiplication 

rules as the symmetry operators R. The · coordinates, Sk' are said to 

form the basis of the representation. 

The character of the matrix, XR , is defined by 
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'/,R = z_ R.. (3.13)
i 1.1 

The character /(R has the property of being invariant under change of 

coordinates, provided that the new coordinates are related to the Sk 

by a linear transformation. The representations generated by coordinates 

which are related by a linear transformation are called equivalent 

representations. The normal coordinates, Qk' and the internal 

coordinates, Sk, generate equivalent representations. 

The molecules considered here belong to point groups which do not 

have degenerate representations, and have no degenerate norm.al modes of 

vibration; hence, in the following, we shall only consider the non-

degenerate case. 

In the non-degenerate case, application of a group symmetry 

operation, If, to a normal coordinate, Qk' gives 

(3.14) 

Thus, the character of the transformation for a single normal coordinate 

is given by 

(3.15) 

ct) 
wher e XR is the character of the transformation ~]in the irreducible 
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representation The character ~R of the transformation of all the 

normal coordinates can thus be given as 

(3.16) 

(t) 
where n is the number of normal c oorQ.inates which generate the 

dJ 
irreducible representation r1 and p is the order of the group. 

(tJ
n can be found from the formula 

(3.17) 

where g is the number of operators in the point group and gR is the 

number of the operators in the Rth class. The total vibrational 

representation f'v ~an be expressed as the direct sum of the irreducible 

nt.h
representations, J , of the 3N-6 normal coordinates, Qk' i.e., 

r = ±n(() rct) (3.18) 
v i=l 

Since each non-degenerate wave function 1/k<Qk) is a function of 

only one Qk, there are only as many fundamental levels as there are 

normal coordinates; thus, n{():also represents the number of fundamental 

levels which can be classified under a given irreducible representation 

A knowledge of the normal coordinates is not required in order to 
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(t) (1) . 
evaluate n from equation (3.17) since X'R can be found from the 

representation for internal coordinates. The valence coordinates, Sk' 

can be divided into classes which contain all the bonds or angles of a 

specific type in the molecule. For example, the carbon-halogen bonds 

rx and rx ' of the (COX)2 molecule. torm one class. Each class will trans­

form under symmetry operation R, with character ;rR(s). ;t'R(s) is 

substituted for XR in equation (J.17), to give 

CIJ P ch .1 
n (s) = - g gR XR ~ (s) (3.19) 

g ~=l 

such that n d)= ~ nd)(s) (3.20) 
s 

. cl) . 
The calculations ot: n for trans oxalyl halide, cis axalyl halide, and 

oxalyl chloride fluoride are given in TABLES 3.9, 3.10, and 3.11, 

respectively. '£Ae iinhPft8:1 eeereiiaa:&es are eiefieeei irt TA:BLB 3.12. 

~e characters XR (s) are arranged in a column below the character 

{'I)
table. The values of n (s) are arranged in the columns to the right 

of the group table. For example, consider the calculation of /(C (r ) 
. 2 

for trans oxalyl halide given in TABLE 3.10. If the c operation is
2 

carried out on the r the transformation is given by
x 

x 
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r x 
(3.21)I 

r[::] [: : x 

and thus, XC (r ) = O. In general, if a coordinate is changed by a 
2 x 

symmetry operation it contributes nothing to XR (s) while if the 

coordinate is left unchanged, it contributes 1 to /CR (s). If two 

ct)
coordinates are left invariant under a transformation., X R (s) = 2. n (s) 

lt).
is obtained by substitution of XR (s) into equation (3.19). n l.S 

obtained from equation (3.20) and f'V from equation (3.18). 

IV.SYMMETRY OF THE TOTAL VIBRATIONAL WAVE FUNCTION: 

The total wave. function, ~' given by equation (3.6) can be 

rewritten as 

3N-6

?Yv = rr11; (3.22) 
k = 1 k 

where P'; = ~ {Qk) and Vk is the vibrational quantum number. Thus, 
k 

the representation generated. by ~ is the direct product of the 

irreducible representations of the 3N-6 non-degenerate wave functions 

~ • i.e., 
k 

r,-tv> =rcw >®r<~ >® . . @rcY{ ) (3.23)• 
1 2 . 3N-6 

where r <1/f denotes a representation. 
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The simple harmonic ascillator wave functions fV giv~ by equation 
k 

(3.9) can be written as 

rf'v =nk Uk l\r ct~~) (3.24) 
k k 

where nk is a normalization constant and 

(3.25) 

Since Uk is an even function of Qk' 

(3.26) 

Therefore, Uk is invariant under any symmetry operation~ since 41?. can 

only .change the sign of Qk or leave Qk unchanged. 

Since Uk is invariant under any symmetry operation 12,, the wave 

function, ~, must generate the same representation as the Hermite 
k 

polynomial f1v ( i~ Qk). i.e., 
k 

J'(1/y) = r(HV ( ~~ Qk)) (3.27) 
k k 

The Hermite polynomials, lfv ( ?~ Qk), are given by 

k 


(3.28) 

If Vk is an even integer, ffv: ( X~ Qk) is an even !'unction 01' ~ since 
k 
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H__ ( ~~ Q ) = JL (- y~ Q_ ) (3.29)
--vk k k --vk k J( 

vk = 0,2,4, ••• 

Hence, HV ( ~ ~ Qk) is invariant under any symmetry operation~, since 
k 

~can only change the sign of Qk or leave Qk unchanged. i.e. , 

r(H__ <~~ Q ) ) = r<1) (3.30) . 
--vk k k 

vk = 0,2,4, ••• 

where f'(l) denotes the totally symmetric representation. 

If vk is an odd integer, 8v d ~ Qk) is an odd function of ~ 
k 

since 

(3.31) 

vk = 1,3,5, ••• 

Thus, 

(3.32) 

vk = 1,3,5, ••• 

since if Qk changes sign under .any ~ymmetry operation 1l, 1fv (~ ~ Qk) also 
k 

changes sign. 

Substitution in equation (3.27) for ~(Mv. ((~ Qk) given by equations 
k 

(3.30) and (3.32) gives the representation generated by~. i.e., 
k 
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vk = 0,2,4, ••• 
(3.33) 

vk = 1,3,5, ••• 

S~TRY OF THE VIBRATIONAL GROUND STATE 

The ground state wave fiinction ~~ is obtained by substitution of 

= V2 = ••• = v3N-6 = 0 in equation (3.22). i.e.,V1 
JN-6 

~ = 711fro 	 (3.34) 
k = l k 

From equation (3.33) 

(3.35) 

Thus the representation genBrated by the ground state wave function ~ 

is given by 

(3.36) 

V.SYMMETRY OF VIBRATIONAL EXCITED STATES: 

The wave function corresponding to the excited level in which n 

quanta 	of the Lth vibration are excited is given by 
JN-7n.t . 

(3.37)'0--v = ~ 7T J?o 
k = l k 
k ~..l 

where 1Ji = n.L and all other Vk = O. Thus from equations (3.23) and 

. 	 n.t 
(3.33) the representation generated by1f'v is 
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r<1) V = n = 0,2,4, ••• 

(3.38)r <1'./ >= 

V = n = 1,3,5, ... 

If Vt= Il.l = 1, equation · (3.37) gives the representation of the 

fundamental l evel of the -lth vibration. 

If Vk~2, equation (3.37) gives the representation of an overtone 

l evel of the ..e.th non-degenerate vibration. 

An excited level in which V..e quanta of the --R_th vibration and 

thV qua.~ta of the m vibration are excited is called a combination level. 
m 

v,, v 
The corresponding wave function 1f"v m, from equation (3.23), is given 

by 

V V JN-8 

'Ifv 
1

, m = ~ lfv ff yV"ok (3.39) 
mk=l 

k;/=..l;-'m 

where V.t, vm >0 and all other vk = o. Thus, the representation Of the 

combination l evel is 

(3.40) 

or 



= 

v ,v = o, 2, 4, •• m 

v = o, 2, 4, • m 
v = 1, 3, 5, ••• 

(3.41) 
v = o, 2, 4, ••• 
v = 1, 3, 5, ••• m 

v ,v = 1, 3, 5, ••• 
m 
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VIBHATIONAL REPRESENTATION OF TRANS OXALYL HALIDE 


c2h E c2 <rt i n( ~ 
r 

:; l t 7 J ( ) i 

A g 1 1 1 l 1 1 1 1 l l a 0 0 5 

A .u 1 1 -1 -1 0 0 0 0 0 0 1 1 2 

B 
g 

1 -1 -1 1 0 0 0 0 0 0 1 0 1 

B 
u 

Y (r )
R c 

1 

l 

-1 

1 

l 

1 

-1 

1 

0 1 l l l l~ 0 0 4 

)t (r )
R x 

X (r )
R o 

x (~) 
R 

x ~)
R 

X <Y)
R 

2 

2 

2 

2 

2 

0 

0 

0 

0 

0 

2 

2 

2 

2 

2 

0 

0 

0 

0 

0 

}) = i:£g X(f) "/. {s ) 
s g R R R 

R 

r V = 5A +2A + B + 4B g u g u 

a • • • REDUNDANT COORDINATE 

,X<~
R x(Z) 
R 

2 

l 

0 

1 

-2 

-1 

0 

-1 

•"' 
~ 



TABLE 3el0 

VIBRATIONAL REPRESUJ '.CA'I'ION FOH CIS OXALYL HALIDE 

E {i) <1> (~) Ci) Ct) d)c2 av<zx) CJV (yz ) n: <l> d> ci>C2V 

l l 1 l l 1 l l l a Al 1 0 0 5 

l 1 - 1 -1A2 0 0 0 00 0 1 1 
 2 


l - 1 l -1Bl 0 0 0 0 0 0 1 0 l 

1 . -1 1 1
- 0 1 l 1 l la 0 0B2 4 

X, {r ) l l 1 lR c 


X {r) 

2 0 0 2
R x 


n d) = J... g g X' c:f) Xtcs) X{r ) 2 0 0 2 
 s .. g R R R 


):( {ol) 


R o 

0 .2 0 2 
 r V = 5A1 + 2A2 + B + 4BR 1 2 


~ ~) 2 0 0 2
R a • • • REDUNDANT COORDINATE 
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VI.SELECTION RULES: 


INFRARED SPECTRUM 

The transition moment, M;, for a simple vibrational transition was 

given by equation (1.14). This equation can be broken down into 

_.. 
expression for the three Cartesian components of Mv, i.e., 

(~1y) = f 'If;, 4t'x 'ltv.. d C:V 
x 

(.!l'V) =J1£';, A_,µ.y Vv" d 7: v (3.42) 
y . 

(My) =Jf;, A/z 'fvn d z;--v 
z 

A transition is allowed in the infrared spectrum if at least one of 

the integrands of (~.42) is totally SJmDletric; thus, the condition for an 

allowed transition is given by 

(3.43) 

g = x,y,z 

LlLl transforms as a translation, T (g = x,y, or z), along one of
T g g 

the Cartesian axes. The irreducible representations generated by 

T , T , and T are given in TABLES 3.3, 3.4, and 3.5. The conditionx y z 

expressed by equation (3.43) can thus be given as 
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(3.44) 

g = x,y,z 

For example, a transition will be allowed in the infrared spectrum of 

trans oxalyl fluoride if 

(3.45) 

P..AMAN SPECTRUM 

Selection rules for simple vibrational transitions observed in the 

Raman spectrum are derived from the polarizabiiity tensor given by 

equation (1.18). The elements of this tensor are given by 

(«v~ =Jy;, (Llcl) 1fv~ d .,;v
gg' gg' 

A transition is allowed in the Raman spectrum if at least one of the 

integrands of equation (3.46) is totally symmetric, i.e., 

The representations to which the .d~g' belong are given in TABLES 3.3, 

When normal incident light is used as exciting line, the scattered 

light may be partially polarized. Conversely, if polarized incident 

light is used, the scattered light may be partially depolarized. The 
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depolarization factor for a Raman line is given by 

6~2 
,P = 2 2 

45 c:L + 7f' 
where 

OC= 3l(OC. + ~ +a., )xx yy zz 

and 

and the ~ , (g,g' = x,y,z) are given by (3.46).
gg 

If r( OG I ) is a non-totally symmetric irreduci'ble representation,gg . 

the depolarization factor j) = 6/7 since in this case Dl = ex_ = ~ = O.
/ xx yy zz 

If F'( ot 1 ) is totally synnnetric irreducible repre::sentation, /.J ~6/7 
gg - / 

since in this cas e a. , ex ' and' Cl can all be non-zero .. xx yy zz 

The selection rules for oxalyl fluoridej oxalyl chloride, and 

oxalyl chloride fluoride are summarized in TABLE ,3.l3e The sel<f;ction 

rules for the staggered form (point group c for (COX) ) were established2 2

~6 
from the correlation tables given by Wilson, Decius and Cross. The c V2

and C2h point groups each have the c2 point group as a subgroup. The 

irreducible representations of the three point groups are correlated as 

follows: 
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c2h c2 C2V 

A 

J { Alg 
A

A u A2 

B u {BlB 

g 
}B B2 

Thus, the vibrational representation of the staggered (COX)2 isomer is 

Note that small letters have been used to designate the irreducible 

representations of the normal modes. Throughout the remainder of this 

thesis this convention will be followed. In a~dition, the irreducible 

representations of combinations and overtones will be denoted with 

capital letters. 
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TABLE 3.13 

MOLECULE RAMAN INFRAREDrv ACTIVE POLARIZATION ACTIVE 

Trans Oxalyl 5a+2a+b+4b a p a g u g u g uFluoride 

Trans Oxalyl b dp b g uChloride 

Cis Oxalyl 5a1+ 2a2+ b1+ 4b al p al2Fluoride dpa2 
Cis Oxalyl dpbl bl 
Chloride dpb2 b2 

Oxalyl 9a' + 3a" a' p a• 
Chloride 

a" dp a"Fluoride 

Staggered ?a + 5b a p a 
Oxalyl b dp bFluoride and 
Oxalyl 
Chloride 

Staggered. Completely asymmetric with no 
Oxalyl symmetry selection rules.Chloride 
Fluoride 



CHAPTER 4. 

ANALYSIS OF THE INFRARED AND RAMAN SPECTRA 

I .EXPERIMENTAL: 

a) INFRARED SPECTRA: 

The infrared spectra of the vapours of oxalyl fluoride, oxalyl 

chloride, and o.xalyl chloride fluoride were recorded from 4000cm-l to 

250cm-1 on a Perkin-Elmer model 521 grating infrared spectrophotometero 

The infrared spectrum of oxalyl fluoride was also recordea in the range 

400 - 200cm-1· on a Beckman IR9 infrared spectophotometer equipped with a 

cesium iodide prism. For spectra recorded on the Perkin-Elmer instrument, 

-1 ' -1
slit widths ranged from 195 microns at 4000cm to 1578 microns at 250cm • 

The wave num.bers of the bands were calibrated against the values for bands 

due to polyethylene film, atmospheric water vapour and atmospheric carbon 

dioxide . 

Sets of lOcm. gas cells were equipped with NaC11 KBr and polyethylene 

windows. The NaCl and KBr windows were attached to the cells by means of 

zinc gaskets. Polyethylene windows were butted against the ends of the 

cells and held firmly in position by means of a specially constructed 

53. 
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metal fra.me. 

The vapour pressures used in the cells varied between lmm. and 

800mm. for oxalyl fluoride, lmm. and 550mm. for o.xalyl chloride fluoride, 

and lmm. and 125mm. for o.xa.lyl chloride. 

Uncertainties in the measurements of the apparent band origins were 

estimated to be ±5cm-1 for oxalyl fluoride, and ±5 - lOcm-l for oxalyl 

chloride and oxalyl chloride fluoride. 

b) RAMAN SPECTRA: 

The Raman spectra of . liquid oxalyl fluoride and liquid oxalyl chloride 

were recorded photographically using a Hilger E612 glass-prism spectro­

0 

graph. This spectrograph has a linear dispersion of 23 A/mm. in the 

0 0 

vicinity of 4358 A. The exciting line, Hg4358 A, was produced by a 

vertically mounted Toronto - type mercury arc which had a striking 

potential of 250 V.D.C. and an operating current of 12 amperes. 

The Raman cell was assembled as shown in FIGURE ·4.1. A sample was 

distilled under ~acuum into TUBE A which was then sealed off. A filter 



of saturated ammonium nitr~te solution which was circulated through the 

0 

jacket C, enabled the exciting line, Hg4358 A, to be isolated from 

0 0 

Hg4046 A and Hg4076 A. The circulating filter solution was cooled 

externally by inserting in it a coiled metal tube through which cold water 

flowed. Additional cooling of the cell was ob~ained by blowing cold air 

through the annular space D; thus, the sample temperature was kept at 

room temperature (22°c.). 

Spectra were recorded on Kodak IIa-0 spectroscopic plates. Exposure 

times for N 5ml. samples were IV 1 - 60 min. for oxalyl fluoride and 

/V 1 - 10 min. for oxalyl chloride. 

Densitometer records of the photographic plates were obtained with a 

Leeds and Northrup microphotometer. A dispersion curve constructed to 

the same scale as the microphotometer records was obtained from spectra of 

mercury and iron arc lines. The wave numbers of the Raman bands were 

detennined from their microphotometer records by interpolation, using the 

dispersion curveo 

Depolarization ratios of the bands were obtained by the method of 

27 
Edsall and Wilson.' Polaroid cylinders were slipped around TUBE B so that 
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incident light was polarized either perpendicular or parallel to the 

axis of TUBE A. Exposures of equal duration for each direction of 

polarization were recorded adjacent to each other on the same photographic 

plate. 

In order to make quantitative measurements of the depolarization 

ratios of the spectral bands, the photographic plates were calibrated 

for relative intensity, I, as a function of optical density. The slit of 

tr.e spectrograph was illuminated directly .with an ordinary 30 watt frosted 

light bulb. Exposures of the continuum for equal exposure times were 

recorded on a photographic plate for slit widths which were chosen in the 

ratio 1:2:4:8 ••• It was assumed that the intensity of the continuum• 

emitted by the bulb was constant over the spectral region of interest 

0 

(4358 - 4900 A) and that the intensity was proportional to the slit widtho 

The continua· on the photographic plates were microphotometered to 

give curves of optical density, n(-z.J) Vs. v!(cm.-1 ), (the wave number being 

obtained from the dispersion curve) for each slit width. The optical 

density, D(-i}), of the emulsion, is given by 

0 
I 
mn(-z}) = log 

I (-z})
m 
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0where r and I (~) are respectively the intensities of the light incident m m 

on the photographic plate and of the light transmitted by the photo­

graphic plate. 

Curves of optical density, D(-VR) Vs. log (I) (I ol slit width) were 

constructed for each observed wave number (-zJR) of the Ra.man spectrum.. 

The optical density of a Raman band with wave number ?JR was converted 

to intensity by interpolating log(I) from the curve and converting log (I) 

to relative intensity (I). 

The depolari_zation ratio f'R of a band with wave number -ilR was 

calculated from 

f =~ 

R I 

.L 

where I.L is the intensity of the band for incident light polarized 

perpendicular to the axis of TUBE A (FIGURE 4.2) and I,, is the intensity 

of the band for light polarized parallel to the axis of TUBE A. 

As a check on the validity of the above method, it was used to measure 

depolarization ratios for the 459cm-l and 317cm-l bands of carbon 

t etrachloride. These results are compared with those of Koningstein and 

28 
Bernstein (hereafter called KB) in TABLE 4.1. 
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TABLE 4.1 

DEPOLARIZATION RATIOS OF SOME CC1 BANDS
4 

KB PRESENT THEORETICAL 
VALUE 

459 0.17 0.21 0 

317 1.14 1.096 0.86 (6/7) 

The values of ;°R determined by.the procedure described above are in 

reasonable agreement with KB's values but neither set of experimental 

values agrees ·with the theoretical values predicted in Chapter III. The 

28 
reasons for this disagreement are described elsewhere. A band was 

considered to be depolarized if its experimentally determined depolar­

ization ratio was greater than 0.86. 

II.ROTATIONAL ISOMERISM: 

In the following sections, the classical description of normal modes 

and frequencies of vibrations will often be used instead of the quantum-

mechanical one for the sake of simplicity. 

On the basis of the selections rules given in TABLE 3.13, the 

predicted spectra of the th;-ee possible isomers (trans, cis, and staggered) 
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of oxalyl chloride and oxalyl fluoride are different in the following 

respects: 

(i) 	 The trans isooer (point group C2h) is centre-symmetric; 

therefore, vibrational modes which are active in the Raman 

spectrum (5a and b ) are inactive in the infrared spectrum
g g 

while modes active in the infrared (4b and 2a ) are in-u u 

active in the Raman. 

On the other hand, ten vibrational modes of the cis isomer 

(5a1, 4b2, and b ) are active in both spectra. The two a1 2 

mod.es.are active in the Raman, but not in the 

infra.red. 

All twelve modes of the staggered isomer (point group c2) 

are active in both spectra. 

(ii) 	 Only one strong depolarized band is predicted in the Raman 

spectrum of the trans isomer (due to the b mode) while 
g 

seven ~~polarized bands (2a.
2

, b1, and 4b ) are predicted
2

for the ~is isomer, and five depolarized bands (5b) are 

predicted for the staggered isomer. 
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In the light of these differences, it should be possible to deter­

mine which isomer is most stable at room temperature from a qualitative 

consideration of the spectra. If the Raman spectrum has less than five 

depolarized bands, and there are fewer than ten Raman frequencies 

coincident with infrared frequencies, it can be assumed that the most 

stable isomer is the trans isomer. This assumption may be justified by 

subsequent complete assignment of all the spectral frequencies. On the 

other hand, if there are more than seven depolarized Raman bands and at 

least ten Raman frequencies which are coincident with infrared frequencies, 

the cis isomer can be assumed to be most stable. 

On the basis of the above, it would be difficult in practice to 

distinguish between cis and staggered isomers because of the activity of 

combination bands. Likewise, a mixture of tra.~s and staggered isomers 

would be very difficult to distinguish from a mixture of cis and trans 

isomer3. 

The LCAO (LINEAR C~J3INATION OF ATOMIC ORBITALS) molecular orbitals 

(see FIGURE 6.1) show that Tr'-bonding is possible across the carbon-

carbon bond in the planar isomers but not in the staggered isomer. As a 
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result, the staggered isomer is expected to be much less stable than the 

planar isomers are predicted to be, and consideration of the staggered 

isomer can be safely dropped at this point. 

Cis and trans o.xalyl chloride fluoride belong to the same point 

group (C ) and hence have the same symmetry selection rules. Spectra for 
s 

these two isomers are therefore predicted to be qualitatively identicalo 

III.ASSIGNMENT OF SPECTRAL FREQUENCIES TO MOLECULAR VIBRATIONAL MODES: 

To a limited extent, spectral frequencies can be correlated with 

certain atomic groups or bonds in a molecule. For example, any molecule 

-1with a C = 0 bond gives rise to a band in the region 1600-1900cm , 

thus, even though the molecule as a whole is in motion, such a frequency 

is assigned to the carbonyl stretching mode. If a molecule has two 

carbonyl groups, two frequencies can appear in the carbonyl region. In 

addition, il the two carbonyl groups are related by symmetry, one 

frequency can be assigned to a·symmetric carbonyl stretching mode and the 

other to an antisymmetric stretching mode. Symmetric modes are those for 

which the molecular symmetry is maintained during a vibrational cycle and 

antisymmetric modes are those for which vibration distorts or lowers the 
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molecular symmetry. 

In T.t\BLE 4.2 the expected frequency regions for valence bond 

29
stretching motions of the oxalyl halides are given. 

TABLE 4.2 

29 
SPEC'TRAL REGIONS FOR VALENCE STRETCHING MODES 

BOND SPECTRAL REGION (cm-l) 

C=O 1700-1900a 

C-C 800-1200b 

C-F 1000-1400 

C-Cl 600-800 

a. 	 Spectral region shifted to higher frequency (cm-1) 

due to °"-halogen substitution. 

b. 	 Upper limit taken as C-C stretching frequency of 

glyoxa.l. Lower limit taken as C-C single bond 

frequency. 

In general, frequencies are difficult to correlate with bending modes 

of individual angles particularly in planar molecules; thus, frequencies 

are assigned as in-plane, out-of-plane, and torsional bending modes 

of the whole molecule. 

In the present case, frequencies of strong bands were first identified 
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as fundamentals. Frequencies were assigned to valence stretching modes 

on the basis of their spectral regions. Bending frequencies were 

assigned by comparison with the bending frequencies of similar molecules 

(carbonyl fluoride, carbonyl chloride fluoride, etc.) whose normal 

coordinates were known. 

Assignments of infrared frequencies can be simplified if the 

contours of the bands in the vapour spectrum are resolved. For a given 

asymmetric top molecule, three types of band contour are possible. 

These are called A, B, and C types according to whether the transition 

moment is parallel t? the a, b, or c inertial axes respectively where 

(4.1) 


The principal moments of inertia, Ia, ~, and Ic are the roots of the 

30 
secular determanant 

I - I -I -Ixx xy xz 

-I I I -I I: 0 (4.2)
xy yy yz 

-I -I I - Ixz . yz zz 

where the x, y, and z axes (fixed in the molecule) are chosen arbitrarily 

and I , I , I , I , Ixz' and I are given by equations of the form xx yy zz xy yz 



~ 2 2
I =~m1(y. + z.) (4.3)xx . J. 1 

1 

I = ~ m. x. y. (4.4)xy~111
l. 

Band contours due to unresolved rotational structure are estimated 

31 
from the ba~d contours calculated by Badger and Zumwalt usin~ the 

calculated values of Ia' ~' and Ic. 

In the planar molecules studied here, the C-axis is directed normal 

to the plane. An out-of-plane vibration for which the dipole moment 

change (transition moment) is parallel to the C-axis gives rise to a 

C-type band. In-plane transition moments can have components along both 

A and B axes and hence hybrid AB-type bands are possible. 

In the Raman spectrum of the liquid, band contours are not resolved; 

however, the band depolarization ratios f R indicate whether the 

corresponding molecular vibration is symmetric or antisymmetric. 

Symmetric modes give ri.se to polarized bands ({JR ~0.86) while anti­

S;}'llll!letric modes give rise to depolarized bands </a >0.86). In the 

special case of the trans isomer of (COX)2 there is only one depolarized 

band which is due to a s~n~tric out-of-plane bending mode. 

In the spectral analyses which follow, the frequencies assigned to 



the 	normal modes are numbered according to the foil owing convention: 

(i) 	 'I'he assigned frequencies are grouped together according 

to the irreducible representations of the normal modes. 

(ii) 	 The frequencies within each group are arranged in 

descending order of magnitude. 

(iii) 	 The frequency groups a.re arranged in the order in which the 

corresponding irreducible representa~ions are listed in 

the point group character table (TABLES 3.3, 3.4, 3.5). 

(iv) 	 Beginning with the frequencies assigned to the totally 

syt.'ll!l~tric modesj the frequencies are numbered 

-vJ1, -z)2 , ~' • • o etce 

For example, the vibrational representation of trans oxalyl fluoride is 

rv 	= 5a + 2a. + b + 4b g u g u 

The frequency numbering is as follows: 

5a g -pl>~> µ13 yiJ4 )-iJ5 
2a -v6 	/'7Y7u 

b 
g Pa 


4b 
u 	 -i'9>~o> -Vu/-p>u 

The irreducible representation is placed in brackets after the 
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freque..~cy assignment, eg . p/10(bu)' J? (ag)' etc. In addition, it is1 

convenient to use the frequency assignments ~1(ag)' etc. to identify 

also the normal mod.es of vibration themselves. 

IV.VIBRATIONAL ANALYSIS OF OXALYL FLUORIDE: 

The infrared spectrum of oxalyl fluoride vapour is given in FIGURE 4.2. 

The Raman Sf~Ctrum of the liquid is given in FIGURE 4.3. The frequencies 

(cm-1), depolarization ratios and assignments are given in TABLE 4.3. 

The Raman spectrum has only one depolarized ba~d (420cm-1 ), and it 

was assumed that a satisfactory vibrational analysis could be obtained on 

the basis of the trans isomer alone. Furthermore, no satisfactory · 

analytical scheme could be found which assumed that either pure cis isomer 

or a mixture of cis and trans isomers was present. 

In the infrared spectrum, the contours of several bands are resolved. 

On the basis of an assumed geometry (CHAP'"l'F11 5, TABLE 5.3) the band 

contours were calculated for trans oxalyl fluoride at 3000 K. 'i':he 

calculated band contours are given in FIGURE 4.4. The central branch of 

a band is called the Q branch. The other two branches are called the P 

(low frequency side) and R (high frequency side) branches. The different 
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FIGURE 4.4 
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separation ~~m-l) of the P and R branch maximum was considered to be 

the main distinguishing feature between the A and C-type bands. For an 

A-type band, A-PPR= 'Vl5clli-l, while for a C-type band A-PPR =""Vl0cJL.-l. 

Identification of the band types was complicated by the possibility of 

hybrid bands with both A and B character; however, the ~-J)PR value did 

provide a guide to identification. 

-1Bands with the contour of the 1870cm 	 band (which has no Q branch) 

-1 6 -1were identified as B-type bands. The 1098cm and 12 9cm were both 

taken to be AB-type hybrid bands. Identification of the band type of the 

-1672cm band was di~ficult because of its intense Q branch; nevertheless, 

since ~~R was approximately 15cm-l, this band was taken as an A-type 

band. It should be noted that in TABLE 4.J, 672cm-l is assigned to an 

in-plane fundaraental coincident with an out-of-plane combination frequen~y. 

This accounts for the complexity of the band. No C-type bands were 

resolved well enough for any positive identifications of them to be made 

from their contours. 

Vibrational analysis began with a consideration of the Raman spectrum.. 

The 420cm-l band is the only strong depolarized spectral band, and was 
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assigned to the symmetric out-of-plane bending mode -i)8 (bg). The five 

strongest polarized bands are at frequencies 1872cm-1, 1286cm-1, 809cm-1 , 

-1 -1565cm , and 292cm • Frequencies were assigned to stretching modes on 

the basis of the spectral ranges given for bond frequencies in TABLE 4.2; 

-1thus, 1872cm was assigned to the symmetric carbonyl stretching mode 

and 809cm-l was assigned to the C-C stretching mode -i--j<ag). The 

-1 1frequencies 565cm and 292cm- w~re tentatively assigned to the symmetric 

in-plane bending modes -iJ
4

(ag) and ~(ag) on the basis of their intensities. 

The strongest bands in the infrared spectrum are located at 1870cm-1, 

-1 -1 -1 -1 -1 -11269cm , 1098cm , 798cm , 672cm , 408-438cm , and 255cm. • Stretching 

frequencies were assigned according to the bond frequency ranges given in 

TABLE 4.2; thus, 18?0cm-1 was assigned to the antisymmetric carbonyl 

stretching mode ;) (bu) and 1098cm-l was assigned to the antisymmetric
9

~1 . 1 
C-F stretching mode P- (bu). .The alternative assignment of 1269cm­10

as -i.{0 (bu), would leave the very intense spectral band (1098cm-1 ) to 

be explained as a combination band. Since combination bands are, in 

general, expected to be weak, this alternative assignment was not considered 



to be justified. 

The antisymmetric modes should give rise to bands in the same 

general spectral regions as the corresponding symmetric bending modes. 

On this basis 1269cm-l and 798cm-l were dropped from consideration as 

fundamental. 

The modes J)ll (bu), -v12<bu)' v6 (au)' and V7(au) remained to be 

32 
assigned at this point. Brand and Williamson have assigned. a frequency 

l34cm-l to the torsional mode ~(au) of glyoxal; thus, it was expected 

that the torsional mode . ~{au) of oxalyl fl~oride would have a frequency 

in the same general region, which was not accessible to either of the 

infrared spectrophotometers used in the investigation. It was, therefore, 

-1 6 -1 -1strong bands at 672cm , 40 -438cm , and 255cm • 

The lowest in-plane skeletal mode of biacetyl has been assigned a 

-1 33frequency or 257cm by Noack and Jones. It seemed, therefore, reasonable 

to assign 255cm-l to the in~plane bending mode ~12(bu). 

The 406-438cm-l ,band(a) appear(s) as two sharp spikes of about 

-1 -1equal intensities a.t 4 06cm and 438cm • 
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Since the 406cm-l and 438cm-l bands appeared with equal intensities, 


they were considered as a possible Fermi resonance doublet. As 


shown in Chapter 3, Fermi resonance occurs when a combination (or overtone) 


level and a fundamental level with wave functions of the same symmetry 


occur at the same energy in zeroth order approximation (Simple Harmonic 


Oscillator Approximation). The only possible combination which can occur 


in the 406-438cm-1 region is 292cm-1 (Raman v,<ag)) + ll4-l46cm-1 


{infrared). Since the mode 7J7(au) (the torsional mode) was expected in 


the region 114-l46cm-1, the symmetry of this combination was taken as 


A © A -+ A ; thus, only a f\Uldam.ental of Au symmetry could be involved 
g u u 

in the Fermi resonance. Ch the basis of the foregoin, argument, 422cm-l 

(438-406 + 4o6)~~-l was-.. assigned to the out-of-p1ane antisymmetric2 

bending mode ~(au). It is noted that the corresponding symmetric bendin& 

mode ~8(b ) was assigned a frequency 420cm-1• g 

The unassigned frequencies of both infrared and Raman spectra were 

assigned as combination or overtone frequencies in a straightforward manner. 

It is noted that only antisymmetric (A or B ) combinations are active u u 

only in the infrared spectrum while either A or B combinations are active 
g ' 
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only in the Raman spectrum. Overtones are active only in the Raman spectrum. 

The combination and overtone f:requencies were assigned by comparison 

with the frequencies calcu.lated from combination of assigned fundamental 

frequencies. In general, the agreement between observed and calculated 

-1values was very good; however, the 1269cm infrared frequency proved 

difficult to assign. 

The 1269cm-l band appears with appreciable intensity in the infrared 

. -1 
spectrum and yet 1269cm must be assigned as a combination frequency o 

(As pointed out previously, 1269cm-l can be assigned neither to ;l10 (bu) 

nor to an antisymmetric bending mode.) The nearest calculated combination 

agreement with the observed frequency. Furthermore, if 1269cm-l is a 

combination, the high intensity of the band must be explained. The only 

apparent conclusion which can be drawn is that the combination 

-1with the fundamental V10(b). This would mean that 1098cm was not the 

zeroth order frequency (simple harmonic oscillator value) of »10(bu), 

and that the true zeroth order value is somewhat M.gher. Since no other 
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assignment seemed to be possible, 1269cm-l was assigned to the combin­

ation Jl (ag) + J)11 (bu).4 

-1The l 745cm band was assigned to the difference combination 

-zl1 (ag) - JJ Cau) for which the transition originates in the thermally
7

populated torsional fundamental energy level. The calculated value of 

7l 7(au) was 1872-l745 = 127cm-1 • This frequency was confirmed by the 

-lassignment of the Raman frequency 262cm to the overtone 27J (au) = 
7

127 = 419cm-l which was involved in the Fermi resonance. 

In general, th~ assignments of the infrared and Raman active 

fundamentals were well confirmed by the overtone and combination analysis. 

The assumption of the trans isomer alone as a model appears to be justified. 

The assignments of the fundamentals were checked by carrying out a 

normal coordinate analysis ·which further supported the above assignment 

(see Chapter 5). ]h addition, . from the calculated normal coordinates 

and potential energy distribution (Chapter 5) a. more detailed picture of 

the vibrational modes was obtaine4 .~. 



TABLE 4o3 

OBSERVED FREQUENCIES AND ASSIGN£J1..ENTS FOR OXALYL FLUORIDE 

I NFRARED (vapour ) RAMAN (liquid ) CALC ULATED ASSIGNMENT SY1-1NETRY 

(cm-1) Intensity Band 
Type 

(cm-1 ) Relative 
Intensity 

Polari­
zation 

Freg. 
(cm- I ) 

129 129 'P7 a 
u 

255 mw 25f 1'12 b u 

408 
438 

ffil'i C? 

292 6 p 292c 

422d 
-V5 

F.Rtv7t,
-J5 + -V7 

a 
g 

a ; Au u 

420 16 dp - v'g b 
g 

502 mw B 547 -P5 +~12 B u 
540 mw A? 549 7l7 +-Va B u 

672 s 
A?' 
M 

565 bre 3 p 565c 
672c 

-Y4 
.y11;Ps + ~12 

a 
g 

b ' •u' Au 
627 
727 

w 
w ~ 

p 
p COF.C CCl impuri ty 

A 
g 

798 ms B 820 ..,J4 + s)l2 B u 

820 sh . m 

809 .38 p 810C 

841 
~ 
~+~a 

a 
g 

A 
u 

1098 

1210 

ws 

m 

AB 

831 sh . 

1095 
w 

w 

p 

p 

840 
1101 

io9sc 

1231 

2-zJ8 

-p 3 + v15 

-Pio 
Y3 +-zi 

A 
g 

A 
g 

b 
u 

A 
u 

/~6CJ
J.257 s AB 

1226 vw ? 1229 

1237 
-,)3 +-Jg 

J) 4 +vll 

B g 
B u 

-.J 
\.tJ
• 



TABLE 4o3 - COt-.1TINUED 

1286 5 p 1283 ~2 a g 
1470 vvw 1481 -V3 +-i>11 B u 
1510 Vlv 1518 -Va +-i)lO A 

u 
1599 vw· B 1608 -Pio + 2P12 B 

u 
1604 VVt'i p? 1618 2JJ3 A 

g 
1685 vw 170$ -P2 +-,)6 A 

u 
1745 vw 127 -Y1 -1'7 A 

u 
1787 p COF.COCl impurity 

1870 vvs B 1857 ·Y9 b 
u 

1872 100 p 1884 71 a 
g 

1896 ms 1907 "1i3 +-Y10 B 
u 

2078 vw 2127 P1 +-i-'12 B 
u 

2148 w 2162 ~ +1)9 B 
u 

2370 w 2384 ,, +i.>10 B u 
2470 vvw· 2472 ~ + 4 +Y10 B u 
2523 vw 2544 ~l +;t)ll B 

u 
2671 vvw ~79 'P3 +v9 B u 
2971 vw 2970 -z}l +-z)lO B 

u 
3070 vw 3099 ~ +va +V9 A 

u 
3130 vw 3156 v2 +v9 B 

u 
3631~ vvw 3670 2~ +VlO B 

u 
3718 

3766 
4140+ 

mw 

vw 

vw 

B 3742 

3779 
4162 

-P1 +r9 

-t{ +~ +z)lO 
V1 +-Vs +v9 

B u 
B u 
A u 

-.J 
~ 
• 



TABLE 4.3 - CONTIN.UED 


4221/ Vl<.f 4256 Y1 +~ +-i{o B 
u 

~-
' - Obtained with Perkin-Elmer model 21 Infrared Spectrophotometer equipped with CaF2 opticse 

SYMBOLS: sho ... shoulder band 

vvs - very, very strong 

vs - very strcn8 


s - strong 

· m - medium 


w - weak 

vw - very weak 


vvw - very, very weak 

bro - broad 


p - polarized 
dp - depolarized 

FoR. - Fermi. resonance 
C - calculated in normal coordiriate analysis _1d - mean of the Fermi resonance doublet 406 - 438cm • 

_.., 
\Jl
• 



VoVIBRATIONAL ANALYSIS OF OXALYL CHLORIDE: 

The infrared spectrum of oxalyl chloride vapour and the Raman spectrtun 

of the liquid are given in FIGURES 4.5 and 4.6 . In TABLE 4.4 the infrared 

frequencies obtained here for the vapour are listed together with the 

11
frequencies reported by Saksena and Kagarise for the vapour and with 

12 
those obtained by Ziomek et al. for the liquid. 

The present infrared results for the vapour are in general agreement 

with those of Saksena and Kagarise with the exception of the following: 

(i) The doublet frequencies 980-988cm-l and 1060- 1077cm- l 

observed by Saksena and Kagarise (hereafter referred to as 

SK) were observed here as the single frequencies 975cm- l 

-1and 1058cm • 

-1 -1 6 -1 - 1(j_i ) The frequenci s 1262cm , l 970cm , 20 Ocm ~ 2100cm - 1 

-1and 216Ocm had been previously observed by SK only when 

the sample was at 1500 
Co These frequencies were observed 

here with th~ sample at room temperature. 

(iii) 	 Several new vapour frequencies were observed here which had 

not been reported by SK but which agreed well with the 



FIGURE 4.5 


INFRARED SPECTRUM OF OXALYL CHLORIDE 
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FIGURE 4.6 

RAMAN SPECTRUM OF OXALYL CHLORIDE 
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liquid frequencies obtained by Ziomek et al.(hereaftcr 

called 	ZMCD) I) 

-1(iv) 	 The band observed by SK at 2855cm was identified here as 

an impurity band due to HCl on the basis of its rotational 

struct.ure. When the sample was carefulJ.y degassed before 

use, this band was not observed except at high vapour 

pressure. (Degassing was effected by ~epeated vaporization 

and condensation of the s~ple.· Non-condensible w.aterial 

was plli!1ped off before each successive vapor).zation.) 

12 
The infrared· spectru.-rn of the liquid obser ved by ZMCD shows evidence 

-1 -1of molecular association. The vapour bands at 778cm - and 725cm appear 

in the liquid spectrum as a very broad ban.d whose intensity maximum. is 

_, -1 6 -1
located at 752cm ~, and the vapour bands at 3560cm and 3 35cm are 

observed as a sin£le band at 3740cm-l in the liquid spectrum (according to 

2.MCD' s results for the liquid)_. The 1058cn1-l band in the liquid spectrum 

appears with somewhat greater intensity relative to the 1752cm-l band 

than does the 1058cm-l band relative to the 1790cm-l band in the vapour 

_, 6 -1
spectrumo The vapour bands at 1790cm - and 18 2cr.a. are sh~fted to 



TABLE 4~l.~ 

COJ.vlPARISON OF OBSE.RVED INFRARED FREQUENCIES 

{cm-1 ) 

VAPOUR 
11 


SK PRESENT 

360 

486 


520 


593 

668 


724 725 


777 778 


795 798 


938 

980 

988 975 


1060 
 1058
1077 

1262b 1265 


1407 


1580 


1790 1790 

1852 1862 


1970b 1984 

2060b 2065 


2100b 2115 

2160b 2160 


2270 


2530 2565 

2855c 


3560 


.3635 


78. 


LIQUID 

12


ZMCD 

488 


532 


594 


752 


942a 

986 

1058 


1388 


1754 

1826 

1964a 


2510 


2830 


3740 


5140 

a - bands observed by SK 
b - bands observed with sample at 150°C. by SK 
c - band due to HCl 
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l754clll-l and 1826cm-l respectively in the liquid spectrumo 

In TABLE 1+ .. 5 the Raman frequencies a.rid relative intensities obtained 

by SK, ZMCD, and those obtained here are presented for ccmparison. The 

present results do not agree with those of SK in tha.t (i) the 175-201 

doublet observed by SK was observed here as a single broad band with 

maximu~ at 174cm-l and (ii) the 465cm-l band observed by SK appeared as 

the doublet 452-462cm-l here. (On this point, the present results also 

disagree with those of ZMCD who observed a triplet, 443-465-48Jcnt1 .) 

The relative intensities obtained here disagree significantly with those 

of both SK and 'ZMCDo (L'1 part.icular, refer to the relative intensities 

of the 619cm-l and 1778c.rr.-l bands given in TABLE 4 .. 6.) A shoulder band 

-1 was observed here on the low frequency side of the 1078cm bando This 

shoulder band was not reported by either ZMCD or SK. 

The disagreement about the relative intensities of the R&11an bands 

cited above is difficult to explain. The photographic plates used here 

were calibrated for spectral sensitivity by the procedure outlined in 

section I of thl.s chapter . The plate sensitivity was found to vary little 

0 

over the region (~4358-4900 A) where Raman bands were observed. Further­
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TABLE 4.5 

OBSERVED RAMAN FREQUENCIES AND RELATIVE INTENSITIE.5 
(cm-1) 

11 
SK ZMCD

12 
PRES:ENT 

I I I 

175 12 193 5 174 lOvb 

201 8 

276 39b 
261 
279 33 274 41 

350 6 354 3 349 7 

400 0 

465 50vb 4~34 5 
483 

21 
28 
30 

452 
462 

14 . 
44 

519 8 522 7 

533 20 533 12 529 25 

619 92 620 100 618 95 
672a 

707 2 709 1 703 4 
809 lvb 802 vw 792 2vb 

sh. 

1078 14 1081 5 1077 22 

1230 0 

li,17 1 1416 vw 1412 2 

1530 0 

1778 67 57 1779 100 

SYMBOLS: b - broad 
vb - very broad 
vw - very weak 
sh - shoulder band · 
a - obs rved by Kohlrausch and Wittek 

I - relative intensity ( In general, the most intense spectral 
band is assigned a relative intensity of 100. Other 
band intensities are taken relative to this. SK have 
simply used a variation of the above method.) 
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more, spectra recorded on different plates, with a variety of exposures, 

gave the Scll:le relative intensities. In all exposures the sample temper­

ature was kept at approximately 22°c. Neither SK nor ZMCD reported the 

sample temperatures at which their Raman intensities were measured. The 

photographically obtained results of ZMCD are, however, in good agreement 

with the photoelectric results of SK. In view of the temperature 

dependence of the barid intensities in the Raman spectrum (see Chapter 1) 

the disagreement between the relative intensities obtained here and those 

reported by the other workers was not considered to be serious. 

The Ra.man instruments used by SK appear to have better dispersion 

and resolution than any of the j_nstruments used by other workers (includ­

-1ing the present ones). SK resolved the band at 174cm , observed in the 

present work, into a doublet 1?5cm-1-20lcm-1, whereas they did not report 

the 452-462cm-l doublet observed here~ In view of SK 9s apparently better 

measurements, their Raman frequencies were used in the present vibrational 

analysis. 

V.a.RGrATIONAL ISOMERISM: 

LYl order to discuss the rotational isom ·~rism of oxalyl ch_oride a 
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diagram (schematic) of the potential energy as a function of the torsional 

angle, 8, is given in FIGURE ·4.7 in which it is assumed that the trans 

form is most stable. 

FIGURE 4.7 

V( 9) Vs. e 

i 
V(0) 

---- - - - CIS 

v 
0 

0 90 180 270 360 
e~ 

(V ' ,V - zero point energy levels of cis a.~d trans isomers respectively)
0 0 

11 
SK concluded from the temperature dependence of the band intensities in 

the Raman spectrum that cis and trans isomers were both responsible for 

the Raman spectral bands. They assigned the 533cm-1 band to the symmetric 

., 
C-Cl stretching mode of this cis isomer and the 619cm.-~ band to the 

symmetric C-Cl stretching mode of the trans isomer. They measured the 

ratio of the relative intensity of the 533cm-l band (1 ) to that of
533

the 619cm-l band (1619) at -10°c. and 85°C . This ratio, R(T), may be 

compactly written as 
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I (T)1
R(T) 	=0 

619 

. 0 
where T is the t~~perature ( K). Using the Bernstein formula (equation 

1.20), SK obtained the enthalpy difference between cis and trans isomers 

as 6.H = 2.8 Kcal/mol. 

The conclusions drawn by SK from the temperature dependence of 

the Raman band intensities are open to the following criticism: 

(i) 	 Bernstein has recommended that liquid spectra should not 

be used in the determination of AH since the temperature 

dependence of spectral band int~nsities of liquid spectra 

could be affected by association in the liquid. 

(ii) 	 The calculation of AH by SK was based on measurement of 

R(T) = r533j'r619 at only two temperatures (-10°c and +s5°c). 

In a proper application of equation 1.20 the intensity 

ratio, R(T), should have been measured at several temp­

eratures and a plot of log R(T) Vs. l/RT should have been 

made. Linearity of this curve would then indicate genuine 

rotational isomerism. 



(iii) 	 The fraction of cis isomer present in a given sample at 

room temperature can be calculated from 

N 	 AH .~(cm-l)
cis 	 ~ 

=exp--=exp­
1N . + Nt 	 RT kT{cm- )cis rans 

Assuming that AH = 2 o S Kcal ( 980cm -l), as measured by SK, 

-1 (and kT = 20Scm k = Boltzman's constant, R = ideal gas 

constant), the calculated fraction of cis isomer in a given 

sample at room temperature is JV0o007 (or 0.7%). 

The relative intensities of the 533cm-l and 619cm-l 

Raman bands given by SK are 20 and 92 respectively; thus, 

;f 
~ it is assumed that these measurements were made at room 

temperature, the ratio R(T ) (T = room temperature) is 
r r 

0.2 or 20% 

Since at room temperature less than 1% (0.7%) of the 

sample is cis i~omer, it follows from R(Tr) = l'V20% that 

_, 	 (
the intrinsic intensity of the 533cm - band assigned to 

cis isomer by SK) would be at least twenty times the intrin­

sic intensity of the 619cm-l band (assigned to trans isomer 



by SK) for 	equal quantities of cis and trans isornem • Such 

a difference in intrinsic intensities is highly unlikely 

since the C-Cl bond polarizabilities (which substantially 

deterraine the band intensities) for cis and trans isomers 

could hardly be expected to differ by a factor of twenty; 

thus, assumption o.f SK's value of AH leads to an unreason­

able conclusion about the intrinsic Raman band intensities. 

(.iv) There 	are only three depolarized bands in the Ra.man spectrum 

-1 - 1 1(20lcm , 350cm .... , ar1d 809cm- ) • If both cis and trans 

isomers were present, at least eight depolarized bands 

(v) 	 Although SK observed a marked temperatt1.re dependence of the 

Ra.man band intensities, they apparently did not observe any 

significant temperature dependence of infrared bands in 

the vapour spectrum over the temperature ranee 

. 	 . -1 -1(vi) 	 SK assigned the infrared vapour frequencies 520cm , 798cm , 

and 1058cm -1 to the cis isomer. All these frequencies 

were observed b! them in the spectrum of the liquid at 

http:temperatt1.re
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_, -1 
room temperatu.~e but bands at 520cm - and 1058cm were 

13 
not observed. by Kagarise 	in the spectrum of the solid at 

-780 C. Kagarise assumed 	that the solid consisted entirely 

-1 -1of trans isomer. Since the 520cm ~~d 1058cm bands 

were absent in the solid spectrum, they were assigned to 

-1the cis iscmer; however, the 798<::!!J. band is present in the 

solid spectrum (l'V815cm-1 ) and ca..-rinot be assigned to the 

cis isomer. Other ba...~ds 	 present in the solid spectru.~ in 

the spectral region (600-SOOcm-1 ) are at f\.1700cm-1, 

-1 -1 v 759c.m , and 790crn o 	 These bands should correspond to 

-1 -1 -1the vapour bands at 668cm , 725cm , and 778cm 

respectively: so none of these frequencies provides a 

reasonable alternative assignment of the cis fundamental 

expected in this re~ion (C-Cl antisymmetric stretching 

At the very least, comparison of the liquid and solid 

spectra neither supports nor disproves the existence of cis 

isomer at room temperatureo 
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(vii) 	 In the infrared spectrum of the cis isomer, the intensity 

of the band du·e to the C-C stretching mode would be e.""<pected 

to be weak relative to the bands due to the C-Cl and C=O 

stretching modes. The pure C-C stretching motion i.e. 

0 0 
\ I 

~c c~ 

I \ 
Cl Cl 

(the vectors indicate displacements of the carbon atoms) 

involves no change in dipole moment. In the observed 

-1 	 (infrared spectrum the l058cm band assigned to the C-C 

stretching mode of the cis is~er by SK) appears with much 

greater intensity than the 520cm-l band (assigned to the 

symmetric (a1 ) C-Cl stretching mode of the cis isomer by 

Kagarise); thus, assignment of 1058cm-l to the C-C stretch­

ing mode by SK is apparently not justified. 

The above arguments strongly suggest that the temperature dependence 

of the spectral band intensities cannot be explained on the basis of 

rotational isomerism. As is the case with oxalyl fluoride, biacetyl and 

glyoxal, it should therefore be expected that a satisfactory vibrational 
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analysis can be obtained on the basis of the trans isomer alone. 

V.b.FREQUENCY ASSIGNMENTS FOR OXALYL CHLORIDE: 

The assignments of the infrared and Raman frequencies of oxalyl 

chloride are given in TABLE 4.6. 

Vibrational analysis began with a consideration of the Raman spectrum. 

-1 -1The five strongest polarized bands have frequencies 1?78cm 1 10?8cm , 

-1 6 -1 6 -1619cm , 4 5cm , and 27 cm • Frequencies were assigned to the stretch­

ing modes on the basis of the spectral regions given in TABLE 4.2; thus, 

_,
41?78cm 
~ 

was assigned to the sym.~etric carbonyl stretching mode t--'1 (ag), 

l07Scm-l was assigned to the C-C stretching m~e V
2 

(ag) and 619cm-l was 

assigned to the symmetric C-Cl stretchine mode JJ (a£). 465cm-l and3

2?6cm-l were tentatively assigned to in-place bending modes ~4(ag) and 

7J
5

(ag) respectively on the basis of their relatively high intensities. 

_, -1 -1
Of the three depolarized bands at 809cm -, 350cm , and 20lcm , the latter 

is the most intense and was as~izned to the sym.~etric out-of-plane bending 

mode V (b ).
8 g 

The stronge3t infrared bands are located at 179Q~-l, 1058cm-l, 

-1 -1 6 -1?78cm , 520cm , and 3 Ocm • 1790cm-l was assigned to the antisymmetric 
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carbonyl stretching mode -i/ (bu)' and ?78cm-l was assigned to the
9

antisymmetric C-Cl stretching mode ~lO (bu). 

The frequencies of the remaining four fundamental vibrational 

modes are expected to be in the same frequency range as the corresponding 

frequencies of symmetric bending modes i.e. below 600cm-1• The band at 

-110.58cm w.a.s not considered to be a fundamental frequency. 

expected to lie within the spectral region cover ed by the Perkin-Elmer 

521 grating infrared spectrophotometer (4000-250cm-1). As in the case 

of oxalyl fluoride, the torsional mode -P (a ) of oxalyl chloride is . 7 u 

-1expected to have a frequency of less than 150cm • The corresponding 


-1 .32 

torsional frequency is at 134cm in glyoxal. In addition, the y) (bu)12

-1of oxalyl chloride is expected to have a frequency lower than 255cm 

(the frequency assigned to -i>12(bu) of oxalyl fluoride) since heavier 

atoms in a molecule tend to lower the frequencies of the bendine: modes. 

486cm-l, and J6ocm-1• 

In the case of oxalyl fluoride the frequency assigned to 1,.J (bu)
11
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1(672cm-1) was higher than the frequency assigned to '?>6 (au) (422cm- ). 

This would indicate 520cm-l as the antisymmetric in-plane bending mode 

7/, (b ) of oxalyl chloride. 486cm-l was not considered for this funda­
1 u-

mental because the band at this wave number was somewhat weaker than the 

520cm-1 band. 

The antisymmetric out-of-plane bending mode -z>6(aub of oxalyl 

fluoride has been assigned a frequency of 422cm-1• Since the corresponding 

frequency for oxalyl chloride was expected to be lower (due to the heavier 

mass of the molecule) than 422cm-1, 360cm-l was t entatively assigned to 

the antisymmetric ~ut-of-plane bendi.ng mode, 06(a) si cf oxalyl chloride. 

The unobserved fundamental frequencies ")}11(bu) and -iJ (a) were7

-1obtained by analysis of unassigned frequencies below 600cm • The 

infrared frequency 486cm-l was taken to be a combination frequency which 

-1could be assigned as the sum of either of the Raman frequencies 20lcm 

_, 
or 276cm - and an unobserved infrared frequency. The calculated 

u.nobserv~d infrared frequencies in each case were 

486cm-1 - 20lcm-1 = 285cm-1 

and 486cm-l - 276cm-l = 210cm-l 

http:bendi.ng
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-1Tne fOFiller calculated frequency 285cm wa5 not observed even though it 

li~s within the spectral range covered by the spectrophotometer. It was 

-1not considered to give a correct assignment of 486cm • On the other 

hand, 210cm-l calculated in the latter case fell within the region where 

the a.~tisymrnetric in-plane bending fundamental was expected; and so, 

-1 ~l210cm was assigned to the antisymmetric in-plane bending mode v (bu).12

Before the assignment of a torsional frequency was made, a complete 

assignment of the remaining unassigned bands as overtones and combinations 

_, 
was attempted. It was found that the Raman frequencies 519cm ..... an.d 

350cm.-l (depolarized band) could not be assigned. It was therefore 

assumed that these frequencies could be explained as combinations 

involving the torsional frequency. 

519cm-1 could be explained as the combination 

-1In addition, 350cm could th~n be assigned as the combination 

2.l0crrt1 ( 'U
1

? (b ) ) + 159cm-l = 369cm-l 
..... u 

Hence, 159cm-l was provisionally assigned to the torsional mode i-J (au).
7

With the exception of two extremely weak bands which are probably 



TABLE 4.6 

OBSERVED FREQUENCIES AND ASSIGNMENTS FOR OXALYL CHLORIDE 

INFRARED (vapour ) RAMAN+(liquid) CALCULATED ASSIGNMENT SYMNETRY 

(cm-1) Intensity (cm-1) Relative 
Intensity 

Polari­
zation 

Fre~. 
(cm- ) 

159c 

21oc 

175 

. 

12 p 189 

1' 7 
,,12 

-Y4 -75 

a 
u 

b 
u 

201 8 dp 201 -,)8 b g 

360 ms 

276 

350 

39b 

6 
p 

dp 369 
-zl5 
-P7 +~2 
r6 

a 
g 

B g 
a 

u 
400 

465 

0 
50vb 

p 

p 

402 2~ 
.,.,4 

A g 
a 

g 
486 m 

519 8 p 519 -i)6 +~ A 
g 

520 ms vn b 
u 

593 w 

533 20 p 552 
636 

2i?5 
v5 +v6 

A 
g 

A 
u 

668 m 

619 92 p 

675 
-,} 3 

-V4 +v'12 

a g 
B 

u 
672 vw ? 679 V7 +-V11 B 

g 

725 w 

707 2 p 720 
721 

2V6 
-i's +vn 

A 
g 

A 
u 

'° l\)

• 
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778 vvs 	 778 b~10 u 
809 lvb dp 820 B.P3 +p)a g 


938 vw 919 P2--V7 A 

u 


975 vw 979 v 3 +:i>6 A 

u 

105$ 	 1056 B-v 5 +~10 u 
l050sh. ?· Th 1084 -v3 +:i-'4 A 

g 
1078 14 p -iJ2 a 

g 
1230 0 ? 1238 2J)3 A 

i 
1265 vw 1288 r2 +v12 B 

u 
1407 vvw 1399 -i/3 +-V10 B 

u 
1417 l p ? B 

i 
1530 0 ? 1543 -,)2 +JJ4 A g 

1580 vw 	 1598 -,;2 +v11 B 
u 

1778 67 p 	 i·\ a g 
.vvs 	 a1790 	 -J) 9 g 

B1862 ms 	 1869 V2 +-i)lO u 
1984 w 1990 -V1 +-V12 B u 
2065 vw 2070 B7-'5 +j u 
2115 vw 	 2138 Vi+ 6 A u 
2160 vw ? 

2270 vw 	 2300 v1 +.Ju B 
u 

2560 B2565 vw 	 ~l +i710 u \E2a3di -	 2868 .p2 +v'9 B 
u • 



TABLE 4.6 - CONTINUED 


2560 w 3570 ..yl +~ B 
u 

3635 vw 3634 B-Vl +-P2 +Pio u 
5140a 5370 B3~ ·u 

a - va.lues taken fr om the liquid spectrum (see TABLE 4.3) 
. -1 

b - low frequency shoulder on lO?Scm band observed in o~~ Raman spectrum 

+ - Ra.man frequencie~ relative intensities , and polarizations observed by SK 

C - calculated in no~ina.l coordinate analysis 

SYMBOLS: vvs ~ very, very strong 

ms - medium strong 

w - weak 

vw - very weak 

vvw - very, very weak 

m - medium 

vb - very broad 

'P­
• 
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due to ternary combinations, all spectral bal"lds are explained by this 

analysis. As in the case of oxalyl fluoride the assignments of the in-

plane fundamentals were ch~cked by carrying out a normal coordinate 

analysis (Chapter 5). 

VI.VIBRATIONAL ANALYSIS OF OXALYL CHLORIDE FLUORIDE: 

The infrared spectrum of oxalyl chloride fluoride vapour is given 

in FIGURE 4.8. The frequencies and assigr...ments are given in TABLE 4.7, 

Several of the band contours were resolved in the infrared spectrum~ 

By analogy with the band contours of oxa.lyl fluoride, bands with contours 

like that of the 1858cm-l band were identified as B-type bands. No oth~.r 

contour types were resolved well enough to enable a positive identification. 

In general, however, any bands with sharp central "spikes" were ta.ken as 

possible C-type bands. 

O:xalyl chloride fluoride can be reearded as a simple combination of 

the Cl-CO group from oxalyl chloride and the F-CO group from oxalyl 

fluoride. Frequencies for oxalyl chloride fluoride were calculated as 

the arithmetic means of the corresponding assigned a , a , b , and b 
g u g u 

frequencies of the "parent" molecules. This calculation is given in 
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FIGURE 4.8 

INFRARED SPECTRUM OF OXALYL CHLORIDE FLUORIDE 
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TABI.E 4.s 


EXPECTED FREQUENCIES FOR OXALYL CHLORIDE FLUORIDE 


(COC1) 
2 


OBSERVED 

a 
<T 

1778 

C> 

1078 


619 


465 


276 


a 
u 

b 	 201 
g 

b 	 1790 
u 


778 


COF.COCl 

ARITHMETIC MEAN 


a. I 1825 


1182 


714 


515 


284 


a" 	 .391 


143 


311 


a' 1830 


438 


596 


233 


(COF)
2 


OBSERVFll 


1872 


1286 


809 


565 


292 


420 


1870 


1098 


672 


255 


C - calculated from overtone and combination frequencies. 
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TABLE 4.8. The arithmetic mea.~ frequencies calculated for CCCl.COF 

were used as a guide in carrying out the spectral analysis. Frequencies 

of the strongest bands in the vicinities of these calculated frequencies 

were taken as ftL~damentals. 

Frequencies were assigned to the stretching modes on the basis of the 

_, -1 
bond frequency ranges given in TABLE 4.2; thus, 1858cm - and 1?90cm 

were assigned to the carbonyl stretching modes '%}1 (a 0 ) a.~d iJ2 (a') 

respectively, 1197cm-l was assigned to the C-F stretching mode JJ (a•),
3 

932cm-l was assigned to the C-C stretchi.ng mode v4 (a I ) ' and 713cm-l 

was assigned to th~ C-Cl stretching mode -iJ5(a'). 

The strongest observed bands with frequencies so far unassigned 

which occur in the vicinities of arithmetic mean frequenci.es of TABLE 4.9 

-1 -1 -1 6 -1 -1 -1are 5?0cm :; 49lcm , 409cm , and 3 Ocm. • 570cm. and 49lan were 

tentatively assigned to the in-plane bending modes JJ6 (a 1 ) and -JJ (a')
7

respectively. 409cm-1 was ta.ken to correspond to the calculated a" 

-1frequency 39lcm and _11!as thus assigned to the out-of-plane bending mode 

J?10(a"). 360cm-l does not agree well with any of the calculated 

arith..~etic means ~xcept 3llcm-1 , and was tentatively assigned to the out­

http:frequenci.es
http:stretchi.ng
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of-plane bending mode Y
11

(a11 ). A very weak band was observed in the 

-1 -1spectrum at 287cm • The frequency 287cm agreed well with the cal­

culated arithmetic mean 284cm-l and was therefore assigned to the 

in-plane bending mode P8 (a 1 ). 

The frequencies of the modes ~(a') and ~2(a 11 ) could not be 

assigned and were presumably not observed. The remaining unassigned but 

observed frequencies were analyzed as overtones and combinations . 

After an identification of fundamentals, overtones, and combinations 

-1 -1had been made, the bands at 1990cm , and 1059cm remained unassigned. 

If 1059cm-l is as~u.med to be a combination involving 932cm-l (;J
4

(a')), 

-1the frequency 127cm is obtained for a.~ unobserved fundamental. I! 

1990cm.-l is assumed to be a combination involving 1858cm-l (~(a•)), 

-1the frequency 132cm is calculated for the unobserved ftllldmnental. The 

average frequency (132 + 12?)/2 = 129cm-l was assigned to the torsional 

mcde ~2(a 11 ). Since no unassigned bands remained, it proved to be 

impossible to caiculate the frequency of V9(a') in this manner. 

A normal coordinate analysis w:As carried out for the in-plane 

vibrations as a check on the above assignment. 



TABLE 4o7 

OBSERVED FREQUENCIES AND ASSIGNNENTS FOR OXALYL CHLORIDE FLUORIDE 

INFRARED (vapour ) CALCULATED ASSIGNMENT 
(cm-1) Intensity Band FREQUENCY 

Type 

132 Y12 

287 vvw Vg 

360 mw 
 -P11 

409 mw 
 V10 

491 m A 
 -P7 

570 .mw 7/6 

658 mw 647 
 7la +r11 
713 vs A -P5 

770 m 778 
 V7 +.Ya 

932 VS A 
 7/4 
1059 w 1064 7/4 +-z.)12 
1110 w 1122 -JJ5 +-Pio 
1197 VS B? -i-?3 
1300 w 1292 -r4 +v11 
1418 w B? 1426 2~ 
1520 Viti 1502 v4 +~6 
1563 vw 1557 V3 +J'.?11 

1648 vw 1645 
 -,/4 +-P5 

1690 vw 16SS 
 f)3 +-Y7 

SY¥lMETRY 

a" 

a' 
an 

a" 

a' 

a' 

A" 

a" 

A" 

a' 

A" 

A' 

a' 

A" 

A' 

A' 

A" 

A' 

'° '°• 



TABLE L~ . 7 - CONTINUED 

a•1790 VB B -z)2 
a, I1858 VS B p)l 

1990 vw 1990 ""t~i +-i.-i2 A" 

2129 mw 2129 -i->3 +v4 A' 

2340 w 

A'2354 w 2349 ~1 +r9 
A'2402 w 	 2394 ~ 

2560 vvw 2571 V1 +p)5 	 A' 

2710 w 2722 -Y2 +-vi . 	 A' 

A'3060 w 3055 Y1 +P'3 
A'3558 row A 3580 2~ 

3622 w 3648 -vi +y2 A' 

3700 mw B 3716 2i{ A' 

SYMBOLS: w - weak 

vw - very weak 

vvw - very, very weak 

m - medium 


mw - medium weak 


vs - vary strong 


•8 
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VII.SUMl'lARY OF CHAPTER 4. 

From the qualitative features of the infrared. and Ra~an spectra 

of oxalyl fluoride and or~lyl chloride it was concluded that both . 

molecules were planar and trans. T'nis conclusion was justified by 

subsequent complete analyses of their spectra. By analogy it is also 

concluded that oxalyl chloride fluoride is planar and trans~ 



CHAPTER 5. 

NORMAL COORDINATE ANALYSIS 

I.CLASSICAL TREATMENT OF MOLECULAR VIBRATIONS: 

In the classical treatment of molecular vibrations, the molecular 

model consists of N mass points (representin& the N nuclei) held toiether 

by massless sprin,s (representini the bonds). The motion of the molecule 

can be described in terms of 3N displacement coordinates. If Cartesian 

displacement coordinates are used, the displacement of the ith nucleus 

_... 
from its equilibrium position is represented by a vector !°i whose mass­

wei&hted Cartesian components are m* Ax
1

, m~ Ay., and m* A z.. The 

ori&in of these mass-weighted displacement coordinates is fixed at the 

• l. l. l. l. l. 

·1·b . •t• ~th .th lequi l. rium. posi ion o. e i nuc eus. The 3N mass-weighted Cartesian 

displacement coordinates can be written in ieneral form as 

7) l 1 ? 2 1 • • • ? 3N (5.1) 

If the molecular motion is constrained so as to eliminate translational 

and rotational motion, aix of the 3N m.ass-wei&hted Cartesian coordinates 

are redundant. This leaves a non-linear molecule with JN-6 deuees of 

freedom for vibration; ao, in a treatment of molecular vibrations usin1 

102. 
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JN mass-wei,hted Cartesian displacement coordinates, six null frequencies 

are calculated in addition to the &enuine frequencies of vibration. 

The potential ener&Y of the molecule can be represented by a Taylor 

series in the ?
1 
' s, i.e. 

3N . JN ( d 2 )
V-=V + cs-t(h\n +..!.. ~ v n n + ••• 

0 f.:-i\?~1 ;;1 2~ ~ ?~i ;J'J j 
0 
Ii I j (5•2 ) 

V is the en•rCY of the molecule with the nuclei at their \equilibrium
0 

positions and can be set equal to zero. The second term of the expansion 

is al.so zero, since(~V~} = 0 is the condition that V be a minimum when 

0 

the nuclei are each at their equilibrium positions. In the simple 

harmonic oscillator approximation, terms of hi&her order than quadratic 

in equation (5.2) are ne&lected and the potential ener&Y becomes 

JN 
(5.3)v- ~ z: f-ij 7i~j 

i,j = l 

The kinetic ener17, T, is &iven by 

3N 

(5.4)T-t.27?~ 

i=l 

The treatment of the problem is &reatly simplified if matrix notation is 

introduced at this point. In matrix notation, the kinetic and potential 
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energies, T and V, are glven by 

2T • [~]t(~J 

and 2V = (')Jt{f] [7)] (5.6) 

where [ ~] and [ >'}] are column vectors of the ~ i and the "} i respectively 

and the row vectors [~1 and r~ Jt are the matrix transposes of l71 and 

[')] respectively. The elements of the matrix [/J are the . fij given in 

equation (5.3). 

The vibrational problem is most easily formulated in terms of the 

Lagrangian,o:t, which 	is defined in non-matrix notation by 

(5.7) 

The 	equations Of motion expressed in terms Of oe are 

JL ( c;L ) - ( ;;~ ) - o (5.s) 
dt ?1i ?fi 

i • 1, 2, 3, ••• JN 

where the ~ i form a set of generalized coordinates. 

II.NORMAL COORDINATES: 

When mass-weighted Cartesian coordinates, 7 i' are used, the equations 

of motion (5.8) are complicated by the presence of terms fij (i ~ j) in 

the potential enera expression (5.3). In the simple harmonic oscillator 
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approximation there exists a set of coordinates called normal coordinates, 

Q., in terms of which . the .kinetic and potential energy expressions a.re 
l. 

&iven by 

(5.9) 

and (5.10) 

where the elements ~ i of [A] are &iven by 

In terms of the normal coordinates, the La&ra.n&ian becomes (in matrix 

notation) 

(5.11) 

a.nd the equations of motion (5.8) become (in matrix notation) 

[Q]-[A][Q]= o (5.12) 

Solution of (5.12) leads to JN roots which are the elements of [..I\.], i.e. 

' _) ~ ~ the Ai. The roots .Ai a.re related to the frequency Y-(sec ) by 

;1 i = 4rr2 -i/i2 (5.13) 

or ;1 i = 4 rr2 c2 I.Ii2 

for -z/i expres~~d in wave numbers (cm-1). 

In practise, the normal coordinates a.re not known in advance and so 
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direct solution of equation (5.12) in terms of normal coordinates is not 

possible. Instead, the normal coordinates are usually determined in terms 

of some other set of coordinates which are more easily defined. In the 

present case, the normal coordinates were calculated in terms of mass-

weighted Cartesian coordinates by the following procedure. 

A transformation matrix [ Y1is sought such that 

(5.15) 

Substitution of [1J] from (5.15) in equations (5.5) and (5.6) gives 

2T = [Q.]t (Y]t [ Y] (Q] (5.16) 

and 2V = [QJt (Y]t[fJ (Y] [Q] (5.17) 

From a canpa.rison of equations (5.16) and (5.17) with (5o9) &nd (5.10) 

respectively, it is seen that 

(5.18 ) 

where [ E] is the unit matrix, and 

(5.19) 

From (5.18) it is seen that the transformation &iven by equation (5.15) 

is ortho~onal. i.e. ( Q] == [ y)t [ "?] 

From (5.19) it is seen that the columns of [Y]and the elements of [.A.] 



107. 


a.re the characteristic vectors [Y.l and roots A. of the matrix [f].
l. 	 l. 

Application of equation (5.19) is not generally of any practical 

use since it is the roots A. which are observed experimentally and not 
l. 

the force constants. In principle, the elements f. . of [ f] could be 
l.J 

adjusted systematically until the calculated roots ~. a~reed with the 
l. 

experilllent-.1 values A?bs. The [/] matri.Jc. has (3N")2 elements while there 
l. 

are at most only JN values of )ii available experimentally; hence, an 

unambi,uous determination of the force constants by such a procedure 

would be impossible. 

'file problem be~omes somewhat more tractable if the potential ener&Y 

is expressed in internal valence coordinates, s • In terms of these
1

coordinates, the potential energy is given by 

2v == [s]t[~J[ s] (5.20) 

where the elements of [~]are &iven by 

.( 'J2v \ 
~ij = '£1 Si d S j 	 j 

0 

Let the transformation from normal coordinates to internal coordinates be 

(5.21) 

In addition, let the transformation from ma.ss-wei&hted Cutesian 

http:matri.Jc
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coordinates to internal coordinates be 

(sl = (DJ[~] (5.22) 

Comparison of equations (5.21), (5.22), and (5.15) for L gives 

[ L] =(D] (Y] (5.23) 

Substitution of (s1 from (5.21) in equation (5.20) followed by substitution 

of [LJ from (.5.23) &ives 

2V = ( Qlt ( Ylt [Dlt( '1] [D] (y] [Q] (5.24) 

Comparison of (5.24) with (5.17) .gives 

(5.25) 

Substitution for [f ~from (5.25) in (5.19) iives 

(5.26) 

which after pre.multiplication by [ Y] iives 

[D]t[~] [Dl [y) = [yj [.A_] (5.27) 

where equation (5.18) has been used. 

Equation (5.27) is the form of the vibrational equation which was 

used. in the present normal coordinate analysis. In order to make use of 

this equation it was necessary to obtain the [DJ matrix and a good 

approximation for the C~Jmatrix. 
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For a planar molecule, the potential energy (equation 5.3) must be 

invariant under reflection in the plane. Such a symmetry operation 

carried out on the out-of-plane Cartesian displacement coordinates 

however, changes their signs. If an out-of-plane Cartesian displacement 

1 1 l 
~ ~ 2coordinate, say miAzi' occurs in a cross term, eg. mi~xi • m.Az.,

l. l. 

~ with an in-plane coordinate, mi4x1, the potential energy chana:es sign 

under the symmetry operation. It is, therefore, concluded that no 

cross terms '1 i '?j can occur between in-plane and out-of-plane displacement 

coordinates in the potential eneriY expressions (5.3), (5.10), and (5.20). 

In the present. case, all the molecules studied were found to be 

planar (Chapter 4). The in-plane norma.l coordinates could be calculated 

in terms of just 2N in-plane mass-weighted Cartesian coordinates. 

III.CALCULATION OF THE D MATRIX: 

As was shown in section II, the [ D] matrix was defined by 

(5.22) 

where the elements [ S1are the internal valence coordinates and the 

elements of flJ:l are the mass-weighted Cartesian coordina.tes. Let the 

transformation from mass-weighted Cartesian coordinates >Ji to non­
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ma.ss-wei&hted Cartesian coordinates, ~' be 

1

[>;J = (m~] (q1 (5.28) 

i 1 

where [m2 J is a di~~onal matrix with elements m~. The inverse trans­

formation of (5.28) is 

(5.29) 

Let the transformation from internal coordinates, S., to non-mass­
1 

wei&hted Cartesian displacement coordinates be given by 

[ s] z: [ B] [ q] (5.30) 

Substitution for [q] from (5.29), and comparison with (5.22) &ives 

(5.31) 

In non-matrix notation (5.30) may be represent·ed by 

3N 
(5.32)5t = z.i Bti ~ 

i=l 

where the qi are the displacement coordinates ( LlXJ_, .o.y1 , c6.z1 • • • ~~N, 

. ~ 

In terms of the nuclear displacement vectors /'«- which were defined 

in section I, (5.32) ma.y be rewritten in the form 

N 

- st = g,_;;,«- •i5"ct- (5.33) 
«= l 

http:i5"ct-(5.33
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where 

(5.34) 

~ 

The ;<:!toe.. vectors are defined as follows: 

Let all nuclei except 0(., be at rest in their equilibrium positions. 

~ 

The direction of ..at~ is the direction for which displacement of· nucleus 

C>(. produces the ,reatest increase in st. IAo1.. \ is equal to the increase 

in St produced by unit displacement of nucleus ex, • 

~ 

The vectors ..atoe.. .are obtained by vector analysis in terms of the 

_,... 
bond lengths and valence an~les and a set of unit vectors e~ which 

~ .
d fine unit displa.~ements a.long the bonds. The vector e-~ points 

from nucleus ()(., to nucleus /5 in the bond r ¥ . It is also noted that 

-. -- -+ 
e~= - epoc• The .-.a..t°' vectors .have .been given by Wilson, Decius, and 

35 
Cross for several different types of valence internal coordinates. In 

The present case, only valence bond stretching and valence angle bending 

_.,..
coordinates were used. The ,,at«.. vectors for each of these cases are 

-=!P- ~ 

given in TABLE 5.1 with reference to the parameters A-toL., e~ , rot/} , 

and ¢~~ which a.re defined in FIGURE 5.lo 
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FIGURE 5.1 

DEFINITION OF THE St VECTORS 

+ 
-;.- eQ(t) rc( ~ 
...a-~~· '.) ­

cl:, 

VALENCE BOND STRETCHING 

\ 

VAI.ENCE ANGLE BENDING 
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TABLE 5.1 

EXPRESSIONS FOR THE ~~ 

INTERNAL 

COORDINATE 

st 

_.,,... 
A--tot.. 

4r°'JS 
-'P' 

_.,.. .....,.. 

Ato1.. = e°';6 = -e~ 
~ 

~ ...... 

fo~ = e,1.3~ = - e/-*"-­

A~t 

# 

~ 

,.<lt°' 

...... 
..4t~ 

~ 

~ t~ 

cos(~ -.J ~ ) ~ . e~~ - e4 y 
= '4 

r ;a« • sin ¢-;st 

= [ (r f.IOL - r t3 '{ cos ¢oe14 Y) -+ 
ef3ol... + 

{rfo .; - r /.3"' cos ¢.~,,)~~/~~· ~.;. 
sin ¢«;a¥) 

cos ( ¢c<fo" • -e13.;) 
-> 

- e/9°'= I 

r ~.; sin cP.yo '( 

-::.r _..:;,.. 
Before the ...4-U can be used in equation (5.33) the e~ must be 

~ ~ -;i)oo 

obtained in terms of i, j, and k. Let the position of each nucleus ol in 

the molecule be ,iven by three Cartesian coordinates X~, y"'- , z~ with 

respect to the Cartesian axes defined in FIGURE 3.1; then, if each bond 

r d-;a can be represented by the vector ?:j} which is given by 
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~ 

The e«fa vectors are then given by 

• -r-~ )~ 
l 

-'> 
or e«B = cos e i + cos e j + cos e k (5.35)

/ x y z 

where cos e , cos e , and cos e are the direction cosines of edA x y . z 7­

relative to the molecule fixed Cartesian axes defined in FIGURE 3.1. 

The angles, (J ., (i = x, y, z) can easily be obtained in terms of the 
l. 

valence an&].es from Euclidean geometry. 

The expressions for the internal coordinates St can now be obtained 

from equations (5.35) and (5.33) and TABLE 5.1. In the expressions. 

obtained for the St' the coefficients Bti of each Cartesian coordinate, 

qi' a.re selected as the e;I.ements of the [BJ matrix. The [n] matrix is 

obtained from equation (5.31). 

In the present case it was convenient to use internal coordinates 

which were all expressed in the same units. Valence angle bending 

coordinates c.¢"'fJJ were multiplied by (r "Y'3 • r 13,d )~ to give them 

the same units as the valence stretching coordinates ~r~ o Consequently, 

the coefficients Bti (or Dti) L'1volving a bending coordinate ~ ~~i wer e 

1 

also multiplied by (r ~ • r;S; )2 • 



The matrix elements Dti were derived here using the foregoing 

x, /! 
procedure for a:ny molecule of the type Z-Z' • The numberini 

/ 'x• 
of the nuclei is given in FIGURE 5.2. 

FIGUHE 5.2 

NUMBERING OF NUCLEI FOH X Y Z - Z.' X' Y' 

3""' /5 

2----1 

/ 
The .[SJ and [7 J vectors were defined as 

[s]= 


~rl2 · l~r2.3 

Arl6 

Ar24 

Ar15 
1 

(r23 • r2J) 
2 

A¢324 
.l 

(rl3 • rl6)
2 L:::i.¢ 516 
1 

(rl2 • r24)2 ~¢124 

(rl2 • rl5)~ .::::,.¢215 
1 

(rl2 • r2.3)2A¢12.3 

(rl2 • r 16)~ 6.</> 216 

""'6 

follows : 

[;t] = 

. i 
ml 6.Yl 

1 
2

ml AXl 
l 

m2 
2 Ay2 
l 

m~ Ax2 
1 

m3 
2 AyJ 
1 

m~L;::;,.x3 
1 
2

m4 6.Y4 
l 

2
m Ax
4 4 
1 

2


m5 ~Y5 
1 
2m Ax
5 5 
~m6 ~y6 
.l 

m6.Dx6 

http:m~L;::;,.x3
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The expressions derived for Dti are given in TABLE 5.2. 

A = l/m.•
l. l. 

TABI.E 5.2 

In this table 

[DJ ­ MATRIX ELEMEN'rs FOR x y z - Z' X' Y' 

_,• 
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TABLE 5.2 - CONTINUED 


The (DJ matrices for oxa.lyl chloride, oxalyl fluoride, and oxalyl 

chloride fluoride were calculated by substituting the appropriate masses , 

¥J nd lengths, and angles into the expressions given in TABLE 5e2. 

The geometrical parameters used for oxalyl chloride have previously 

been given in TABLE 1.1; however, for o.xalyl fluoride and oxalyl chloride 

fluoride, the values given in TABIE 5.3 had to be assumed for these 

parameters. In the case of oxalyl fluoride, values for the C-F and C=O 
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36 

bond lengths were transferred from acetyl fluoride. A comparison of the 

CCO = 127°5 1 of acetyl chlorid~7with that of acetyl fluoride ( CCO = 

128°21') shows that in changing from the chloride to the fluoride the 

0 0CCO opens up by about 1 ; therefore, since CCO = 123 for oxalyl 

chloride, CCO = 124° was assumed for oxalyl fluoride. CCCl = ll2°39' 

in acetyl chloride while in acetyl fluoride CCF = 110°18 8 or about 3° 

less; therefore, since CCCl = 114° in oxalyl chloride, CCF = ill0 was 

assumed for o.x.a.lyl fluoride. The C-C bond length for oxalyl fluoride was 

transferred from oxalyl chloride . The geometrical parameters of oxalyl 

chloride fluoride were estimated from the parameters of oxalyl chloride 

and oxalyl fluoride. 

To the right of each set of parameters in TABLE 5.3, the molecular 

formulae are given. The numbers in brackets correspond to the numbers 

used for the general X Y Z - Z' Y' X' molecule in FIGURE 5.2Q 
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COCl.COF 

TABLE 5.3 

BOND LENGTHS AND ANGLES FOR THE OXALYL HALIDES 

d(C-C) = 1.50 R 


d(C-Cl) = 1.72 R Cl(3) 0(5)

\ I 

d(C=O) = 1.20 ){ /<2'J q{(_) 
c - c = 0 = 1230 0(4) Cl(6) 

0 - C - Cl = 1230 

C - C - Cl = 1140 

d(C-C) = 1.50 ~ 

d(C-F) = 1.348 R Ff) /(5) 

d(C=O) = l.181 ~ 

c - c = 0 = 124
0 

0 - C - F = 1250 

0
C - C - F = 111 

d(C-C) = 1.50 )! 

d(C-F) = 1.348 ~ 

d(C-Cl) = 1.72 ~ 

d(C=O) = 1.19 )( 

0c - c = 0 = 123 

0 - C - Cl = 123~ 

0 - C - F = 125° 

C - C - Cl= 1140 

C - C - F = 112° 

/c-(2-)- ~1) 
0(4) F(6) . 
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The calculation of the [DJ matrix was programmed in FOR'ffi.AN IV for 

the IBM 7040 computer. Since this program was not completely general, 

(it only calculated (DJ matrices for molecules of the form XYZ - Z'X'Y') 

it will not be discussed in detail here . The input consisted of the bond 

lengths (~), angles (degrees), and atomic masses. Using these parameters, 

the computer evaluated the expressions given in TABLE 5.2. The calculated 

[D] matrix was printed out and also punched on cards which were used as 

input for a later program. The calculated [Dl matrix for o.xalyl fluoride 

is given as an example in TABLE 5.4. 

The potential energy in terms of valence internal coordinates was 

&iven by equation (5.20), i.e., 

The [~J matrix defined in this way is symmetric about its leading diagonal. 

The diagonal elements are the so-called valence force constants (i.e., 

valence bond stretching and va~ence angle bending force constants) while 

the off-diagonal elements, i.e., 

t ~ u 

http:FOR'ffi.AN


TABLE 5.4 


Sl 

s2 

SJ 

s4 

55 

86 

S7 

Sa 

S9 

(D] MATRIX OF OXALYL FLUORIDE 

~yl Ax1 Ay2 Ax2 AY3 
6x3 

4y4 ~x4 6Y5 4x5 ~y6 6x6 

0.28854 -0.28854 

-0~08222-0.26938 0.10340 0.21418 

-0.21418 0.082220.26938 -0.10340 

. 0.23921 0.16135 -0.20726 -0.13980 

0.20726 0.13980-0.23921 -0.16135 

0.07571 -0.50771 0.07692 0.20039 -0.14942 0.22152 

-0.15762 0.23368 -0.07692 -0.20039 
-0.07571 0.50771 

0.15762 -0.233680.25592 -0.43784 0.26971 


o.437c4 -0.26971 -0-.25592 


0.38261 0.28416 -0.08673 -0.22593 

0.08673 0.22593
-0.28416 0.27353 

t-' 
~ 

• 
0 
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are the intersection 	constants. 

The number of force constants which have to be determined from 

the observed frequencies can be greatly reduced if a special model is 

used to give the potential energy expression. One s~ch mod~l is the 

38 
Urey-Bradley-Schimanouchi model. This assumes that there are three types 

of fore~ constants, valence bond stretcrdn~, valence angle bendin~, and 

those between non-bonded atoms. The latter non-bonded type constants 

are designed to account for Van der Waals repulsions between the non-

bonded atoms. The potential for this model is given by 

2 	 22V = <;1 2K~ r. ( Ar. ) 	+ K. (~r. )2 + ~ 2H ~ . r ( 4 ¢ .. ) + H.. (r 6.<:/> . j ) 
~ l. l. l.· J.. l. c.__ l.J 0 l.J . l.J 0 l. 

i i<k 

+~ 2F~j qij(~~j) + Fij(4 qij)
2 

+ L2c~k pik(6pik)+Cik(~pik)2 
i(j i<k 

1 

where r = (r. r. )2 and 	r., cj> . ., q .. , and p. k are defined in FIGURE 5.3. 
0 l. J l. 	 l.J l.J l. 


F'IGURE 5.3 


a:- p.k 
"-~- - ·- .L - - -	 -a 

'-...,q .. 
r cf .. ~J 	 / 

1 J ' jk/k
b ' cr. 

J 

* Note that the indexing of the bonds and an~les used here is different 
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here from that used in the calculation of the [D] matrix. In the latter 

case, the bonds and angles were indexed according to the numbers attached 

to the atoms, a , b , c , and d in FIGURE 5.2, while in the present case 

the bonds are numbered and the angles are indexed according to the bonds 

that contain them. 

The force constants F ~ . = (_ ~ V ) and F J.~ 2
V 2\ 

l.J \ (/% · 1J 
. 

loq· · jJ 0 l.J 0 

are called "&em-type" while c~k =(~;i~) and cik -c~::2) are called 
0 . 0 

"cis-type". 

The coordinates Ari' C:;,.¢ij' Aqij' and Apik are not independent 

and hence the equil~brium. condition 

dV = 0 

does not imply that 

If the redundant coordinates, b~j' and 6.pik' are removed by substitution 

39 
of expressions of the form 

~a .. = 6.q. j (.Dr., Arj, L:::> ~ . • ) (5.37)'"'l.J 1 1 't'iJ 

and 
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into (5.36), it is found that 

0U:J = (5¢iJ = 
0 0 

but that (;q:)o F 0 and (;p:k)o F 0 
Substitution of equations (5.37) and (5.38) into (5.36) also introduces 

I t 

terms linear with respect to the Fij' Fij' Cij' and Cij into the 

potential. energy and hence into the elements j;tu of the [.;t'] matrix. 

The coefficients of these force constants in the linear terms form 

elements of the [z] matrix. (To be described later.) 

Since the [7']matri:x is symmetric about its dia.gona.1, matrix 

operations can be cunveniently carried out using only its upper right 

triangular half (including the diagonal elements). The numbering of 

the elements in this triangular form with reference to the internal 

coordinate vector [s] is given by 

:Ill:[sJt [sl s2 S3 . . . 3ns] 

,.J-1 '72 f4 . • 
(5.39) 

Y.3 ~5 

[~] ::. ~6 

r(n(n+l)s s 
2 



In this form, the frJ matrix may be treated as a vector with n (n +1)/2s s 

elements where n is the total number of interna.l coordinates. The 
s 

elements P of the triangular matrix are related to those of the square
n 

matrix elements ~u by 

u(u-1)/2 + t 

n ii:s t(t+l)/2 (5.40) 
[ t(t-1)/2 + u 

Note that t and u are also the indices of internal coordinates St and 

Let the force constants K., H.. , K . . , etc., be generalized as the 
l. l.J l.J 

force constant vector 

••• SP ) (5.41)
n9> 

where the column vector [<)J], has been written horizontally for convenience 

and n ~ = number of force constants. Let the [ z] matrix be defined such 

that 

[3] = [ z] [(/) 1 (5.42) 

or, in non-matrix .notation 

(5.43) 

The f Z] matrix consists of the coefficients of the 9\ 1s in the 
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[:;t,J matrix. The diagonal force constants (K
1 

and H 
1J 
.. ) have coefficients 

that are unity but the coefficients of the repulsive force constants 

which result from the substitutions of (5.37) and (5.38) into (5.36) 

are more complex. The latter coefficients have been tabulated by Overend 

40 ' 
and Scherer and are given for Fij and Fij in TABIE 5.5 and in TABLE 5.6 

I 

for Cik and Cik• The nomenclature of Overend and Scherer has been 

l 

adjusted for the fact that the angles </>1 j are multiplied here by (rirj)~. 

This is consistent with the nomenclature in FIGURE 5.3. 

The first column of each of TABLES 5.7 and 5.8 is headed StSu where 

t and u are also the indices of pt or P.. • The position of a given. u n 

coefficient in the [J] matrix is given by index n which is calculated 

from t and u usin& equation (5.40). The position of an element of the 

[z] matrix, i.e., Znk is given by n and k which is the index of 

' ' In all the molecules studied here, the F.. and Cik were eliminated
1J 

by the approximations Fij' = -0.lFij and Cik ' = -0.lCik• This approximation 

has been justified independently both by Linnet and Heat~ and Shimanouc~~ 

When this approximation is used the [zl matrix columns in TABLE 5.5 for 
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TABLE 5.5 


COEFFICIENTS IN [zJ YJ.ATRIX DUE TO '11HE F. 
I 

j AND F.. 
1 1J 

2 
siJ 

. 2 
sji 

t ..tj.1J i 

sijsji 
1 

s .. (tijt .. ) 2 
1J J::L 

1 

sji(tijtji)2 



TABLE 5.6 

I 

COEFFICIEN'fS OF z DUE TO '!'HE cik AND cik 

stsu 

<~1)2 
(Ar )2

k 
2

(~rj) 

<ari)(~k) 

(4r )(Drj)1

(Ark)(Arj) 

r ir j ( D.rpij)2 

2
rkr.(A¢jk} 

J i . i 
((rirj) 4<Pij)((rjr k) 

l 

(Ar1)(r1r j)2 (4 ¢ij) 
..!. 

(4rk)(rir ;)2(~<bij) 
u .l 

(?lrj) (rir j )2-(~¢ij) 
1 

(~ri) (rjrk)2 ( '6¢j k ) 
1 

(Ark) (rlk)2(~¢>jk) 

(Arj) (rj r k)k(A ¢ jk) 

L!l ¢ j k ) 

cik 

2 

Vik 


2 

vki. 


2 

aik 


Vik Vki 

-aik Vik 

-aik vki 
2 

(ri/rj) uik 
2

(r/rj) uld. 
l 

((r.rk)2/rj)uikuki · 
1 1 

(ri/rj)2 uikuki 
1. 

-(r. /rJ. )2 uikvki 
l. . ~ 

(r./rj) uikaik 
1 1 

-(r/r .)2ukivik
J , 

...!.:. 

-(r/r.)2ukivki
Jl 

(rk/rj)2 uld.aik 

cik' 
2 

(1 - Vik) 

2
(l - vki) 


2 

(bik) 

cos { <P. . + ,,s.. •k) - v. kvk.
l.J <¥J 1 ·1 

(a. kV. k - COS k.. ~)
l. 1 '+' l.J 

(aikvki - cos cf> jk) 

. 2 


(r./r.) (v.kp. Ir.)+ (1 - u1k)

l. . J l. l.k' 1 


2 

(r/r .) (vkip1/rk) + (1 - uki)

J l 

-((rirk)2/rj) cos(</>jk + cPij)+uikuki 
1 

(r.r.)2u.k(p.k + r.vik)
1 J l. i l. 

l. 
(ri/rj) 2 vkiuik - sin ( ¢ jk + ¢ ij) 

1 

(ri/rj)2(sin¢>ij - aikuik) 
1 

(r/rj)2 vikuki - sin(</:> jk + dJ ij) 
l 


(rk / rj)
2 

uki (pik + rkvki )/r k 

.l 

2 t-'

(r/rj) (sin(j)jk - aikuki) 
-.J "' • 



TABLE 5.6 - CONTINUED 


aik = (rj - ri coscpij - rk cos4>jk) bik = (ri sincpij - rk sincJ>jk) 

uik = (aik sinp ij + bik cos 4> ij) ~ = (aik sin cpjk - bik cos¢ jk) 

vik = (aik cos cpij - bik sin cP ij) vki. = (aik cos¢jk +. bik sin </Jjk) 

....., 

~ 
• 



I 

129. 


Fij and Fij are brought together so that 

I 

(new coefficient of F.. )=(coefficient of F.. )-0.l(coefficient F~ .)
1J 1J . 1J 

in each row of TABLE 5.5. The same relation applies to the coefficients 

of Cij given in TABLE 5.6. 

The construction of the (z] matrix will be illustrated for the 

case of trans oxalyl fluoride. The numbering of the bonds is given in 

FIGURE 5.4 for this molecule. 

FIGURE 5.4 

FORCE CONSTANTS AND BOlm NUMBERINGS FOR (COF)
2 

In this figure, the atoms are also numbered for convenient reference to 

FIGURE 5.1, and the various types of force constant are indicated. With 

reference to FIGURES 5.1 and 5.4, the ( sJ vector is given for oxalyl 

fluoride by 
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Ar12 

Ar23 

Arl6 

Ar
24 

Ar15 

i(s)= (r2Jr24) A </J324 
1 
2

(rl5rl6) A</>516 
l 
2

(rl2r24) AtP124 
l2

(rl2rl5) At/J215 

(rl2r23)~ L::..</>123 
~ 

(r12rl6) A ¢216 

==· 


D. rl 

4 r 2 

4. r5 

4 rJ 

.L:,,. r4 
l 

(r2r3)2 4 cp 23 
~ · 

(r4r5) ~ <P 45 
.l 


(rlr3)2 6 <//13 


~ 
(rlr4) A¢ 14 

1 

(rlr2)2 A <P12 
1 

(rlr5)2 A '¢15 

s1 

s2 

s3 

S4 

S5 

(5.44)= s6 

S7 

SS 

S9 

510 

511 

The force constant vector [sP] for o.x.alyl fluoride is given by 

KC.'Pl Ki 
KFK2 = K5 


K3 = K4 


cj) 2 

Koc/)3 

Hex;H13== ~</)4 

HoxH23= H45(/)5 (5.45)(So J z: = 
Hex 

H13= F14 

~2= Hl5</)6 

Foe5P7 

F23= F45 Fox<J's 

FcxFl2::: F15<p9 

coxC2it-= C35~10 
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For o.xalyl fluoride the number of internal coordinates St (in-plane 

only) is eleven (i.e., n = 11). The number of force constants is ten s 

\;
;;...,,,,(i.e., n , = 10). The triangular form of the [:T] matrix has n (n + l)/

;j· s s 

2 = 66 elements and the dimensions of the [ ZJmatrix are 66 x 10. 

In the following, the columns of the [Z] matrix .are civen a.s [zk1 

(k ::a l, n'f) corresponding to the Sok(k = l, ncp ). Where two or more 

force constants are equal (eg. (/) = F14) the coefficients of Sl>.,+7 = F13 

each 	appear in the same column. 

As a.n ~ple, consider column [ z l where 'P = K = K • In the
3 3 3 4

potential energy expression (5.36), the force constants IS and K4 appear 

appear only in the diagonal elements of the [:fr] matrix a.nd their 

coefficients in the [Z]matrix are unity. From (5.44), 6r = s
4

,
3 

St= Su:::: s4 (or t = u = 4), and the position of the unit coefficient of 

K3 is at n ::a 10 (from equation 5.40) in column [z 1 . . Similarly, ~r4 = s3 5 

and the unit coefficient of K ( = ~) appears at n = 15 in the same
4 

column. 

As a further illustration, consider (z ] where q; = F = F • The
7 7 13 14
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,force constant F occurs in potential energy terms involvini ~r1 , 6r
3

,13 

1 

the calculation of n for StS == S, S ,~ = Ar. (r. rj)~4 ,/.. . j where n ,1vesu ~ 0 J 1 ~1 

the posi tion of element Zn? in [ z l • Substitution of t :: 4 and u == S7 

in equation (5.40) ~ives n = 32. In a similar way, the values of n 

for all Zn? can be calculated. Since F13 ~ F14, the coefficients of 

F fall in column [ z ] of the [ Z] matrix as do those of F13•
14 7

IVa.[_z) MATRIX CALCULATION WITH A DIGITAL COMPUTER: 

The [z]matrix has a large number of zero elements. For e~ple, 

consider column [z
3
J of the [ Z] matrix for oxalyl fluoride whose elements 

were derived above. There are 66 elements in this column while only 

two elements are non-zero (i.e., Zi_o, 3 and ~513 ). The inclusion of all 

these zero elements in the [ Z1matrix makes an unnecessary demand on 

computer storage space; theref?re, in the present calculations another 

matrix called the ( Z 
t J matrix was defined. 

The [ Z 
I J matrix is obtained by leavin~ out all the zero elements of 

each column of the [ Z] matrix and collapsing all the non-zero elements 
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to&ether. Inspection of TABLE 5.5 shows that any column, [Z!} where 

cyk == Fij will have six elements or some multiple of six elements. For 

example, take the case <p 
7 

= F == F considered above for oxalyl13 14 

fluoride. F and F will _each contribute six non-zero elements to13 14 

I 

column [ ~] for a total of twelve non-zero elements. In a similar way1 

inspection of TABLE 5.8 shows that any column (zk]' where <Jk = Cik can 

' have fifteen elements or a multiple of fifteen elements. The [z] matrix 

for oxalyl fluoride is given in TABLE 5.7. 

I t I 

Each element of the l Z 1 matrix is &i ven by Zn, k where n is not 

directly related t<:? index n of znk. An i :ndicial matrix [K ] 
I 

is defined 

' whose elements Kn'k are the indices, n, of the elements Znk• There 

is a one-to-one correspondence between the elements of the [z']matrix 

and the elements of the ( K ] ' matrix. For exzmple, Zn' 1 k corresponds to 

I 

If 1\i•k = n it can be seen that 

or 

The [K
1j matrix of oxalyl fluoride is £:iVen in TABLE 5.s. 

' 1The calculation of the (z] and [ K) matrices was programmed for the 



TABLE 5.7 

(z 'J MATRIX FOR OXALYL FLUORIDE* 

~l <f 2 <p 3 <Y 4 o/5 <p6 cp1 ~8 rp9 '1'10 

1.000 1.000 1.000 1.000 1.000 1.000 0.813 0.795 o.684 0.085 

1.000 1.000 1.000 1.000 1.000 o.697 0.734 0.609 1.010 

0.294 0.291 0.387 o.so1 1.010+ 

0.797 0.807 0.710 0.510 0.801 

* values a.re rounded off at third decimal place. 
They are calculated to eight decimal places by 
the computer. 

0.393 

0~342 

0.813 

0.380 

0.353 

0.795 

0.436 

0.401 

o.684 

0.368 

0.934 

0.632 

0.510 

0.368 

0.434 
+ this column should continue from the bottom of 

the column headed ~10• 
o.697 

0.294 

0.734 

0.291 

0.609 

0.387 

o.667 

0.542 

0.632 

o.667 

0.797 0.807 0.710 0.176 0.542 

0.393 0.380 0.436 0.762 0.176 

0.342 0.353 0.401 0.495 0.762 

0.660 0.495 

0.245 0.660 

0.621 

0.085 

0.245 

0.621 

t-' 
\.V 
.f:­
• 



TABLE 5.8 

(K') MATRIX FOR OXALYL FLUORIDE 

o/1 SP2 cp3 cp4 <P5 <f'6 rp7 <Js <1'9 <Pio 

6+1 3 10 36 21 	 55 1 3 1 3 

6 15 45 28 66 	 10 10 3 15 10 

.36 21 55 l l 

7 8 2 12 9 

29 17 46 2 4 

.32 19 47 ll 7 

+ this column should continue from the bottom 1 6 l 55 66 
of the column headed Soio• 

15 15 6 45 36 

45 28 66 54 63 

11 13 4 47 58 

37 24 56 50 59 

41 26 58 46 56 

.38 31 

41 32 
......., 

\A.)37 29 
Vt. 
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lli"1 7040 computer in FORTRAN IV lan&ua,e. With this program it is 

possible to calculate the (z
t J and [K 

I J matrices for any molecule. 

Input to the program consists of bond len~ths and angles, and indices of 

the internal coordinates, St, which correspond to them. The bond 

lengths and aniles are used to evaluate the expressions given in TABLES 

t 
5.5 and 5.6. The indices are used to calculate the elements of [ K] usinc 

equation (5.40). 
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V.CALCULATIONS OF FORCE CONSTANTS FROM OBSERVED FREQUENCIES: 

The secular equation (5.27) is solved to &ive the eigenvector [ YL) 

and calculated ei&envalues ~Jc , i.e., . 

where [d-J =[zJ[cpJ 

Since [9'] is not cenerally known in advance, it is usually approximated 

a.nd hence the calculated roots, A~c, do not a1ree with the observed 

22 2 ~parameters ( /ij .. 4 rr c ). The assumed force constants are there!ore 

adjusted systematically until the a.&reement between A~ and A1 is 

acceptable. 

A. correction to [cp] is sou~ht such that AJ -)J = o. Let the 

)th ( i-1] .(i-1 set of force constants be g> and let the correspondilli 

r A i-11
calculated. roots be L-'\.. :.J. The di!terence between the observed and 

42 
calculated roots be &iven b7 

(5.47) 

A set of corrections to the force constants, [~i-lj, is sou&ht such 

that 

(5.48) 

/ \ 
I 
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where [ J f] is the Jacobian matrix whose elements are 

Calculation of this matrix will be discussed later. 

It has been aesumed in (5.48) that for small chan&es ~Al' ~c.p k 

a linear relationship exists between \t and gJk. Since the relationship 

is not linear for lar,e [A'Pi-1.], usually several cycles of refinement 

are required in which [g;] is adjusted by a small amount for each cycle. 

In particular, for the (i-l)th cycle, a set of residuals is defined by 

[r] = [J~1 D~<PJ -[&] (5.49) 

where the superscrip~ (i-1) has been temporarily dropped for convenience. 

The sum of the squares of the residuals is ,iven by 

(5.50) 

where [ w] is a dia&onal matrix whose elements W. are the wei&htin& factors 
l. 

which will be described later. 

Substitution of [r] from (5.49) into (5.50) followed by expansion 

(5.51) 

Minimizations of X with respect to l:Ac9J 1ives 
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Rearrancement of (5.52) &ives 

(5.53) 

where the superscript (i-1) has been reinstated. The ith set of force 

constants thus becomes 

(5.54) 

These [q' i J are now inserted. into (5.26) and a new set of calculated roots 

>. _l is obtained for which [E i J ( (t i-lJ. The cyclin& is continued. 

until the sum of the squares of the residuals, X is a mini.mum. 

r/ 
Note that equat,ton (5.4) consists of n~equations in ntj unknowns 

where nris the number of observed frequencies. If n.p>n'f equation 

(5.48) is soluble; however, if n-;< nf the above · treatment does not apply 


and certain further approximations (such as transferrinc force constants 


from related molecules) must be ma.de. 


WEIGHT MATRIX, [w]: 


The elements w of the wei&ht matrix used here a.re &iven by1 

1 
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44 
As pointed out by Overend and Scherer this choice of weicht matrix fits 

the calculated roots to the observed roots on a percenta1e basis. When 

a frequency {and hence, root) was not observed experimentally, it was 

civen a wei&ht, wi = o, in the calculation. 

Va.THE JACOBIAN MATRIX, [J<:I] ~3 

If the f ~J matrix in equation (5.46) is pertl.irbed b7 an amount [L::;f], 

the correspondin& change in the lth root is ...AA.t and equation (5 .46) 

becomes 

fnJt [ :1 +4~] [D] ( 1,] ~{YJ.l(A.£c +4~) 

or [D]t f:1J[D] [Yi1 + [DJt [LJ:1J fo]fyt1 ~ (11] 'A.l + (1,16A.£ (5.56) 

where it is assumed that for a small chan&e in[f], [Y.il is chan,ed by 

a ne1ligible amount. 

Combination of (5.46) and (5.56) gives 

(5. 57) 

r t 
Premultiplication of. (5.57) by !!J iives 

fL,1.lt [A'i-] fLiJ ~ A~J (5.58) 

since [L] =[ D] {Y]"" (5.23) 

and {5.18) 

r 

'{ 

I 
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Since the ~' are linearly related to ~J, 

(5.59) 

and (5.58) becomes 

(5.60) 

Comparison of (5.60) with (5.48) shows that 

(5.61) )\/ 
I 

/ 

since ( J./J ie the Jth row of [JcfJ. 


In non-matrix notation each el~ment (J '-' ~ k is given by 


n n s s 

(J'I ),lk - Z ~ 1.tt 1-tu 2nk (5.62) 

t =i 1 u - l 

'Where subscript n of.Znk is &iven in terms oft and u by equation (5.40). 

Vb.POTENTIAL ENERGY DISTRIBUTION: 

The potential enera is giTen by 

(5.24) 

The contribution to the potential enera by any normal vibration AJ 

is ,iven by 

2VA.( - [ Y1J t [ D]t[J"] [ D) [ Y1] m: ~ (5.63) 

since Ql- 1, by definition, and where equation (5.26). has been used. 

Since fLt1a: CoJ [YJl (equation (5.23)) it is seen that (5.63) becomes 
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(5.64) 

Furthermore, it is noted that if (1) is written in the form 

[ ;i7 - [zJ(Cf J (5.42) 

equation (5.64) becomes 

~J.= l_1t1' [ z]( L1J[(f1 (5.65) 

or ~{ = (J/' 1[o/J (5.66) 

where [ JfJis civen by (5.61). 

In (5.66) the contribution of each 'f'k to potential enerCY 2VA1 is 

,iven by 

(5.67) 

since from (S.63) 

2V~t .= ~.! 

Thus, it is seen from (5.66) that 

(5.68)A1 = L 
n"-

'!tt ·'fk 
. k -1 

If the potential energy 2V>.-t -&iven by (5.68) is normalized to unity, then 

n 
1 ~ <IAl ~ J.lk • ti k a:: l (5.69) 
. k = l 

and each element of the sum (5.69), 

(5.70) 
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is an element of the potential ener~ distribution matrix which shall 

be desi&na.ted lv!J. It can be seen from (5.70) that such a matrix is 

&iven by 

(5.71) 

where [s> *J is a dia.,onal matrix formed from the <f k's. It ca.n be seen 

that(i~ [l.f] were written a.s a column vector (5.71) would become a col'Wlln Y 
vector with elements ,1ven by (5.68). 

Ve.CALCULATION OF FORCE CONSTANrS ON A DIGITAL COMPU'I'ER: 

The I&~ 7040 di~ital computor has been programmed in FORTRAN ~V 

to calculate force qonstants. A block diagram of the computer pro&ra.m 

is 1iven in FIGURE 5.5. This dia,ram shows the essential features of 

the pro,ram altho~h som.o incidental steps in the calculations and input 

a.re not included. 

The most important features of the pro1ram are a.s follows: 

(i) The inte&er n (see dia1ram) is the number of cycles of1 

refinement which are desired. The inteier I is .increased 

by l after each cycle until I - n1 • At this point [.1], 

l.AJ, ry1J [ -y1i [ vrJ I [ L1, [J'P1 , and [cp1a.re printed 
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out. In order to follow the course of the refinement, 

[ 1 J, [-V], [{I J, and [L}Cf J are printed out in every 

cycle. 

(ii) 	 The [ ZJmatrix does not appear explicitly in the calculations 

of r~J, and [ J'I]. 

]4uation (5.42) for [ '17 can be rewritten as 

n'f 

.[ ~] = 2:i 9'k·[2ic1 	 (5.72) 
k=l 

The columns [ zk] a.re constructed one by one from [ ~] a.nd 

[ ~] a.nd the products r;k r~1 a.re accumulated in the [~] 

matrix. 

The expression for the Ith row of { J 'f], i.e., 

(J/j {equation (5.62)) can be rewritten as 

nee 
[ Jf]= [L_,]t L ( zk] [ LJ1 (5.73) 

km: l 


Thus, each column [J~1 is &iven by 


(5.74) 

The [J Cf]matrix is constructed column by colwnn where t.he 

[~ 	a.re obtained one by one from ( Z~J and [ K~1. 

(iii) 	 The matrix [D)tf3J[D] is dia,onalized to &ive [Y] and 



t_.1\..1 by the Ei,en-Ja.cobi method. 

The author is indebted to Dr. K. Rama.nw~ for the 

diagona.lization subroutine. 

c. 
(iv) 	 The roots At obtained by the Eicen-Jacobi method a.re 

not 	a.rranied in descendin& order of macnitude. A sub-

c 
routine has been written which arrances the roots A..t. and 

their corresponding eigemveetors [ Y....t1in deacendin& order. 

The author is indebted to Dr. D.J. Kenworthy for a 

very helpful discussion on this point. 

t [ '1 i1'\V'Cr+e..J.
(v) 	 The matrix ( ~ . wJ [ Jq....\ was Eiiaeg:aaJ:ieed by a. sub­

routine ,iven to the author by Dr. D.J. Kenworthy. The 

matrix is reduced to an equivalent trian1ular form which 

is then inverted. This method of matrix inversion is less 



sensitive than others to the de&ree of singularity of 

the matrix. In the course of a calculation [ J5 t ( wJ [J~j 

may become nearly singular. 
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FIGURE 5.5 

COMPUTER PROGRAMME FOR FORCE CONSTANT CALCULATIONS 

START 

READ 
lz'J, [K'J n I= 0 

C~J ~]=~~k[zJ 
. k 

PRINT 

[JC] 't. '9] 

(DJ I 

. [1lo] 

[w] 


. [ E1=l-:"J-[.A.) 


(t"] [w][f] 


[A]= LD]
t 
[~][D] 

I 

[Y],[A] I 

Arrange (A] in 
descending order 

(L1=[D][Y] 


rJrJ= lf!.1[~i LL] 


PRINT 

[Y], [.AJ, [v] 
PRINT 

LvJ 

[J<t]t[wJ fJ"] 
LJ"]t[w](J"] i 

PRINT 

lL1 

PRINT 
(J"j 

PRINT 
[v~] 

I= I+l 
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VI.CALCULATIONS: 


The previously outlined calculation was carried out for the trans 

isomer of oxalyl fluoride, oxalyl chloride, and oxalyl chloride f1uoride. 

In order that the least squares procedure outlined in section V can 

be carried out, the condition n~) nq> must be met. This condition is 

met neither for the in-plane nor the out-of-plane vibrations of the above 

molecules. Nevertheless, in the case of the in-plane vibrations, it was 

feasible to transfer the values of certain force constants from similar 

molecules and to constrain them. Constraints were applied by omitting the 

appropriate columns of the Jacobian matrix when it was used in the calcu­

lation of [Ag:']. When this was done, the calculated corrections, L!<p k' 

to the constrained force constants were zero. 

For each molecule, the frequencies of only two of the three out-of­

plane fundamental mcxies were observed in the spectra, while at least three 

force constants,-torsional, out-of-plane bending, and torsional-bending 

interaction, would have to be calculated from these observed frequencies. 

Furthermore, the out-of-plane force constants of similar molecules have 

not been detennined and hence, a force constant transfer is impossible. 
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VIa.OXALYL FLUORIDE: 

The force constant vector of oxalyl fluoride was defined in equation 

(5.45). The [zJ, [_K 
1

], and [nJmatrices were given previously as .examples. 

The initial force constants were transferred from other molecules. 

Thes e force constants form the vector [c;p(l)J which is given in TABLE 5.9. 

TABLE 5.9 

TBIAL FORCE CONSTANTS FOR OXALYL FLUORIDE 

EP(l)] MOIECULE [ cy{l) 'J 
(md./X)~-	 (md./~) 

KC 4.896 sym-trichlorobenzene51 2.000 

4.528 carbonyl fluoride45 	 4.500r"F 
ti ..12.85 	 12.000KO 

0.408* acetyl chloride46 	 0.500HOC 


HOF 0.286* + carbonyl fluoride45 0.286+ 


HCF 0.100·~ + perfluoroethylene42 o.ooo+ 


Foe 0.497 acetyl chloride46 1.200 


1.578 carbonyl fluoride45 	 1.200FOF 

FCF 1.37 perfluoroethylene42 1.200 

o.ooo 	 o.oooCOF 

* 	These force constants tr-ave been adjusted to take account of the 
scaling factors (rirj)~, of the ~sPij• 

+ 	 These are constrairied force constants. 

*'"" md./Ao = .millidynesloA where the bond lengths are in Angstroms, the a..Tlgles 
are in radians, and the masses are in atomic units. 
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The trial force constant vector [(j)(l)_Jgiven in TABLE 5.9 was used 

in several trial calculations in which various sets of force constants 

in Lg>(l)J were constrained while the remainder were varied. It was 

found that the most suitable force constants to constrain were HOF and 

0 
HcF• If HCF = 0.100 md./A, the value of FcF converges to a negative 

yalue, while if HCF = o.ooo, FCF converges to a small but positive value. 

It was also found that KC has a much smaller value for o.xalyl fluoride 

' 
than for sym-trichlorobenzene. The trial force constants [<J> (l) .J were 

adopted in the final calculations, since these force constants were 

closer in magnitude to the converged values than were the force constants 

[g?(l~ and hence, fewer cycles of conver&ence were required. 

The observed and calculated frequencies of the in-plane modes of oxa.lyl 

fluoride are given in TABLE 5.10. The potential energy distributions and 

calculated force constants are given in TABLE 5.11. 

The normal coordinate diagrams were obtained from the eigenvectors [Yk J 

It is noted from equation (5.15) that 
-t-

Qk = [Yk1[7] (5.75) 

The eigenvectors [I.;) are normalized and their elements Yik are the normal­

ized amplitudes of vibration of the atoms in Cartesian space. 

These diagrams were constructed as fo llows: 
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(i) 	 A scale diagram of the molecule was constructed. 

(ii) 	 The Yik were plotted as the Cartesian components of the 

atomic displacements. (Not e that each Yik is the normal­

ized coefficient of an ?i which is a Cartesian displacement 

coordinate of a iven atom.) 

The normal coordinate dia~rams for the vibrational mod.es of trans 

~xalyl fluoride are given in FIGURE 5.7. The diagrams provide a 

quantitative description of th~ normal modes for which only qualitative 

descriptions were given in Chapter 4. 

The potential energy distributions show the relationships between 

the Urey-Bradley force constants and the normal frequencies. For example, 

809cm-l (assigned in Chapter 4 to the C-C stretching mode 7l (a,))is
3 

determined by the values of Kc, ~, Foe, and F0F; thus, it is seen that 

the low frequency is not due entirely to the low value of Kc• The 

frequency 1286cm-l (assigned in Chapter 4 to the symmetric C-F stretching 

mode v'2(ag)) is primarily determined by the potential energy term in 

~; however, there are s ignificant contributions from terms in Kc and Hoc• 

-1The involvement of HOC in the 1286cm normal mode can be seen from the 
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TABLE 5.10 

OBSERVED AND CALCULATED FRF~UENCIES OF OXALYL FLUORIDE 

SYMMETRY FREQUENCIES ERROR 

OBS. CALC. (%) 

a 
g ~l 1872 1884 0.64 

~2 1286 1284 0.15 

-z)3 809 810 0.12 

~4 565 565 0 

t) 5 292 292 0 

b 
u -cJ9 1870 1858 0.64 

~10 1098 1099 0.09 

~11 672 672 0 

~12 255 255 0 



TABLE 5.11 

POTENTIAL ENERGY DISTRIBUTION OF OXALYL FLUORIDE IN UREY- BRADLEY SPACE 

v~-Q!l-1) KC ~ KO HOC HOF HCF Foe FOF FCF COF 

a 
g 1872 2 8 82 4 0 0 l l 0 2 

1286 21 41 5 16 6 0 5 5 0 l 

809 22 19 3 0 7 0 20 27 1 1 

565 4 10 2 28 4 0 38 10 0 4 

292 7 8 0 11 19 0 2 17 16 20 

b 
u 1870 0 6 87 0 0 0 5 1 0 1 

1098 0 74 2 5 5 0 5 8 2 0 

672 0 5 1 17 23 0 10 43 0 2 

255 0 1 1 19 10 0 11 9 9 41 

[ tp] (md./i) . 2.-040 4.817 12.228 0.1,.82 0.286+ o.ooo+ 1.066 1.282 0.119 0.185 

+ constrained values. ...., 
\J't 
N
• 
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FIGURE 5.7 


NORMAL COORDINATE DIAGRAMS OF OXALYL .FLUORIDE 


~(ag) 1286cm-l 

-J)
5

(a ) 292cm.-l 
g 
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normal coordinate diagra.~ (FIGURE 5.7). Extension of the C-F bonds in 

this mode produces b~nding of the C-CO angles. 

In gen ral it is seen from the potential nergy distributions and 

normal coordinate diagrams, that the concept of bon4 frequencie~which 

was discussed briefly in Chapter 4, is not supported except for the 

carbonyl stretching and antisymmetric C-F stretching frequencies. 

Discussion of the cal.cu.lated force constants is deferred until. after 

the results f9r oxalyl chloride, and oxalyl chloride fluoride are given. 

In addition to the potential energy distributions and force constants, 

calculated [";!]and. [LJmatrices were obtained. These matrices are 

given in the APPENDIX. 

VIb $ OXALYL CHLORIDE: 

I 0 
The {z J, KJ, a."l.d [DJ matrices of oxalyl chloride are 1iven in 

the APPENDIX. 

The initial set of force constants [ cp (l)J used for the oxalyl 

chloride calculations was transferred from other molecules and is 

given in TABLE 5.120 
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TABLE 5.12 

TRIAL FORCE CONSTA.l\JTS FOR OXALYL CHLORIDE 


[ rjJ (l)_} MOLECULE ['f (l) ' ] 

00 

(md./A) (md./A) 

KC 2.040+ oxalyl fluoride 2.040+ 

KCl 1.990+ phosgene45 1.990 

KO 12.231 oxalyl fluoride 11.772 
0.482 + tt tt 0.482+HOC 

HOCl 0.214* + phosgene45 0.214+ 

o.ooo+ o.ooo+HCCl It 

Foe 1.065 oxalyl fluoride 0.592+ 
450.860 phosgene 1.093+FOCl 

0.920 perchloroethylene42 0.722+Fcc1 
o.ooo+ o.oooCOCl 

+ Constrained force constants 

* lAdjusted to account for the scaling factor (r. r. ) 2 of ~ ,,./-, ..• 
l. J "rl.J 

Only eight of the nine in- plane frequencies of this molecule were 

observed experimentally, while ten force consta.11ts were to be determined 

from them. The unobserved fundamental frequency, ~2(b) was given zero 

weight in the calculations by putting w = 0 in the weight matrix. Several12 

trial calculations in which various sets of constraints were employed, 

showed the calculated corrections to KC and Hoc were not indepe~dent. In 

other words, in a given cycle of convergence, a small positive correction 
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to KC resulted in a negative correction to Hoc and vice versa. If 

convergence was allowed to proceed, KC converged to a reasona.ble value, 

0 
(3.+q4md./~), but Hoc converged to a negative value, (-0.1C/CJ md./A). 

The finally adopted constraints in [c;p (l~ are given in '£ABLE 5.12. 

It was found that the value of Coca was principally dependent on 

the unobserved frequency :iJ12 (bu). Since p)12(bu) had been given zero 

weight in the calculations of [ff] , it was, therefore, not possible 

to get a good value of COCl by us ing a simple procedure. The following 

procedure was adopted. 

(i) 	 The ·calculations were carried out with f~(l~ as the 

trial force constant vector. 

(ii) 	 The values of Fee, FCCl' FCCl which were calculated with 

' 
the trial set [Cf (l'!J were transferred to [g (l)J and 

constrained. The constraints on CCCl and KCl were 

' 
released in tq; (l) J. 

(iii) The calculations were carried out again with the trial 

I 

force constant vector fcp(l) J which is given in 

TABLE 5.12. 
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. I 

The frequencies calculated with [ g(l)J and [c; (l) J are given in 

TABLE 5.13 under the columns headed I and II, respectively. The 

calculated frequencies in colun1n II were t aken as the best values because 

they agreed best with the observed frequencies. The agreement between 

observed and calculated frequencies was considered to be sufficiently 

good to confirm the assignments given in Chapter 4. 

The potential energy distributions and calculated force constants 

are given in TABLE 5.14. The normal coordinate diagrams are presented 

in FIGURE 5.8. Calculated [ j J and [ L] matrices are given in the 

APPENDIX.­

The most striking feature of the potential energy distribution is the 

low contribution (13%) made by the potential energy term in KCl to the 

619cm-1 mode. In Chapter 4, 619cm-l was assigned to the symmetric C-Cl 

stretching mode ~(ag). With reference to the normal coordinate 

diagram for this mode (FIGURE 5.8) it is also seen that the normalized 

amplitudes of the chlorine atoms are small relative to those of the 

other atoms. In the classical approximation, it is noted that each 

potential ener gy term is proportional to the normalized amplitude 
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TABI.E 5.13 

OBSERVED AND CALCULATED FREQUENCIES OF OXALYL CHLORIDE 

SYMMETRY FREQUENCIES(cm-1) ERROR 

OBS. CALC. (%) 
I II I II 

a 
g -ill 1778 1806 1806 1.2 1.2 

-z/2 1078 1103 1093 2.3 1.4 

619 632 629 2.1 1.6i/3 

.,)4 	 465 435 431 6.4 7.2 

276 269 279 2.5 1.1-il5 

b 	 1790 1761 1759 1.6 1.6 
u -V9 

778 823 797 5.8 2.4~o 

520 . 529 521 	 1.7 0.2-z,lll 

210a 182 207~12 

a calculated from overtone or combination frequencies 



TABLE 5.14 


POTENTIAL ENERGY DIS TRIBUTIOl~ OF OXALYL CHLORIDE IN UREY-BRADLEY SPACE 

V(cm-l) Kc KCl KO Hoc HOCl HCCl Foe FOCl FCCl COCl 

a 
g 

1778 

1078 

619 

465 

276 

3 

33 

16 

7 

0 

2 

14 

13 

22 

12 

88 

0 

5 

1 

0 

. 3 

28 

12 

12 

1 

0 

9 

1 

6 

13 

0 

0 

0 

0 

0 

0 

5 

25 

15 

0 

1 

4 

18 

35 

8 

2 

6 

8 

0 

56 

1 

1 

2 

2 

2 

b u 
1790 

778 

520 

210a 

0 

0 

0 

0 

1 

33 

24 

1 

93 

0 

0 

0 

0 

18 

8 

21 

0 

16 

9 

4 

0 

0 

0 

0 

3 

?: 

3 

8 

1 

8 

51 

7 

0 

18 

3 

37 

1 

l 

1 

22 

0
[cp] (md ./A) 2.040+ 1.649 11.666 0.482+ 0.214+ o.ooo+ 0.592 1.093 0.722 0.100 

a calculated from overtone or combination frequencies 

+ transferred 
,...... 
Vl 
(X)

• 
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FIGURE 5.8 

NORMAL COORDINATE DIAGRAMS OF OXALYL CHLORIDE 

V (a ) 619cm-l 
3 g . 
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squared times the force constant. The normalized amplitudes of the 

carbon atoms, for example, are greater than those of the chlorine atoms 

In addition, Kr,) KCl' thus, the potential energy term in KC should indeed 

contribute more to the potential energy than the term in I\;l• 

VIc.OXALYL CHLORIDE FLUORIDE: 

The ( Z '], [ K'J, and [ D] matrices of this molecule are presented in 

the APPENDIX. 

The initial set of force constants [<P(l)]were transferred from 

oxalyl chloride and oxalyl fluoride. The values of the force constants 

K0, HOC' and FOC we.re taken as the arithmetic means of the values obtaingd 

for the "parent" molecules. 

KC 

~ 
KCl 
KO 

. HOC 

HOF 


HOCl 


HCF
Le, <1)] = = HCCl 

Foe 

FOF 


FOCl 

FCf"' 

FCCl 
COF 
Cocl. 

The vector Icy(l)J in this 

2.040 
) 

Kl 
4.817 K2 

10649 K5 
11.986+ K3=K4 
0~482+ H13=H14 
0.286 H23 
0.214 H45 
o.ooo Hi.2 
o.ooo ::: 

Hl5 
0.829+ F13=F14 
1.282 F23 
1.093 F45 
0.118 Fl2 
0.722 Fl5 
0.185 c24 
0.100 0s3 

case was civen by 

F 

2\ l /~ 
o-1

c--c
\ 5 

Cl 

+ arithmetic 

mean values 
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The internal coordinates St are given by equation (5.44). 

The frequencies of only eight of all nine in-plane modes were 

observed . There are sixteen force constants in Lc:p (l )J; therefore, the 

values of at least nine force constants had to be constrained in order 

that the least squares procedure could be applied. Trial calculations 

in which various constraints were employed led either to poor calculated 

frequencies or to unacceptable force constants. The least squares procedure, 

therefore, was not applied. The frequencies calculated directly from 

fg?(l)) are presented in TABLE 5.15. The agreement between the observed 

and calculated frequencies is not excellent but is, however, sufficiently 

good to confirm the fundamental frequencies obtained from the spectral 

analysis in Chapter 4. The agreement between these observed and 

calculated frequencies also shows that the force constants calculated for 

oxalyl fluoride and o.xalyl chloride are reasonable. 

The potential energy distributions are given in TABLE 5.16. The 

normal coordinate diagrams are given in FIGURE 5.9. 

VId.FORCE 	CONSTAN'rS: 

The accuracy of the force constants calculated here may be quite 
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TABLE 5.15 

OBSERVED AND CALCULATED FREQUENCIES OF QXALYL CHLORIDE FLUORIDE 

SYMMETRY FREQUENCIES (cm-1) ERROR 

OBS . CALC . (%) 

a' -i:Jl 1859 1839 1 

,72 1790 1795 0.3 

1197 1326 11v'3 

.;;4 932 	 908 2.6 

-z:}5 713 	 708 .7 

570 582 	 2.1--P6 

491 466 5.1i>? 

~8 278 	 294 5.a 

222-P9 



TABLE 5.16 


POTENTIAL ENERGY DISTRIBUTION ff OXALYL CHLORIDE F'LUORIDE IN UF.EY-BRADLEY SPACE 

c(cm-1 ) KC ~ KCl KO HOC HOF HOCl HCF l\;c1 Foc FOF FOCl FCF' FCCl COCl COF 

a' 1858 l 7 0 85 3 0 0 0 0 2 l 0 0 0 0 l 

1790 1 0 l 92 l 0 0 0 0 4 l l 0 l 1 0 

1197 16 36 0 5 12 5 l 0 0 3 15 0 0 5 0 0 

932 18 17 16 0 17 0 11 0 0 9 4 5 2 0 l 0 

713 11 8 10 3 11 7 1 0 0 22 15 3 0 6 2 0 

570 2 10 5 1 19 9 4 0 0 16 13 17 0 2 0 2 

491 4 2 23 l 11 l 4 0 0 16 2 32 0 2 3 0 

278 2 l 5 1 8 12 5 0 0 2 15 3 8 23 15 2 

222c 0 0 0 1 19 1 6 0 0 9 1 7 3 24 15 15 

~0 +
[cp] (md./A) 2.040 4.s17 1.649 11.% 0.412 o.2s6 0.214 o.ooo o.ooo o.s29 l.2s2 i.093 0.118 o.. 722 ·0.1e5 0.100 R;'

• 

c+ all values transferred calculated in normal coordinate analysis 
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FIGURE 5.9 


NORMAL COORDINATE DIAG~.S FOR OXALYL CHLORIDE FLUORIDE 


... ) ( ' -1 - ) • -1~(a 1 
) 1859cm-l v 2 a ) 1790cm v

3 
(a ) 1197cm 

- ) I -1
~t/'5 (a ) 713cm ~(a 1 

) 570cm-l 

_,) I -1 - )( I -1 __,) I) C -1//7(a ) 49lcm ~a ) 278cm ~(a 222 :cm 
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dependent on the nature of the constraints which were applied in the 

above calculations. As a result, small deviations of the above force 

constants from those calculated for other molecules may not be considered 

to be significant; however, an attempt should be made to explain the 

very low values obtained here for KC and FcF• 

The value obtained here for KC is 2.040 md./X. The value of KC 

for the single bond in the halogenated ethanes varies from 2.00 - 3.00 

0 39 
md./A. The low value of KC for the oxalyl halides may indicate that 

the C-C bond in these molecules is very weak. In molecules of similar 

structure, particul~rly oxalic acid, it has been established that the C-C 

bond length is at least as long as the typical single-bond value; in the 

well-knovm case of the planar moleculer N o4, the central bond is2

extraordinarily long. There is, hence, no particular reason to expect a 

large value for Kc here on account of double-bond character. 

The value of FCF is known to vary from molecule to molecule. In 

TABLE 5.17 some sample values of FCF are given. To the extent that the 

repulsive force constants are due to Van der Waals repulsions between 

non-bonded atoms, the variations of FCF can be explained. The Van der 

Waals forces between non-bonded atoms are qualitatively dependent on the 
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distances between the non-bonded atoms and on the electron densities on 

the atoms. The relatively small variations in FCF shown by the first 

48
four molecules in TABLE 5.17 have been attributed by Scherer et al. to 

variations in the F ••• C distances. The difference between the FCF 

value of oxalyl fluoride and those of the other molecules appears to be 

too large to be accounted for in this way. It is possible that the low 

FCF value for o.xalyl fluoride results from a changed electron density 

distribution en the interacting atoms, as a result of the high 

electronegativities of the fluorine and oxygen atoms with respect to the 

carbon atoms to which they are attached. 

TABLE 5.17 

VARIATION OF FCF 

FCF MOLECULE 

<mct./X) 

1.3 
38 

C2F6 44 
1.073 

1.37 
0.946 

CH2CF2
C F 42 

2 4 
sym­trifluorobenzene47 

0.119 (COF)2 



CHAPTER 6 


ULTRAVIOLET SPECTRA OF OXALYL FLUORIDE 

A detailed analysis of the ultraviolet spectra of oxalyl fluoride is 

presently being pursued by Mr. W. Balfour of this research group. In the 

following, only the results of a preliminary investigation of the spectra 

as observed under low resolution are described, and a very tentative 

vibrational analysis is presented. · 

I.MOLECULAR ORBITALS OF OXALYL FLUORIDE: 

The ground state vibrational analysis of oxalyl fluoride has shown 

that the molecule is.planar and trans. The related molecule glyoxal is 

known to be planar and trans in both the ground state and the lowes~ excited 

50
state. The following discussion is based on the assumption of this geometry. 

The single electron LCAO/MO's of oxalyl fluoride are given schema­

tically in FIGURE 6.1. The relative energies which are schematically 

represented in FIGURE 6.1 are those adopted by Sidman and McClure for 

48 
biacetyl. The ·cJ(bonding) orbitals and the non-bonded p orbitals on the 

fluorine atoms ar not given in this figure. The ~(antibonding) orbitals 

should be higher in energy than the orbitals shown in FIGURE 6.1. 

The molecular orbitals can be classified under the irreducible 

165. 
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SYMMETRY 

FIGURE 6.l 

LCAO/MO'S OF OXALYL FLUORIDE 

b ,, 
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a " u 

n 

a' 
u 



166. 

representations (symrnetry species) of the molecular point group (TABLE 3.3) 

c2h' of trans oxalyl fluoride. The symmetry species of the molecular 

orbitals in FIGURE 6.1 are given by the symbols listed beneath the column 

headed SYMMETRY. Note that lower case letters are used for tbese symbols 

when they refer to molecular orbitals. Single and double primes are 

used to distinguish between the symmetry species' of lower and higher 

energy Tr-orbitals, respectively. 

II.ELECTRONIC STAT.ES: 

The electron configuration of the electronic eround state of trans 

axalyl fluoride is given by 

(We ignOl!e here the (!' electrons and the non-bonded electron pairs on the 

fluorine atoms.) The numerical superscripts of the lower case symbols 

give the number of electrons in the orbital. 

The SJJl!lllletry species of an electronic state is given by the direct 

product of the symmetry species of the single-electron orbitals that 

are occupied by electrons. For example, th~ symmetry species of the 

electronic ground state (6.1) is given by 
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a &Ja @b ®b ®a @a @b ®b =A (6.2)
u u g g g g u u g 

The prefixed superscript on 1
A,. in (6.1) is the multiplicity of the 

electronic state. Since all the electrons are spin paired in the ground 

state, it is a singlet state and its multiplicity is 1. 

11 lt * The unoccuoied ·Jr orbitals a and b are called ·rr orbitals. It . u g 

ca.11 be seen from FIGURE 6.1 th.at the lowest energy excited state may be 

reached by promotion of an electron from one of the n orbitals into the 

u * * a ( rr ) orbital. Such a transition is called an n -7'" Tr transition. u 

III.VIBRONIC TRANSITIONS: 

_,,. 
The electronic transition moment, M , which is given by equation

e 

(1.19) has Cartesian components which are given by 

(6.3) 

g = x, y, z 

The simultaneous conditions that (M ) be non-zero are given by
e g 

(i) r(y~)@{7 (~) =r(mg) =r(Tg) (6.4) 

and (ii) r<r{)~r <f;) =r<1) (6.5) 

where /'(l) is the totally symmetric symmetry species. 
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The lowest energy n -.JtJ>.Tf* transitions are given by 

(6.6) 

(~:)2 (b~)2 (a~)l (bu)2 (a:)l; lAu(I); 3Au(I) 

and (a')2 (b')2 (a )2 (b )2· lA--;?- (6.?)u g g u ' g 

From the selection rule (6.4) and TABLE 3.3, it is seen that the 

and 3B ~ 1A transitions are unallowed by symmetry. In (6.6) and (6. 7)g g 

the Roman Numeral I has been placed in brackets after the excited state 

s:ymmetry species in order to distinguish this lower energy excited state 

from higher energy excited states with the same symmetry. 

Although the 3A~ 1A transition is allowed by symmetry it is spin
u g 

forbidden. Inclusion of the spin-orbit interaction terms in the electronic 

:Hamiltonian, mixes.the wave functions of singlet and triplet energy states. 

As a result, this transition may become allowed, although the corresponding 

spectrum will not be very intense. 

As a rule, it has been found that the triplet states lie lower in 

energy than the singlet states; thus, the 3A (I)--E--1A transition should u g 
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be observed at longer wave length (lower energy) than the 1Au(I)~Ag 

transition. 

IV .EXPERTI'-'1.ENTAL: 

0
The spectral region 2000 - 7000 A was surveyed photographically with 

a Bausch a.r.d Lomb 1.5 meter grating spectrograph, model 11. Since the 

singlet -triplet absorption spectrum was expected to be very weak, a 1.85 

meter multiple reflection cell was employed giving absorbing paths of up 

to 100 m. This multiple reflection cell was similar to the one described 

49by Moule except that the controls for adjusting the positior..s of the 

mirrors were outside the cell. A weak band spectrum was observed in the 

0 
region of 3340 A with a pressure-path length of 3.21 meter.atmospheres. 

0 
Another more in.tense band spectrum was observed in the region of 3082 A 

with a pressure-path length of 0.019 meter.atmospheres. 

V.SPECTRAL ANALYSIS: 

No absorption was obtained to the long wavelength side of the above 

spectra and so these were assigned to the lowest energy n-" µ* 

transitions. The weaker 3340 ~ band system was assigned to the 

03A (I)~ 1A transition. The 3082 A band system was assigned to theu g 
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1A (I)~A transition. u .g 

0
Va.THE 3082 A SYSTEM: 

The frequencies (cm-1 ) of the strongest bands of the spectrum and a 

partial vibrational analysis are presented in TABLE 6.1. 

The strong band at 32,4Li.5.4cm-l was identified as the origin band. 

-1To the red of this origin in the region 32,445.4 - 31,642.2cm , bands 

-1 -1at intervals of 80J.2cm and 317.7cm were assigned to ground state 

n ..... 1 n 
quanta of '1/ and J-' • To the violet of the origin, the intervals

3 5


-1 -1 6 -1 -1 -1 .
282.6cm , 542cm , 114 cm , 1278c~ , and 137lcm were assigned to 

. C: _,,.; f ~ . f I 0 -:1'the excited state vibrations 'P15, P 4, t.1
3

, 7.J
2 

, and2" • That 7? (1146cm-1)
1 3 

, n -1
is greater than 7/ (803 .2cn: ) which was assigned in Chapter h to the

3 

C-C stretching mode, is consistent with the fact that in the excited 

ti * state, the a (TT ) orbital is bonding across the C-C bond should make 
u 

this bond stronger. · The frequency assigned to the excited state carbonyl 

stretching mode, -V ~ (ag), i.e. 137lcm-l is of the same magnitude as the 

frequencies assigned to this mode in glyoxal (139lc;m-1) and in oxalyl 

chloride (l422cm-l). 

-1Groups of bonds separated by the interval 97.2CIL. are prominant 
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3~ 
in the spectrum. Brand observed similar groups of bands separated by 

lOOcr:i-l in the near ultraviolet spectrum. of glyoxal. Following Brand's 

-1 -1assigp..n:.ent of the lOOcm of the glyoxal spectrum, the present 95cm 

interval was assigned to positively running sequences in the torsional 

vibration, 7) •
7

The bands become increasingly diffuse toward the violet as the 

discontinuity in the underlying continuum is reached. This diffusness 

was attributed to predissociation. T~e predissociating state is probably 

the 1A (II) excited state whose electron configuration is given by. u 

(6.8) 

52 
Theory predicts that this state is probably u..~stable with respect to 

dissociation and, in any case, should have a rotated non-planar configur­

ation. 

0 
Vb. THE 3340 A BAND SYSTEM: 

The frequencies of the strong bands and a partial analysis of this 

spectrum are given in TABLE 6.2. 

The strong band at 29,943.3 was taken as the origin band. Analysis 

0 
of this system follows closely that of the 3082 A system. To the red 
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of the origin, the interval 2)0cm-l was assigned to the overtone of the 

ground state torsional mode. Apparently, no other hot ba.Lds were observed . 

1To the violet side of the origin, the observed intervals 287cm- , 1148cm-1, 

-1 -1l.24lcfil , 1444cm were assigned to the excited state frequencies 

7) , -!!l' -;J' -zl' 
. 5' v 3' J/ 2' ' i • The excited state quantum of -:J4 ' was apparently 

not observed. 

The promina.-rit lOOcm-l interval observed here was assigned to sequences 

in the torsional vibration. 

The values of the assigned fundam.ental frequencies of ground state, 

singlet excited state (1Au(II), and triplet excited state (3Au(I) are 

given in TABLE 6.3~ 



TABLE 601 

VIBRATIONAL ANALYSIS OF THE STRONG BANDS OF 

(cm-~) 

31,642.2 
31,740.5 
31,83706 
32,018.2 
32,127.7 
32,214 
32,312 
32,404 
32,445.4 
32,542 .. 6 
32,617 
32,652 
32,728 
32,737 
32,824.0 
32,891 
32,912.8 
32,987.4 
33,003.0 
33,067.1 
33,082.3 
33,09804 
33j?lllo3 
33,177.5 
33,200.4 
33,265.7 
33,275.1 

33,289.9 
33,354.2 

INTENSITY 

vw 


vw 


vvw 


vw 


vw 

vw 

m. 

m 

ms 

ms 

ms 

ms 

ms 

m 

s 

m 

s 

vs 

m 

m 

ms 

m. 

ms 

w 

mw 

!lrH" 

w 

mw 

mw 

NOTATIO :1 

30
1 
3~ + 7i 
30 + 12l 2 

5~ 
...... 

70
2 

51 
1 

origin 
?l 
'l 

72 
2 

51
0 

73
3 

41
0 

52
0 

41 + 71
0 1 

41 + 72 
0 2 

41 + 51
0 0

45 + ?~ 
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0 
~HE 3082 A SYSTEM 

ASSIGNMENT 

7./ .n 
- 7/

0 u 3 u ' 

-j)0- ~~-~?+ 111 
. -;) 1)"Vo-. 3- 2 7+ 2 

-P - -Pu
0 5u 

Vo - 21/7 

" ' Yo-Y5+V5 

1)'7 

7/
0

7/o ­

-v
0 ­

" ' 
11'7 +7/7 

tilt -J)'
2 a7 + 2 7 

Vo+ 1)5n , 
110 - 37)7 + 3117 

r 
Yo+ 7/4, 
Po+ 2-Jl5 

J It G 

'}/o+ --;J4-1l7+ 717 

' ft c 
7/o+-P4-2711+2 7/7 

I t 

Vo+ V4 +V5 
f I"J/'.n

Vo+7J4-3 7+37J7 
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TABLE 6.1 - CONTINUED 


33,461.9 mw 


33,542.2 w 42 7/' 0 + 2-P~
0 
33,5Li.8 •.3 mw 

33,591.4 Wt/ 31 ·;Vo +-;J3 ' 0 
33,672.2 mw 

2133,724.0 m -Yo +JJ;0 
33,816 m il -;)0 +:;)~0 
33,893 RED EDGE OF CONTIATUUM 
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TABLE 6.2 

0 
VIBRATIONAL ANALYSIS OF S'l'RONG BANDS OF THE 3340 A SYSTEM 

(cm-1) INTENSITY NOTATION ASSIGNMENT 

29,712.8 VVrl 72 -iJ - zJ);
0 0 

29,864.7 m 

29,912.1 mw 5i :tlo +v; --Y; 
29,943.3 s origin 'r'o 
30,043.3 s ~ -Yo +pJ7 ' -'J/7 

rt 

2 ' tt30,143.7 m 72 
Yo+2 <~7 -z/7)

30,230.3 m 51 7/'o +-p5 
30,330.3 !!!. 51 

0 
+ 71 p o+:tl;+P;.., pl; 

f tt30,429.4 m 5£ ~ 
0 2 -t/o+ P ?+2 (--t/7- 'P "It) 

30,529"5 m 50
, 

+ 13
"l 

--Po+7/5+3<ti7--V?} · 
30,715.4 mw 

30,810.0 mw 

30,910.9 mw 

31,091.6 mw 31 ~o +71';0 
31,184.9 m 21 Yo+-;) 2 
31.437.4 m 1£ 

0 "'tJo+~~ 
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TABLE 6.3 


ASSIGNED GROUND STATE AND EXCITED STAT~ FUNDAMENTAL FREQUENCIES(cm-1 ) 

GROUND STATE EXCITED STATES 

lA 1A (I) 3A (I) g u u 

a 
er p'l 1872 1371 1444 
0 

1286 1278 1241Y2 

809 1146 11487/3 


565 542
7/4 

292 282e6 287-Y5 

a -;/6 419u 


127a 212b 01 5b 

7 
~ 4.J.. 


b 420 
(7 -:Vs 
0 

b 1870 
u ~9 


1098
p/10 


672
Y11 

255;/12 

a calculated from overto1rn a.Yld combination frequencies
( eo 

b ' n .. 2v7)
calculated from ( ~7 - r 7) + ·. 2 



CHAP1~R 7 

CONCLUSIONS 

The limiting factor in the present vibrational analyses of the oxalyl 

-1halides is the lack of 	observed infrared frequencies below 200cm in 

-1the case of oxalyl fluoride, and below 250cm in the cases of oxalyl 

~~loride and oxalyl chloride fluoride. 

A satisfactory a.~alysis of the available infrared and Ra~a.~ spectral 

frequencies of oxalyl fluoride and oxalyl chloride has been obtained on 

the assmnption of the trans isomer alone.. It seems likely that oxalyl 

chloride fluoride has the sa!Ile configuration. In the absence of low 

observed frequencies it has been necessary to assign the normal frequencies 

of the torsional vibrations as values calculated from overtone and 

combination frequencies. L~ the cases of oxalyl chloride and oxalyl 

chloride fluoride, only eight of the nine in-plane fundamental frequencies 

were observed. experimentally. 

The assigned funda.:nental frequencies were checked by norm~l coordinate 

analysis. Here, several difficulties were encountered: 

(i) 	 In all the molecules studied here, there were fewer observed 

17?. 
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frequencies than force constants, i.e., n-v( n<j; 

thus, certain force constants had to be transferred from 

other molecules and constrained in the calculation while 

the r emainder were varied. 

(ii) 	 Only the Raman frequencies of liquid oxalyl fluoride and 

liquid oxalyl chloride were available. It is a known fact 

that liquid frequencies may be shifted from the corres­

ponding gas phase values by undetermined amounts. 

(iii) 	 In the case of oxalyl chloride, the converged values of 

~ a.nd HCC were found to be correlated, with the result 

that a large number of constrained force constants were 

required. 

Notwithsta..~ding.. the above difficulties, the calculated and observed 

fundamental frequencies agree sufficiently well to confirm the frequency 

assigr.u11ents for the in-pla..Yle normal modes. Although the force constan.ts 

obtained with our rieidly constrained force field can not be considered 

to be precise, qualitative conclusions can be drawn from them. The 

0 
relatively low value of KC (2.0l.,O md. / A) indicates that the C-C bonds 

http:constan.ts
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in all three molecules studied here are fairly weak. To the extent that 

the magnitudes of t he repulsive force constants F.. are determined by
1J 

0 
interatomic repulsions, the low value of FCF (0.119 md./ A) obtained 

here for oxalyl fluoride, when compared with its value in other molecules, 

indicates that the electron distribution on carbon is different here 

than in other molecules. 

\ 
The list of molecules containing the oxalyl gro,.ip 0 =C - C =O whose 

\ 

structures have been determined to be planar and tra..l'ls in spectros~opic 

studies is growing. Including the present molecules, the list is: 

32
glyoxal 

biacety133 

19
oxalyl bromide ' 

oxalyl chloride 

oxalyl fluoride 

oxalyl chloride fluoride 

Thfo is not to suggest that the cis form is unstable or non-existent; 

however, there is no concrete evidence to support its existence. 

In the analysis of the ultraviolet spectrum of oxalyl fluoride, 

0
obtained under low resolution, a weak band spectrum at 3340 A was assigned 

to the 3Au(I) ~lA g transition and a stronger system at 3082 Awas 
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1 1assigned to the A (I) <=--- A transition. The 1A (I) excited state u g u 

is predissociated;-proba.bly by the 1A (II) excited state. 
u 
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APPENDIX 




( D) NATlUX OF OXALYL CHLORIDE 

s
1 

s2 

S3 

s,,. 

55 

s6 

s7 

SS 

s9 

~30899 

~x
2.6. Y1 ~xl Ay2 ~Y3 .4x3 L:ly4 AX4 4y5 ~x5 A y6 .LJx6 

Of128855 -Oe28855 

-=Oe26361 Oell737 Oal5J42 .-Oc068Jl 

0026361 -=Oell737 -0.15342 Oe068Jl 

Oo2ls.200 0.15716 -0.20967 -Ocil3616 

.2i}200 -Ocil5?16 Oe20967 0013616 

0009012 -0050991 Oe05?06 Ocl2815 -=Ocil6301 Oe25102 

.09012 0050991 Ocl6301 -0025102 -=-0005706 ...,0012815 

0.25809 --Oel>.3380 Oc27057 0~15223 -0,,231~+2 

Oo.4.3380 -0027057 -0025809 -0015223 002341+2 

OC>41860 0«2J;,,617 .JjfJQ6J79 '"°Oel/+327 

Oo2l;6l7 0~30899 0.06379 0.14327 

P>. 

t--J
• 



[ Z'] MATRIX OF OXALYL CHLORIDE 


g> l :P2 <P3 <J 4 $P5 (j) 6 9J7 g)8 <jJ 9 q;>lO 

1.000 1.000 1 .. 000 loOOO 10000 1.000 Oo803 00832 0.628 0.191 0.,191 

1.000 1.000 LOOO l.000 1.000 01)692 0.656 0.717 0&868 0.868 

0.301 0.295 0.365 0.,763 0.763 

0.791 0.785 0.730 0.,585 Oo585 

0.397 011403 0.,388 0 el4'55 0.455 

Oo31/3 Oo326 0.429 0. 849 0.81v9 

0.803 0.,832 0.,628 Oc.660 Oe1660 

0.692 Oo656 Oo717 0,,728 0.728 

0.301 0.295 0.365 o. 5li.2 0.542 

0.791 0.785 0.730 0.294 Oo294 

Oe397 0.1~03 0.388 Oo823 0.823 

0.3h8 0.,326 0.4.29 0.. 654 Oo65J~ 

0~433 0.433 

0.448 0.448 

0.639 0.639 ~. 
l\). 



1 
[K ] MATRIX OF OXALYL CHLORIDE 

<:f 1 !P2 fiJ3 ~4 ~5 _96 f 7 9s j£>9 910 

1 3 10 36 21 55 1 3 1 3 6 

6 15 45 28 66 10 10 3 15 10 

36 21 55 1 l 

7 8 2 12 9 

29 17 46 2 h 

32 19 47 11 7 

1 6 1 54 66 

15 15 6 45 36 

45 28 66 54 63 

11 13 4 47 58 

37 24 56 50 59 

41 26 58 46 56 

38 31 

41 32 

37 29 Po>. 
\..V
• 
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[DJ MATRIX OF OXALYL CHLORID}}; FLUORIDE 


s1 

s2 

SJ 

s5 

s6 

s7 

SS 

S9 

.l.,1860 

-;,';,yl AX1 ~Y2 ,6.x2 ..6Y3 4 ~Y4 ~X4 L) y5 L'\x.5 ~y6 ~x6x3 

0.28854 -0.28854 

-0.26938 0.10340 0~21418 .-0.08222 

0026361 -0 .. 11737 -0,,20967 -0.13616 

0,,23921 0.161.35 -0.20726 -O.l.3980 


0.23921 -Ool6135 0.20726 0.13980 


0.0'7571 -0.50771 0.07692 0.20039 --0.14942 0.22152 


009021 0.50991 0.16301 - 0025102 - Oo057o6 - 0.12815 

Oc25592 -0043784 0026971 0.15762 -0023368 

Oc43380 ~Oo27057 -0.25809 -0.15223 0.23442 

0038261 Oe28i~.16 -OoOS67.3 -0~22593 

-0.. 24617 0030899 0.06379 0.14321 

P>. 

+-­. 
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t
[ z J MATRIX OF' OXALYL CHLORIDE FLUORIDE 

Soi <:P2 <1'3 cp '{> <.P5 cp6 cfJ7 g/s p9 910 q;ll 9712 (}J13 CJ14 CJ?15 o/16 

10000 10000 leOOO 1.000 10000 1.000 loOOO loOOO leOOO 0.809 Oo792 Oe8J2 Oo684 Oo832 0.081 Ool84 

1.000 leOOO Oo702 0.738 Oo656 Oo 609 0.656 10021 o.899 

0.295 Oo291 0.295 0.. 387 Oo295 0.806 Oo761 

0.798 Oo807 0.785 0.710 0.785 0.507 0.587 

Oo.392 0.379 0.403 Oo1+36 Ooh03 0.364 Oo450 

0.345 0.355 Oo326 Oe/.,1,0l Oo326 0.941 o.s61 

0.809 o.63a 00668 

0.702 o.674 0.727 

0<'295 Oo549 0.587 

0.798 0.173 0.291 

0.392 Oo771 0.734 

Oo345 o.667 Oe658 

0.243 0.,338 

0.494 Oc457 

o.628 0~637 

• 
~ 

"' • 



t 
[ K ] MA'l1RIX OF OXALYL CHLORIDE FLUORIDE 

~' 1 ~"'2 CJ>3 _ <J\ <P5 CJ' 6 Cf'7 <Y's 5P9 <1'10 <f11 o/12 o/13 (/?14 g:-'15 CJ'16 

1 3 6 10 86 21 28 55 66 l 3 6 1 l 3 6 

15 45 10 10 15 3 6 15 10 

36 2l 28 55 66 1 l 

7 8 13 2 4 12 9 

29 11 24 46 56 2 4 

32 19 26 47 58 11 7 

1 55 66 

15 45 36 

45 54 63 

11 47 58 

37 50 59 

41 46 56 

38 31 

41 32 

37 29 ~ 
•
O'
• 



[ :f] HA TRIX OF' OXALYL FLUORIDE 

sl s2 s3 s4 s5 s6 s7 Sg s9 810 811 

Jf o 230 0.152 0.152 1.022 1.022 0.,,000 o.ooo 0.533 0.533 0.174 0.174 

5.925 o.ooo 1.0.34 0.094 0.488 o.ooo o.ooo 0.045 Oe080 o.ooo 

5.925 0.094. 1.034 o.ooo 0.488 Oo01~5 o.ooo 0 "000 0.080 

14.099 o.ooo 0.453 o.ooo Oo456 o.ooo O~OOO Oc.141 

140099 OQOOO O.li.53 o.ooo 0.4.56 0.11}1 o.ooo 

0.659 o.ooo o.ooo OoOOO 0~000 o.ooo 

0.659 o.ooo OoOOO o.ooo o.ooo 

o.91a o.ooo o.ooo 0.100 

0.918 0.100 o.ooo 

Ool6J o.ooo 

0.163 

~. 

-.J. 



[ ~] MATRIX OF OXALYL CHLORIDE 


sl s2 s3 54 $5 s6 87 S8 s9 8 Sil10 

4.050 0.573 0.573 0,,553 Oo553 OeOOQ . OoOOO 0 . 298 0.298 0 . 31~5 0.345 

3.096 o.ooo Oe858 0.058 0.44.0 o.ooo o.ooo Oo034 0.339 o.ooo 

3.096 0.058 0.. 857 ' o.ooo 0.440 0.,034 o.ooo OeOOO 0.339 

120879 OoOOO Oe355 O. OJO 0.250 o.ooo o.ooo 0.071 

12.879 cf,ooo Oe356 o.ooo Oo250 0.071 OoOOO 

0.536 o.ooo o.ooo o.. ooo o.ooo OeOOO 

0.536 OoOOO OoOOO o.ooo o.ooo 

0.733 OoOOO o.ooo 0.058 

0.733 0.583 o.ooo 

0.329 o.ooo 

0.329 

P>. 

•
co 



[if.J MA'YrtIX OF OXALYL CHLORIDE FLUORIDE 

s1 s2 s3 s4 s5 s6 s7 SS S9 810 Sil 

4.288 0.151 041612 0.. 747 L322 OoOOO o.ooo 0.388 0.41._1 0 .. 175 0.357 

5.919 o.ooo 1.035 0 .. 094 o.ooo o.ooo o.ooo 0.. 045 0.,079 o.ooo 

3.051 0.059 0.858 OeOOO 0.441 0.034 OcOOO o.ooo 0.264 

13.603 o.ooo Oo456 o.ooo 0.331 o.ooo O ~OOO 0.,073 

lJ.603 o.ooo 0.356 o.ooo 0.377 0.. 14.3 o.ooo 

0.659 0.,000 o.ooo o.ooo 0"000 OoOOO 

0.536 OeOOO 0.000 o.ooo o.ooo 

0.799 o.ooo OcOOO 0.059 

0.851 0.102 o.ooo 

0.164 o.ooo 

0.279 

P>. 

'°. 




[LJ MATRIX OF OXALYL FLUORIDE 

Ql Q2 ~ Q4 Q5 
'29 QlO Qll Ql2 

31 I 0.14463169 -0.31490055 -0020200682 0.06344168 0.04019185 

0.00000005 -0.00000003 0.00000000 0.00000001 

$21 0.12786752 0.20386630 -0.08811525 -0.04322515 0.02008465 

-0.11030357 0.23306143 -0.03778683 0.0059J:354 

0.12786752 0.20386630 -0.oss11525 -0.04322515 0.02008465$31 
....0.11030357 -0.23306143 +o.03778683 .-00 00591!.3 54 

$41 -0.26541468 0.04236962 -0.02236873 0.01167755 -0.00225022 

0.26875287 0.02294594 -0.01034027 0.00450628 

$51 -0.26541468 0.04236962 -0.02236873 0.01167755 -0.00225022 

-0.26875287 -0.02294594 +0.01034027 -0.00450628 

s6 0.08111158 -0.33197189 -0.21073060 -0.11277386 -0.12878685 

-0.10784886 -0.25811581 -0.32522135 -0.08044736 

s7 0.08111158 -0.33197189 -0.21073060 -0.11277386 -0.12878685 

+0.1.0784886 +o.25811581 +0.32522135 t0.08044736 

8s I 0.30378198 0.,40527444 0.02879412 0.23177954 -0.07541594 
• 
~ 

~0.00726174 t-'0.19841989 0.2138h754 -0.08655932 0. 



[ L] MATRIX OF OXALYL FLUOIUDE 


Ql ~ Q4 Q5~ 
Q9 QlO Qll Ql2 

s9 0.30378198 0.4052?l~)+4 0.02879412 0.23177954 -0.07541594I 

I 
1-0.00726174 -0.19841989 - 0.21384754 ;-0.08655932 

-0.41613861 -0.05887670 0.20681654 -0012058121 0.22580914 810 

0012935777 0007894281 0013811282 0.18321811 

-0.41613861 -0.05887670 0.20681654 -0.12058121 0 .. 22580914 
' . 811 l 

-Ocl2935777 -Oca07894281 -0013811282 -0.18321811 

P>. 

. ~ 



[ LJMATRIX OF' OXALYL CHLORIDE 


Ql Q2 Q4 Q5~ 
Q9 QlO Qll Ql2 

0.17297002 0.33928287 -Of113331709 0.06021191 -0.00986437s1 I 
0.00000000 -0.00000001 0.00000000 0000000000 

0.09365889 -0.17082068 -0.09441+903 -0.08478745 -0 0 0408981-}7s2 I 
-0.08393831 0019283254 -0.10703278 -O c00691788 

0.09365889 -0.17082068 o.0944lv903 . 0.08478745 -0 ~ OJ.J.08984 7s3 I 

I 
-0.08.393831 - 0.19283251., 0.10703278 0 000691788 

-0.26883868 -0.-00666405 -0.02234958 0.00760288 0.00244208S4 

+0"26992266 -0.00223711 -0.00397586 0.00169017 

-0.26883868 -0.00666405 -0.02234958 0.00760288 0.002-44208s5 I 
- 0.26992266 +0.00223711 .fo0.00397586 -0.00169017 

0.10301221 0.37697429 -0.076246.38 -0.12560328 0.11994186s6 I 
-0.11360707 -0.37207865 -0.18773959 -0.04584338 

0.10301221 0.37697429 -0.07621{,638 -0.12560328 O.lJ.994186s7 I 
-1-0.11360707 +0.37207865 +o.1s773959 +0.04584 . .338 

Sg 0.26127515 -0.45088260 -0.17208188 0.11583165 0.02081075 
P>I . ....., 
1\)0000442764 0.26731912 0.11827042 -0.07506904 
• 

http:0.076246.38


fL) MATH.IX OF OXALYL CBLOflI.DE - CONTINUED 

Ql ~ ~ ~ Q5 

~ ~o ~1 '2i2 

Oe26127515 -0~4508826089 I 
Oo004iv2764 

-0.42797476 O.ll833510SlO · 1 

0.12171575 

-0.42797476 0.,11833510sll I 
-0.12171575 

-0.17208188 Ool.1583165 

-0.26731912 -Oell827042· 

0.29126574 0.. 00175289 

0.09595710 0.06830.366 

0.29126574 0000175289 

-0.09595710 -0.06830366 

0.02081075 

-0 0 07506901f. 

-Ool5901L..12 

0f>14.1.128 5 5 

-0.15901412 

-0.14112855 

."" 
~ 
• 

http:CBLOflI.DE


l LJ MATRIX OF OXALYI" CHLORIDE FLUORIDE 


Q5Ql 	 Q2 Q4 
·Q 	 QB Q96 	 ~ 

-0.11795316 Oo07J4J8099 -0()28807663 0.20760429 -Oel2515155 
~ I 

0.04916828 -0.021~60288 -0 .004.125960.04787266 

0.13116995 -0.07074419-0.17274600 	 -Oc01986625 0.2800167.3
s2 I 

-0.01006345 0.00289337-0.065.341ll -0.02570509 

0~05589974 -0.21889418 -0.13332510-0G04169543 0~12759140s3 I 
0007430014 -0.13284257 -0.03756538 -0.00747555 

0.00854026 -0.022607290.36572637 	 Oe09171653 0.05393551
s4 I 

-0.0006684.7 -0.002676370.00577266 	 0.00788018 

0.03212003 -0.00782653 -0.011281~220.08720683 --Oe.36972127s5 I 
0.003010590.0140821.0 0.00320786 0.00519604 

-0.06235217 -0.,44588372 -0.02436228 -0.27662090 
I-0.105042'71s6 I 

-0.07456566 0 .14422.001 0.03548884-0.24852988 
0.11010276-0.16541635 0.49028425-0.01383312 0.13312671S7 I 

0.10459420 -0.089921130.19249392 -0.15341499 

Sg -0.27894484 0.15443542 o.1~5152975 -0.03264802 0.00214228
I 

0.084202950.27848490 	 0.09681.4.98 0. 08899693 ~ 
•....., 
+­• 

http:0.09681.4.98


[ L] MATRIX OF OXALYL CHLORIDE FLUORIDE - CONTINUED 

Ql Q2 Q4 Q5 
Q6 ~ QB Q9 

-0.25159516 0014654693 Oe24573552 -0.41313"964 ::0.25798319s9 I 
-0.,00459284 0.14510915 0.02709732 -0006583482 

810 

I 

I 0.41308781 -0.09397026 0.01994852 0.,06184069 0.30700102 

- 0.01729409 -0001924475 -0025556845 -Oel2892438 

0 .3166801~ - 0032428901 -Oel0925810 -Oo053535BS 0018576373 
Sil 

- 0.209'71661 -0$00220427 -0011~938131 0.17935358 

P'
• 
~ 
Vl. 
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