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The molecular structure of 1,2-difluoroethane, oxalyl fluoride and

oxalyl chloride fluoride have been investigated by gaseous electron

diffraction. For 1,2-difluoroethane nozzle-tip temperatures of 22,

203, and 420 °C were used. Two distinct conformers were identified.

a lower energy gauche form and a higher energy trans form. Rotational

constants (one isoptopic species) and the diffraction data were used

simultaneously to obtain the structure. Three types of models differ-

ing in manner of handling the torsional problem were tested. At 22°C,

after corrections for the effects of vibrational averaging, the bond

lengths ), bond angles, and rms amplitudes of vibration with un-

certainties (20) from the preferred model were found to be r(C-H) =
0 0 0 0

1.102(4)A, r(C-F) = 1.389(2)A, P(C-C) = 1.50(3)A, <CCF = 110.3(1)



<CCH = 111.0(10)°, <CCH = 108.5(16)°, <FCCF = 108.7(17)°C, 2,(C-H) =

0

0.075(5)A, 2,(C-F) = 0.053(3)A, Z(C-C) = 0.062(9)X, 2,(CF) = 0.069(3)A,

and 2,(C-H) = 0.106(10)X. The torsional potential was represented by-

the function 2V = EV.(1-cos), '::=1,2,3; the averages of the values

of the coefficients refined at the three temperatures are V
1

= 0.67(42),

V2 = - 2.53(25), and V3 = 2.21(28), all in kilocalories per mole. The

energy and entropy differences were found to be E° E° = 1.76(51)
g

kcal/mol and S° - S° = 0.97(96) calK-1 mol -1
. The structure is dis-

cussed.

Oxalyl Fluoride was investigated at nozzle-tip temperatures of

-10, 149, 219, and 321°C. At all temperatures the majority of mole-

cules exist in the lower energy s-trans conformation. In addition,

at the three higher temperatures a large fraction of the molecules

are twisted away from the trans position. Unfortunately, we were un-

able to determine positively whether the conformation of the higher

energy form was cis or gauche (near-cis). Three different models are

reported which differ in the function used to approximate the poten-

tial hindering internal rotation. The other aspects of the structure

are consistent from model to model. The distances (r
a
), angles, rms

amplitudes, and associated 2a errors obtained from the -10°C data are

0 0

r(C=0) = 1.180(1) A, r(C-F) = 1.329(1) A, r(C-C) = 1.536(3) A, LCCO =

0 0

126.0(2)°, LCCF = 109.8(1)°, Z(C=0) = 0.042(2) A, Q(C-F) = 0.050(2) A,

0 0

C-C) = 0.053(4) A, Z(O.F) = 0.055(3) A, CF) = 0.065(3) A, and

0

VC0) = 0.056(3) A. The energy difference between the more stable

trans conformer and the higher energy form is estimated to be 0.9-1.9

kcal/mol. An approximate value of 59 cm
-1

was calculated for the



torsional frequency of the trans form but no meaningful estimate

could be made for the other conformer.

For oxalyl chloride fluoride the nozzle-tip temperatures used

were 22, 81, 158, and 310°C. Two distinct conformers were found,

one trans and one gauche, the trans form being lower in energy. Two

model types differing in the representation of torsional properties

are discussed. The entropy difference, rotameric composition, and

barriers to internal rotation were found to be somewhat model depen-

dent. At 22°C, the bond lengths (ra) bond angles, and rms amplitudes

of vibration with associated uncertainties (2a) from the preferred

model are r(C1=02) = 1.187(1) A, r(C4=05) = 1.184(1) A, r(C-F) =

0

1.336(3) A, r(C-C) = 1.535(3) A, r(C-C1) = 1.744(2) A, LFCO = 123.2(3)°,

LC1C0 = 125.4(4), LCCF = 110.0(2), LCCC1 = 112.2(2), LFCCOgauche
=

129.7(58)°, t(C=0) = 0.046(2), k(C-F) = 0.051(3) A, k(C-C) = 0.058(4) A,

k(C-C1) = 0.057(3) A, k(C1'05) = 0.064(4) A, k(C402) = 0.065(4) A,

0 0

k(0F) = 0.057(4) A, k(CF) 0.074(4) A, k(0C1) = 0.073(5) A, and

0

t(CC1) = 0.091(5) A. The potential assumed for the preferred model

was represented by the function V =;.2-EVi(1-cosicp), i=1,2,3; the aver-

ages of the values of the coefficients obtained at the four tempera-

tures are V1 = 0.48(15), V2 = 0.58(6), and V3 = 0.62(11), all in kilo-

calories per mole. The energy and entropy differences were found to

be E° - E° = 1.15(36) kcal/mol and S° - S° = -1.32(98) cal K
-1

mol
-1

.

g t g t

The structures of oxalyl chloride fluoride and the other oxalyl halides

are discussed.
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Gaseous Electron Diffraction Investigations. Molecular
Structure, Composition and Barrier to Internal Rotation of

1,2-Difluoroethane, Oxalyl Fluoride, and Oxalyl Chloride Fluoride

INTRODUCTION

This thesis describes three molecular structure investigations by

gaseous electron diffraction. All three studies involved molecules

which can exist in more than one conformation by undergoing internal

rotation about a central carbon-carbon bond. The major goal of each

study was to determine the equilibrium torsion angle(s), conforma-

tional composition, and thermodynamic properties of the compound being

studied. A recently developed sample inlet nozzle allows one to col-

lect data over a wide temperature range. This has enabled us to mea-

sure the variation in conformational composition with temperature from

which energy and entropy differences are derived by treating the con-

formational equilibrium as a two-state system. Other approximations

allow one to derive the potential hindering internal rotation as a

function of torsion angle.

The first compound chosen for study was 1,2-difluoroethane. Re-

sults from two previous electron diffraction studies 1
'

2
and a variety

of spectroscopic investigations
3

'

4
are in agreement that the lowest

energy conformation is gauche (syn) in contrast to the other dihalo-

ethanes for which the trans (anti) conformation is lowest in energy.

Since the previous electron diffraction studies were based only on room

temperature data, where only a small percentage of molecules are in



the trans conformation, we undertook the study of the molecule at 22,

203, and 420°C in order to determine a value for the entropy difference

as well as an improved value for the energy difference. We also hoped

to remove some uncertainty in the values for the structural parameters.

Molecules of the general type

x,y = F,C1,Br,CH3

have been the subject of a number of investigations in this laboratory

including: biacety15'6 (x=y=CH3), oxalyl bromide7 (x=y=Br) and

oxalyl chloride
8

'

9
(x=y=C1). The trans conformation is the lowest

in energy for all three compounds while a higher energy gauche form

exists for oxalyl chloride and oxalyl bromide. Oxalyl fluoride (x=y=F)

and oxalyl chloride fluoride (x=C1, Y=F) were chosen for study in order

to provide a more complete picture of the structural properties of the

oxalyl halides. There was both experimental and theoretical evidence

that oxalyl fluoride may very well be an exceptional member of this

series with its higher energy conformation being cis rather than gauche

Very little was known about the structure of oxalyl chloride fluoride

and it therefore seemed that the determination of both its structure

and conformational properties would be an interesting comparison to the

symmetric oxalyl halides.

This thesis is comprised of three main sections, each of which is

a manuscript of a structure investigation. The 1,2-difluoroethane

manuscript has been published
10

while the oxalyl fluoride and oxalyl

chloride fluoride manuscripts will probably be altered somewhat prior
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submission for publication. A general discussion of the theory and

experimental procedures of electron diffraction are contained in Appen-

dix A. They are included only as background material for those un-

familiar with the well documented details of the electron diffraction

experiment. Appendix B contains information concerning the various

definitions of interatomic distance used in molecular structure deter-

minations. Appendix B also contains a brief discussion of vibrational

force fields from which are calculated rms amplitudes of vibration and

various distance corrections.

Each section and appendix has a separate list of references. All

supplementary material mentioned in each manuscript follows the manu-

script, with the exception of the experimental data and background

tables which are available in the laboratory archives or from the ap-

propriate journal.
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CONFORMATIONAL ANALYSIS. 1,2-D1FLUOROETHANE.
AN ELECTRON-DIFFRACTION INVESTIGATION OF THE

MOLECULAR STRUCTURE, COMPOSITION, TRANS-GAUCHE ENERGY AND
ENTROPY DIFFERENCES, AND POTENTIAL HINDERING INTERNAL ROTATION

Introduction

Elementary considerations predict that the 1,2-dihaloethanes can

exist in two conformations, a trans and a gauche, as illustrated by

Figure 1. It is generally agreed that the trans form is the more stable

in the chlorine, bromine, and iodine compounds, and electron-diffraction

patterns made from the vapors of these substances1
'

2
clearly show the

presence of both forms in proportions which depend on the sample

temperature. In the case of 1,2-difluoroethane, however, the gauche

form is the more stable; moreover, it predominates to such extent at

room temperature as to make detection of the trans form extremely

difficult. Thus, according to an unpublished electron-diffraction in-

vestigation
3
room temperature samples of 1,2-difluoroethane are 85-96

percent gauche molecules, and data from another study4 by the same

method were successfully interpreted in terms of gauche molecules only.

The measurement of conformational equilibria at different tempera-

tures by gas electron diffraction and the deduction of the energy and

entropy differences of the species has received considerable attention

in this laboratory. The case of 1,2-difluoroethane interested us because

there is apparently no experimental value for the entropy difference and

because the experimental estimates of the energy difference E°
t

- E°
a
vary

considerably: in kilocalories per mole these are 0.59-1.423 and 1.74



TRANS GAUCHE
Figure 1. Atom numbering for trans- and gauche-1,2-difulorethane.
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(lower limit) from the electron-diffraction work, 0.60 5
and 1.98

6
from

recent spectroscopic studies, and -1.42
7

and 0.6
8

from nmr studies. It

was felt that our technique of measuring the temperature dependence of

the rotomeric composition (the older diffraction work was done only at

room temperature) would yield a value for the entropy difference and

remove the uncertainty in the energy difference. We also hoped to

settle the matter of some discrepancies between the structural results

from the two older diffraction investigations.

When our work had been completed, we learned of the results of a

new study of 1,2-difluoroethane from the Oslo laboratory. 9
The energy

and entropy differences based on experiments at two temperatures were

found to be E°
t

- E°
g = 0.93(a = 0.41) kcal/mol and S° - S° = 1.5(a = 0.8)

t g

calmol -1
1(

-1
.

Experimental Section

1,2-difluoroethane was prepared from ethylene glycol by the pro-

cedure of Egdell and Parts
10

as modified by Butcher, et al.
11

The it

spectrum of the product was virtually identical with that reported by

Harris et al.
6

and was assumed to have only insignificant amounts of

impurities.

About 30 diffraction photographs were made in the Oregon State

apparatus at temperatures of 22, 203, and 420°C. Experimental condi-

tions were as follows: sector shape, r3; plates, 8 x 10 in Kodak pro-

jector slide medium contrast; development, 10 min in D-19 diluted 1:1;

ambient apparatus pressure during exposure, 4.4 x 10
-6

-1.4 x 10
-5

Torr; exposure times, 40-200 s; beam currents, 40-49 ANA; nozzle-to-plate
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distances, 75.037-75.131 cm ("long camera") and 30.117-30.156 cm

("middle camera"); electron wavelengths, 0.05819-0.05827 X; wavelength

standard, CO., with ra(C-0) = 1.1646 X and ra(00) = 2.3244 X.

Analysis of the structure at each temperature was based on three

plates from the long and three from the middle camera distance. The

procedures for obtaining the scattered intensity distribution have been

described.
12

Calculated
13

backgrounds were subtracted from the intensity

data from each plate to provide molecular intensities in the form

sI = k A .A .r
-1

. cos - .1 V.. sin s(r . . - K . .92)m o s o so '7,,)14,7

(1)

°The ranges of the data were 2.0<s<12.25 A-1 (long distance) and

7.0<s<30.0 .4-1 (middle distance) and the data interval was As = 0.25 A-1,

Figure 2 shows curves of the total scattered intensities and the final

background for the experiment at 22°C. The corresponding curves for the

other temperatures and all the data are available as supplementary

material.

Radial distribution curves were calculated from composites12 of the

molecular intensities according to

s
max

rD(r) = -2- As 1 I'(s) exp(-Bs
2

) sin rs
S=0

(2)

0_,
with I'(s) = sI Z

F

-1
A
-1

and B usually equal to 0.0025 A . The A
im C v-C

2

(equal to s Fi) used here and in later intensity calculations were ob-

tained
13

from tables
14

of the scattering amplitudes F. For experimental
0

rD(r) curves data in the unobserved or uncertain region s<2.00 A
-1

were
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taken from theoretical curves. The final radial distribution curves

are shown in Figure 3.

Structure Analysis

Radial Distribution Curves

The peaks of the radial distribution curves were easily identified

as arising from the distances marked by the vertical lines. It is
0 0

evident from the relative areas of the peaks at about 2.9 A and 3.5 A

that the gauche conformer predominates at all temperatures. It is

also evident from the changes in these relative areas that the amount of

trans conformer is increased substantially by increasing the temperature.

Choice of Models

The modeling of a system of a pair of rotational conformers for

analysis of the structures and assessment of the composition may be done

at different levels within the classical approximation. Several of

these have been used in earlier work from this laboratory, but not in

the same investigation. It seemed worthwhile to look into the effect

of model type on parameters of interest; accordingly, we selected three

for the 1,2-difluoroethane work. The simplest, which might be termed

the "two conformer" model (2C), represents the system as comprising two

types of molecules differing essentially only in their torsion angles.

The effects of molecular vibraticn are treated by applying the harmonic

2 2
vibration approximation V. = exp(-51..s /2) to all distances including

those affected by torsional motion. Clearly, the 2C model would be
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Figure 3. Radial distribution curves. The experimental are cal-
culated from composites of molecular intensities from
the two camera distances.
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expected to apply best to molecules having high torsional barriers and

narrow potential minima. The "double-sigma" model (2S) takes account of

large-amplitude torsion for each of the two conformers by a separate

treatment of the effects of torsional motion: the distribution of

pseudoconformers is assumed to have the form P(0) =
-1

exp(-0
2
/2o- )

around the two potential minima 00(1) and 00(2). Each of the pseudocon-

formers is regarded as rigid in a torsional sense and "frame" amplitudes

are assigned to each distance. The number of pseudoconformers necessary

to represent the distribution satisfactorily is determined by the ampli-

tude of the motion; we have found that in most cases a spacing of izo

over the range -26<A0.<2c (nine terms) is adequate, but occasionally

more are needed. The quantities a(1) and o(2), the rms amplitudes

of torsional motion for the two conformers, are ordinarily handled as

refinable parameters. Both the 2S and the "single sigma" or 13 model

(obviously the same approach applied to only one conformer) are sub-

stantially better approximations of torsional motions than the 2C model,

but the usefulness of the results depends on the adequacy of the harmonic

approximation for the torsion. In the "cosine potential" model (CP) the

distribution of molecules around the torsional coordinate is taken to be

determined by the function

with

P(0) = Q-1 exP(-7(15)/RT) (3)

V(ch) = ;472 (1-cos i0), i = 1,2,3 (4)
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Pseudoconformers are normally included at 50-100 angle intervals

throughout the non-redundant region of the torsional coordinate and

each is assigned a set of frame amplitudes. The Vi are in principle

refinable parameters. The CP model would seem to be the best for

describing the distribution of molecules around the torsional coor-

dinate, but the interpretation of the results in terms of types of

molecules, say distinct conformers, even within the classical approxi-

mation is not so simple as with the other models.

Structure Refinements

The structures were determined by fitting intensity functions cal-

culated from eq 1 to the observed intensities by least squares
15

and,

in the final stages, by this and a simultaneous fitting of the corres-

ponding calculated rotational constants to those observed from microwave

spectroscopy
11

. In all the work the conformers (and pseudoconformers)

were assumed to have the same structures except for torsion angle and

the harmonic approximation (Vi = exp(-1.2 s2/2; K = 0) was adopted for
7-ty

frame amplitudes. The intensity data from each plate, weighted equally,

were fitted simultaneously, i.e., without first being formed into aver-

ages. When the rotational constants were included, they were weighted

100 times as heavily as each diffraction datum: tests showed that over

a rather broad range the relative weighting of the two types of data did

not have an important effect on the results.

It is well known that the effects of molecular vibration operate

to make the set of distances appearing in eq 1 geometrically inconsis-

tent, i.e., ratios of distances calculated from the equilibrium structure
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do not agree with the corresponding ratios of r
a

distances. Moreover,

these thermally averaged ra distances are inappropriate for generation

of rotational constants which were measured in the case of 1,2-difluoro-

ethane as ground-state (B
o
) values. Accordingly; our refinements were

carried out on models defined by the ra set of geometrically consistent

distances related to the electron-diffraction r
a

set and the spectro-

scopic r° = r
z

set by
a

and

r = rT
T

a
+ 6r + KT - (22 )

T
/r

aa

= ra (3/2)a
3
[WY - (Z2)0] + K

T
- K

D
.

a

(S)

(6)

Here or is a correction for the effect of centrifugal distortion, K is

a correction for motion perpendicular to the internuclear line (perpen-

dicular amplitude), 2 is the overall amplitude of vibration, and a_ is
J

the Morse function anharmonicity constant! the superscripts designate

temperatures. Values of 6r , K, some of the 2's, and a
s

har
(see eq 7)

were first calculated from a symmetrized force field. which reproduced

the fundamentals assigned to the gauche conformer to within one percent.

(This approximate force field together with the definitions of the

symmetry coordinates and wave number agreement are given in Table 1. We

emphasize that the force field has no special virtue; it is reasonable,

however, and satisfactory for our purposes because the quantities

derived from it are not very sensitive to small changes.) The r
z

bond

lengths calculated from eq 3 were then used with the angle parameters



Table 1. Symmetry Coordinates, Force Constants, and Wave Numbers for gauche 1,2-0ifluoroethane

Species Symmetry Coordinates

A SI - 1/2 A (1'14 + 1'15 r57 rsft)

S7 = 1/2 A (r13 r15 r57 IMP)

S3 = 1/ A (1'12 + r56)

Sy = A (iris)

Se = 1/2 A (0513 0514 + 0157 + 0150

S6 = 1/2 A (0514 0515 * 0157 0158)

S1 = WY A (13512 Biss)

Force Constants
F..

Wave Numbers

hlohs Idohs-wcalc

Se = I/T A (-(1211 0.214 4 2a314 - 0663

_ ot696 + 21058)

S9 = 1/2 A (('1.214 a214 (X657 a650)

Sie = 1/3 A (12155 + 11151 4 14150

S11 = 1/2 A (r13 + r15 1.57 r58)

S12 = 1/2 A (rl3 riy - r57 4 r55)

S13 = (//2 A (1-12 r56)

S14 = 1/2 A (13513 0515 0157 0lEe)

S15 = 1/2 A (0513 6514 0157 0156)

S16 = WY A 0512 11(56)

S17 = 1/ 12 A (-11211 0.214 213314

+ 0.663 + 01668 - 2(1750

S18 = 1/2 A 0214 n2I5 a657 4 0.650

1,1 4.906 2997 0

2,7 4.754 2959 0

3,3 7.039 1409 -11

1,4 4.728 1285 9

5,5 .437 1119 -2

6,6 .571 1067 11

7,7 1.153 364 -1

8,3 .462 717 -3

9,9 .575 327 0

10,10 .135 148 0

3,4 .79

11,11 5.003 3000 0

12,12 4.765 2984 0

13,13 7.339 1458 0

14,14 .891 1376 -1

15,15 .799 1244 -2

16,16 1.129 1045 0

17,17 .530

18,18 .727

13,14 -.139

13,17 -.187

896

499

3

0
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°to generate rotational constants B = 505379 Mhz.u.A
2
/I

z
for comparison

with values obtained from the observed B according to

har
B
z

=
s

/2, (7)

The r
a
values necessary for eq 1 were obtained from the r

a
values

according to eq 5; the r
a
values were generated from the r

a
bond lengths

and angle parameters.

All of the correction terms in eqs 5 and 6 are torsion-angle sensi-

tive and in the 2S and CP models appropriate values of each were given

to each pseudoconformer. Some of the centrifugal distortion corrections

dr, usually negligible at room temperature, can attain rather large

values at elevated temperatures (e.g.-0.0036 A for r(F,..F) in gauche

1,2-difluoroethane at 421°C). Careful work requires attention to this

fact.

Geometrical parameters common to the three models were the distances

and bond angles <C-CF> = ["(C -C) + 2r(C-F)j /3, = r(C-C) -r(C-F),

(C-H), LCCF, /CCH, and LHCH. In addition, for the 2C model the gauche

torsion angle LFCCF and the composition were required; for the 25 model

<FCCF, the composition, and the rms torsional amplitudes of the gauche

andtransconformersuandat;and for the CP model the coefficients
g

71' V. anc17.011 the three-term cosine potential function. All distances

except vicinal 1-1H were included. For the 2S model each torsion-sensi-

tive distance was represented by nine terms as described in the proceed-

ing section, and for the CP model amplitudes were refined individually

or in groups with differences between members set to values calculated
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from the force field; some amplitudes were found to be unrefinable and

were given the calculated values. For the 2C model, these groups are

evident from Table IV, but the natures of the 2S and CP models make this

torsion-sensitive amplitude harder to present: the values in the table

are the lead frame amplitudes, i.e., those corresponding to the terms

for the pseudoconformers at the minima of the potential.

Final Model

The results of several of the many structure refinements together

with results from the earlier investigations
3,4

are presented in Tables

II-IV. Our results correspond to the "best models" of each type at each

of the experimental temperatures. They provide a fit to within 0.1 Mhz

of the observed rotational constants (A = 17322.4,
o

= 5013.1,
0

C
o

= 4382.8)
11

as converted (Az = 17303.5, B
z
= 5003.2, C = 4379.6).

Incidentally, refinements carried out without inclusion of the rotational

constants led to parameter values insignificantly different from those of

the best models. The diffraction and microwave data are thus indicated

to be completely consistent.

The values of the quality-of-fit factor R given in Table II are

essentially equal for all model types at each temperature, although at

the highest temperature R is least for CP and at the lowest temperature

least for 2C. The contents of Tables II-IV show further that the three

model types have essentially the same values at each temperature for

those parameters common to all. The selection of final model then comes

down to which represents best the effects of torsion. Both the 2S and

CP models are in this respect preferable to the 2C which contains no



Table 11. Summary of Structural Resultsa'b from Refinements of Different `Models" of 1,2-Difluoreethane

22"C 203°C 420°C Bruavoll Von Schaick
et al.e2C 25 CP 2C 2S CP 2C 2S CP

0C-C,F>f 1.427(2) 1.427(2) 1.427(2) 1.423(2) 1.427(2) 1.427(2) 1.429(2) 1.426(2) 1.426(2) 1.428(7) 1.438

Aa 0.114(3) .114(3) .114(3) 0.113(3) .114(4) .112(4) 0.118(3) 0.114(3) 0.115(3) 0.116(14) .141

C-11 1.092(4) 1.092(4) 1.092(3) 1.039(4) 1.088(1) 1.091(3) 1.091(3) 1.091(3) 1.091(3) 1.095(10) 1.126(10)

<CCF 110.3(1) 110.3(1) 110.3(I) 110.2(l) 110.3(1) 110.3(1) 110.2(1) 110.4(1) 110.4(1) 110.3(20) 108.3(1)

<CCU 109.9(11) 110.4(11) 111.0(10) 111.3(12) 111.6(12) 111.8(11) 109.7(17) 110.1(20) 110.6(16) 108.3(8)

.11C11 109.6(16) 109.2(16) 108.5(16) 109.3(20) 108.6(19) 107.8(19) 112.7(24) 109.8(25) 109.5(23)

<1111 108.5(9) 108.2(9) 107.9(8) 107.2(8) 107.3(9) 107.4(7) 107.2(101 103.2(12) 107.8(9)

<FCCF 108.5(2) 108.6(3) 103.7(17) 108.3(2) 108.8(2) 108.8(15) 108.8(3) 108.7(4) 108.8(15) 110.6(70) 105.7(3)

1,- trans 5.6(38) 3.3(50) 4.0(18) 9.1(46) 9.2(56) 10.3(24) 13.9(48) 22.7(55) 19.4(29)

0(g)" 13.1(8) 18.2(14) 26.3(30)

0(01 [20.31° 125.80 (31.21
h

VI .82(94) .62(76) .64(61)

V, -2.77(39) -2.61(43) -2.02(43)

113 2.48(47) 2.28(47) 1.84(19)

RI' .0723 .075 .0754 .073? .0749 .0744 .0599 .0579 .0558

°Distances (rd in Angstroms, angles and rms torsional amplitudes (o) in degrees, torsional potential coefficients (V)

in kilocalories per mol; rt and t refer to gauche and trans conformers. hParenthesized numbers are twice estimated

standard deviations. c2C, 2S, and CP are respectively "two-conformer," "double-sigma," and "cosine potential" models.

See text. dRef. 3. Values of <C-C,V> and A were calculated from distances given. °Ref. 4. Values of <1C-C,F> and A

were calculated from distances given. [r(C -C) r 2r(C-F)j/3. 111-(C-C) - r(C-F). hAssumed. = aw./122.40.0.T.(obs)121'
whore A - s 7.(obs) - s./.(caic).

-t r.
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Table III. Interatomic Distances in 1,2-Difluoroectiane from Different Models

r /P
4 °

k 42C 2S CP x10 /A x104/: x10 /A

(r
a
-r
a
)- (r

a
-r )c Er

a
-r

z
)

.

22°C

C-H 1.103(4) 1.103(4) 1.103(4) 112 -52 -d
C-F 1.389(2) 1.389(2) 1.339(2) 0 -20 -3
C-C 1.503(3) 1.503(3) 1.503(3) 1 -26 -3
HH. 1.793(22) 1.788(22) 1.780(22) 30 -92
F-H 2.023(10) 2.019(11) 2.017(9) 23 -56
CH 2.141(13) 2.148(14) 2.155(12) 33 -57
CF 2.374(3) 2.374(3) 2.374(3) -3 -20
F..F(g) 2.895(4) 2.399(4) 2.398(15) -41 -59
F,H3(g) 2.552(18) 2.564(13) 2.574(21) -21 -91
F;H.,(g) 3.309(10) 3.310-(10) 3.314(17) 29 -28
FTFW 3.590(4) 3.588(4) 3.538(8) 4 -9
FH(C) 2.640(18) 2.650(19) 2.657(17) -32 -90

203°C

C-H 1.102(4) 1.102(4) 1.102(4) 133 -52 -29
C-F 1.390(2) 1.390(2) 1.590(2) .3 -22 -5
C-C 1.504(3) 1.303(3) 1.502(3) 7 -29 -4
HH 1.787(25) 1.779(24) 1.769(25) 99 -94
FH 2.007(10) 2.007(11) 2.009(9) 34 -58
CH 2.158(15) 2.162(15) 2.162(13) 54 -53
CF 2.374(3) 2.374(3) 2.373(3) 2 . -25
FF(g) 2.888(4) 2.896(4) 2.397(15) -79 -108
F,H,(g) 2.567(22) 2.580(21) 2.584(22) -42 -132
F-..t-C(g) 3.320(10) 3.318(10) 3.317(17) 33 -39
F-F(.1 ) 3.589(4) 3.488(4) 3.388(7) 3 -18
FH(c) 2.662(19) 2.668(19) 2.667(17) -61 -131

420°C

C-H 1.109(3) 1.109(3) 1.109(3) 174 -46 -63
C-F 1.390(2) 1.339(2) 1.389(2) 1: -24 -5
C-C 1.508(3) 1.504(3) 1.505(3) 19 -28 -1
H.H 1.331(27) 1.799(30) 1.796(27) 133 -101
FH 2.009(13) 2.021(15) 2.016(12) 35 -53
CH 2.144(20) 2.145(24) 2.153(19) 79 -57
CF 2.374(5) 2.375(3) 2.373(3) 6 -31
FF(g) 2.882(5) 2.900(5) 2.399(12) -120 -161
F H ,(g) 2.531(29) 2.560(33) 2.568(27) -63 -179
2 7
FiH3(g) 3.310(13) 3.307(16) 3.312(17) . 42 -49
FTF(;) 3.588(4) 3.588(4) 3.538(6) 5 -26
FH(c) 2.644(25) 2.645(29) 2.654(23) -91 -179

-See footnote (c), Table II, and text. °The symbol types K-Y, X-Y, and KY respectively

refer to bonds, geminal, distances and vicinal distances. The amplitude values involved

in these corrections are those listed in Table IV.



Table IV. Amplitude Results ' for Different Models c of 1,2-Difluoroethane

22°C 203°C 420°C
2C 2S CP 2C 2S CP 2C 2S CP

C-11

C-F

C-C

0.076(5)

0.053(3)

0.063(8)

0.075(5)

0.053(3)

0.062(9)

0.075(5)

0.053(3)

0.062(9)

0.074(4)

0.056(3)

0.066(9)

0.074(4)

0.056(3)

0.067(9)

0.074(4)

0.055(3)

0.064(9)

0.070(4)

0.057(3)

0.066(8)

0.069(4)

0.057(3)

0.065(8)

0.069(4)

0.057(3)

0.064(8)
11.11 [0.128] [0.128J [0.128] 10.1301 [0.1301 [0.130] (0.1341 [0.134] [0.134]Fl 0.107 0.106 0.101 0.110 0.110 0.109 0.117 0.117 0.113(9) (10) (10) (11) (11) (11) (12) (12) (11)C11 0.111 0.110 0.106 0.111 0.110 0.114 0.121 0.123 0.119CF 0.069(3) 0.069(3) 0.069(3) 0.078(4) 0.078(4) 0.078(4) 0.087(4) 0.087(4) 0.087(4)FF(g) 0.131 0.056 0.056 0.175 0.068 0.068 0.210 0.079 0.079
F2118(g) 0.153 0.158 0.158 0.184 0.176 0.176 0.209 0.200 0.200F2117(g) 0.096 (9) 0.106 0.106 0.112 (15) 0.112 0.112 0.121 (22) 0.121 0.121FF(t) 0.057 0.068 0.068 0.073 0.079 0.079 0.091 0.092 0.192F11(t) 0.154 0.141 0.141 0.186 0.154 0.154 0.213 0.172 0.172

"Amplitudes in Angstroms. bParenthesized values are twice estimated standard deviations; quantities without
parenthesized error estimates were calculated from the force field of Table I; bracketted quantities were refined asa group. °2C, 2S, and CP are respectively "two-conformer,"

"double-sigma," and "cosine potential" models; see text.
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specific representation of torsional properties. Our choice of CP over

2S is somewhat arbitrary, but is consistent with our past experience in

the analysis of similar torsional problems in other molecules, particu-

larly at high temperatures. We emphasize that this choice does not

lead to conclusions about torsion-related properties incompatible with

those derived from. other models: as will become clear from later dis-

cussion, the values of each of these properties derived from the three

main models have ranges of uncertainty which overlap comfortably. Table

V is the correlation matrix for the CP model at 22°C; the others are

similar.

Results and Discussion

The angle- and bond-length values of Tables II and III are pleas-

ingly constant from one temperature to the next. (Actually only the rz

values are temperature independent, but the effect of temperature on

the ra , rg, and r
a
types is very small.) The nearly identical struc-

tures obtained from the three independent experiments is strong evidence

for the accuracy of the parameter values and for the accuracy of Brun-

voll's earlier results with which they are in excellent agreement.

Kveseth's recent results,
9
too, are in excellent agreement with ours

and Brunvoll's. We thus conclude that to the extent that the results

of van Schaick, et al.
4
differ significantly from those obtained in the

other investigations, they must be regarded as in error. We turn now

to some specific points of interest.



Table V. Correlation Matrix (x 100) for CP Model at 22°C.

<C-C, F>e Ah r
C-11

<CCP <CCH <DOI V
I

V
2

V
3

k
C-D k

F.Dt-F C -C. CF

o
c
S

.038 .112 .128 3.14 34.8 57.2 33.2 13.6 16.7 .093 .126 .282 .304 .068L

100 35 -21 -92 -5 61 -14 -12 -6 27 4 35 -14 23
100 -1 -52 -3 18 -7 -7 2 -51 24 -56 -6 -12

100 34 -22 47 -3 4 -2 -18 -1 -19 , -1 -7

100 -20 -34 12 11 3 -12 -10 -18 27 -14

100 -65 -2 8 3 5 2 3 -65 -12

100 -11 -10 -8 13 -1 19 22 20

100 46 85 -7 -2 -6 0 -6

100 -7 8 -6 5 -4 2

100 -14 2 -12 -6 -10

100 -36 92 -2 49

100 -28 1 -15

100 -6 12

100 20

100

alr(C-C) 2r(C-F))/3. br(C-C) - r(C-F). eStandard deviation from least squares. Distances and amplitudes in

angstroms, angles in degrees, potential constants in kcal/mol.



Bond Lengths

The C-F and C-

fluoroethanes show

atic differences in

tetrafluoroethane,
1

respectively 1.389

bonds 1.503 A(ra),

shortening of the C

that observed in th

23

C bond lengths in the symmetrically substituted

interesting trends which are suggestive of system-

bonding. In the series 1,2-difluoroethane, 1,1,2,2-

7
and hexafluoroethane,

18
the C-F bond lengths are

0 0

A(r
a
), 1.350 A(r

a
), and 1.326 A(r ); and the C-C

0 0

1.518 A(ra), and 1.545 A(r ). The progressive

-F bond in this series of compounds is similar to

e fluorinated methanes.
19

As in the methanes this

shortening may be attributed
19

to partial double-bond character arising

from resonance structures of type I

R-1-:=F+

F

I

H

F

II

which have little importance for molecules having only one fluorine atom

on a carbon, but play an increasingly important role as the number of

attached fluorines increases. The lengthening of the C-C bond through-

out the fluoroethane series may be taken to reflect increasing coulomb

repulsions between the carbon atoms arising from the positive charges

deposited upon them by the highly polar character of the C-F bonds. A

crude estimate of these electronic charges based upon bond moments of

20
i0.3 and 1.5 D for C-H and C-F is -0.05, -0.40, and -0.69 for the di-,

tetra-, and hexafluoro compounds. The corresponding value for ethane
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itself is +0.18 and in this simple picture the C-C bond length is pre-

dicted to lie between those of 1,2-difluoroethane and 1,1,2,2-tetra-

fluoroethane; at r
a

= 1.532 A
21

(calculated from published r ) it is

actually intermediate between those of the tetrafluoro and hexafluoro

compounds.

Relative Stabilities of the
Gauche and Trans Forms

The greater stability of the gauche form of 1,2-difluoroethane

stands in puzzling contrast to the greater stability of the trans form

in the other 1,2-dihaloethanes. The latter circumstance can be regarded

as the consequence of both steric and static charge effects, the charge

effects of course leading to mutual repulsion of symmetry-related atoms.

The puzzle in the case of 1,2-difluoroethane arises from the presump-

tion that these charge effects are even greater for it than for the

other 1,2-dihaloethanes because the polarity of the C-F bond is greater

than those of C-C1, C-Br, and C-I. A significant attractive interaction

between the fluorine atoms is thus suggested.

The situation just described is not unique to 1,2-difluoroethane:

the gauche conformation appears to be the more stable in many struc-

turally similar molecules, both organic and inorganic, containing pairs

of electronegative atoms or highly polar bonds. This has been termed
22

"the gauche effect" and is analogous to a similar phenomenon, the "cis

effect", which operates in molecules such as the substituted ethyl-

enes.
23,24

Explanations for the preferred gauche or cis conformations

differ in details which are best obtained from the original articles
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and references cited therein. It is sufficient to say here that the

predominance of a conformation is a result of competitive terms, often

delicately balanced, in the energies of the systems. Thus, ab initio

quantum mechanical calculations for 1,2-difluoroethane at the double

zeta
26

and 4-31G
27

levels, respectively with and without geometry

optimization, predict the trans form to be the more stable whereas a

recent INDO calculation
28

(a report which also addresses the gauche ef-

fect) predicts the gauche to be the more stable. An alternative view

of the conformational problem is provided by the results of molecular

mechanics calculations on molecules similar to 1,2-difluoroethane. For

example, when the total energy of these molecules is regarded as the

sum of an electrostatic term consisting of dipole-dipole interaction

energies and a "steric" term consisting of the energies of stretching,

ibending, torsion, non-bond interactions, etc.,
28

it is found
29

that the

dilectric constant appearing in the electrostatic term must assume a

value of -4 in order to agree.

Energy and Entropy Differ-
ences of the Conformers

The effect of temperature on the conformational equilibrium affords

a ready means of estimating the energy and entropy differences of the

two forms for the 2C and 2S models. For these cases the usual formula

N
t -LS°IR E°/RT

g

= 2e (8)

applies, where Ng and N are proportional to the fractions of gauche

and trans molecules in the sample and the factor 4 is the ratio of their
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statistical weights. Figure 4 shows the experimental points plotted in

the usual van't Hoff form together with least-squares curves fitted to

them. The CP model does not lend itself quite so easily to a deter-

mination of the energy and entropy differences because the sample com-

position is not included specifically as a parameter. To obtain a

rough estimate of the relative amounts of the two forms the values of

V
1'

V2, and V
3
obtained from the refinements of the CP model at the

three experimental temperatures (Table II) were used with eq 3 to gen-

erate the distribution of molecules along the torsional coordinate. If

one somewhat arbitrarily takes the maxima of the potential functions as

boundaries for definitions of gauche and trans molecules, one calculates

from eq 3 sample compositions with standard deviations corresponding to

4.0(18), 10,3(24), and 19.4(29) percent trans at 22, 203, and 420°C

respectively. These results and the least squares fit to them are also

shown in Figure 4. The energy differences tXE° = E° - E° and entropy

differences AS° =S° - S° obtained from the slopes and intercepts of the

van't Hoff plots in Figure 4 are listed in Table VI. (We note that AE°

for the CP model obtained by this method is pleasingly close to the

value 1.64 kcal/mol calculated from the potential function.) Although

these energy and entropy differences are rather different for the three

models, they are not inconsistent when account is taken of the listed

uncertainties. Our preferred model CP has an energy difference close

to the spectroscopic value 1.98 ± 0.08 kcal/mol of Harris et al.,
6

derived from liquid phase data, but is rather larger than Huber-WH1chli

and Gathard's
5
gas value of 0.6 kcal/mol. The value in the gas should

presumably be smaller than that in the liquid (by the difference in the
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Figure 4. Van't Hoff plots of the gauche-trans compositions. Open
circles are from the 2S model, hexagons from the CP, and
diamonds from the 2C. The dotted, solid, and dashed lines
are least squares fits to these data.



Table VI. Energy and Entropy Differences," Torsional Potential Constants and Frequencies, and Rotational Barriers
for Conformers of 1,2-Difluoroethane.

Model Type
this workb

2C 2S CP
1111K0 II-W Gd

E° E° kcal/mol 0.99(0.81)
t g'

S°
t
- S° cal mol

1

K
1

-0.94(1.68)

VI, kcal/wol 1.09(0.77)

V2, kcal /owl -2.11(1.17)

V3, kcal /owl 2.14(0.95)

-w CM
1

123 (5)
g'

1

w cm 90 (37)

t-g barrier kcal/mol 0.95(2.24)

g-g barrier, kcal /owl 4.22(1.47)

2.12(1.10)

1.71(2.06)

0.31(1.0S)

2.27(1.58)

1.47(1.18)

111 (5)

51 (82)

0.15(1.69)

S.28(1.91)

1.76(0.51)e

0.97(0.96)

0.67(0.42)

-2.53(0.25)

2.21(0.28)

128 (6)

84 (11)

0.72(0.45)

4.52(0.72)

1.98 t 0.08

-).92W

0.418

2.25W

148
h

117 - 931

1.86

1.34

0.60 1 01 5

0.52f

3.00

-3.12

3.55

147
h

117 - 102j

2.56

7.07

a
Parenthesized qualtities are estimated 20. b2C, 2S, and CI' are respectively a simple two-conformer model,

a two-conformer model including torsional motions as a special parameter, and a model based on a three-term cosine

potential for torsion. '"Itef. 6. dllef. 5b. °Value from van't Hoff plot. Value calculated from V(41.) equals

1.64 kcal/mol. See text. 'At 300 K. 6A "composite" potential. Two other potentials are also discussed.
hl 0 transition. IFive transitions. jpour transitions.
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enthalpies of vaporization of the two conformers), but any estimate of

the magnitude of this difference is quite uncertain.

Torsional Potentials, Barriers
and Vibrational Frequencies

The electron-diffraction results for the three models allow one

to calculate crude torsional potential functions and correspondingly

to make rough estimates of rotational barriers and torsional frequen-

cies. The potential for the CP model is defined by the values of the

V. obtained directly from the structure refinements. For the 2S and

2C models we used the method previously described, 30
appropriately

modified to take account of the gauche instead of the trans conformer

as the lower energy form, to obtain these quantities. This method

requires that the torsional potential (eq 4) reproduce the measured

values of EL",-E;, LFCCF(g),and the curvature of the gauche minimum (7 <).

Because the last item was not a parameter in the 2C model, it was esti-

mated from Z(FF) by first subtracting the contribution of the "frame"

amplitudes as calculated from the force field and then converting the

result to <FCCF(g)> through the known angle-distance dependence. Fig-

ure 5 shows the potential functions for the three models. As indicated

above, they are not inconsistent when account is taken of the associated

uncertainties. Clearly, however, the 2S curve is inconsistent with the

assumption that the force constants for the torsion of the gauche and

trans species are equal: the curvatures of the function are quite

different in the regions of the minima.

The torsional barriers are listed in Table VI with uncertainties
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intheVIn a strict sense the potential for the CP model shculd

probably be regarded as a free energy function G(cP) and hence be

temperature dependent. We see no evidence of this temperature depen

dence, however, (Table II) and have ignored it. The barriers appear

to be less model-dependent than the energy and entropy differences.

Estimates of the torsional frequencies were made from the harmonic

approximation (.;) = (27c)
-1

(k /p
I

) where k equals d
27/#2

evaluated at

the gauche and trans angles and p, is the reduced moment of inertia

taken to be equal to the matrix element G
-1

obtained in the course of

our force field calculations. The results of these calculations are

summarized in Table VI. The value 128 cm
-1

for the gauche conformer

calculated from our preferred model CP is in reasonable agreement with

the value 148 cm
-1

attributed to the 14-0 transition. Our value of

84 cm
-1

for the trans conformer is rather lower than the range of trans-

tions 117-93 cm
-1

suggested as possibly arising from this mode.
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CONFORMATIONAL ANALYSIS. OXALYL FLUORIDE.
AN ELECTRON DIFFRACTION INVESTIGATION OF THE

MOLECULAR STRUCTURE, COMPOSITION, AND
POTENTIAL HINDERING INTERNAL ROTATION

Introduction

Simple considerations suggest that under suitable conditions

the oxalyl halides may exist in more than one conformation. Likely

forms were first thought to be a more stable s-trans and a less sta-

ble s-cisl but electron-diffration experiments on oxalyl chloride2

and oxalyl bromide 3
revealed the less stable form to be gauche with

torsion angles different from trans by roughly 120°. In view of these

results the structure of oxalyl fluoride (Figure 1) assumes special

interest. By analogy with its homologues any second, less stable con-

former might be expected to be gauche. However oxalyl fluoride

(C
2
0
2
F
2

) is isoelectronic with N
2
0
4
known to be planer in the gas

4

and with B
2
F
4

also known to be planer and to have a low torsional

barrier.
5

It would therefore not be surprising if the second confor-

mer were found to be cis. In addition, some recent ab initio calcula-

6 7
tions ' are consistent with a second energy minimum at the cis or

near-cis conformation.

The presence of more than one conformer in the fluid phases of

oxalyl fluoride seems certain. Although the first observation8 of the

vibrational spectra of the liquid and vapor phases was interpreted in

terms of only the trans form, later work
9

'

10
on all three phases

showed that certain bands present in the fluid phase spectra disappeared



Figure 1. Diagram of the molecule.

F6
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upon solidification and could be attributed to a second form which

was thought to be cis. Also, several years ago some preliminary

. electron-diffraction experiments by T. R. Borgers and K. W. Hedberg

showed that the trans form was converted to one or more other forms

as the temperature of the sample increased. Their attempts to

identify the additional conformer were unsuccessful for reasons

that will appear later. Recently we decided to take up this pro-

ject again with the hope that the introduction of corrections for

vibrational averaging as well as different methods for modeling the

torsional aspects of the structure would allow solution of the

problem.

Experimental Section

Diffraction Experiments

The sample of oxalyl fluoride was obtained from Columbia Organic

Chemicals Co. and was purified by a series of trap-to-trap distilla-

tions. The final product was estimated, from the appearance of the

it spectrum, to be about 99% pure. Diffraction experiments were

made in the OSU apparatus with the following set of conditions: r
3

sector, 8 x 10 in Kodak lantern slide medium contrast plates de-

veloped 10 min in D-19 diluted 1:1, 80-170 s exposure times, 2.6-

8.2 x 10
-6

Torr ambient apparatus pressure during sample run-in,

0

0.38-0.48 11A beam currents, 0.056-0.058 A nominal electron wavelengths

(calibrated against CO2 in separate experiments taking ra(CO) =

0

1.1646 A and r
a
(00) = 2.3244 A), and 75 and 30 cm (nominal nozzle-

to-plate distances. Experiments were done at nozzle temperatures of
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-10, 149, 219, and 321°C. Three or four plates from each distance

at each temperature were selected for analysis.

Data Reduction and Structural Calculations.

The usual procedures 11
'

12
were applied to yield intensity data

in the form

si
m
(s) = k A.Aa .r:lexp(Zi.s2/2) cos(n.- rid) sin s(r. . -K. .S2) (1)

t7

1,

-10 0over the s-ranges 2.00-12.00 A and 8.00-31.25 A
-1

for the two camera

10
distances at intervals As = 0.25 A . Curves of the data from the

-10°C experiment are shown in Figure 2; corresponding figures for the

other temperatures are shown in Figures 7 through 9. The leveled

total intensity data s 4
and the final backgrounds are available from

the laboratory archives. Radial distribution curves were calculated

according to

= As 7 (s) exp( -Bs2) sin rs (2)

0with /
1

F(s) =
m
(s)Z

C
Z
F
4
C

and B = 0.0025 A2; the elastic electron-

scattering factors f = A/s2 and phases 71 as well as the inelastic am-

plitudes used in the background removal were obtained
12

from tables.
13

The final experimental curves seen in Figure 3 reflect use of theore-

tical intensity data in the unobserved or uncertain regions < 2.50A
-1

.

The structure refinements were done by least squares
14

using a unit

weight matrix and fitting theoretical intensities calculated from
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eq. 1 to all observations from a given temperature simultaneously.

The r
a

distances appropriate to eq. 1 were generated from the geo-

metrically consistent ra alpha set according to

ra = ra + 6 + 2.2/r
a

using values for 62, (centrifugal distortion) and K (perpendicular

amplitude) calculated from the vibrational force field discussed

below; the mean square amplitudes (22 ) were given experimental

values as they were obtained in the course of structure refinement.

Vibrational Force Field

42

(3)

Although the values Sr,. K and g (eq. 3) depend upon the vi-

brational force field, they are usually not very sensitive functions

of it; equally important, their sum as a correction to ra is usually

small. This is fortunate because for oxalyl fluoride, in addition

to the non-uniqueness of the force field providing a good fit to the

fundamental frequencies, the frequency assignments are in some cases

uncertain.
8-10

We have adopted the assignments of Durig, et al." as

appropriate for our purpose, but since these are not complete for the

second conformer we assumed reasonable values for the missing fundamen-

tals. Table I shows our choices of symmetry coordinates, calculated

force fields15 for the two molecules, and the wave number agreement;

Table II shows some of the calculated vibrational corrections.
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Table 1. Symmetry Coordinates, Force Constants, and
Wave Numbers for trans and cis Oxalyl Fluoride

Species

Trans-Cxayl Fluoride

Symmetry Coordinates

Wavenumbers
a

mobs wobs44calc

Ag S1

52

S3

Sy

= 1/IT A (r12 + r45)
. A (1%4)
= 1/V2-7 A (r13 ' r46)

= lff A (2L4iz - 4413 - L213 4' 2(.145 - 4146 - ./.546)

1366
1290
812

595

0

1

0

-1

S5 = 1/2 A 1!413 4213 + (146 L546) 420 0

Au Ss = 1/if A (OPB1234 + OPB-4156) 461.

S7 = 1/2 A CT,-2145 T3146) 84c7

Bg Ss . laT A (OPB5254 - OPS4156) 513

Bu S9 1/2" I. (r12 - r4s) 1357 0

S10 = 1/2 6 (r13 - r46) 1122

S11 = 1/1f A (26.12 4413 L213 24145 (146 L546) 676 -4

512 = 1/2 A (/413 L213 L146 + 4S46) 265

Force Constant Matrix

Trans-Oxalyl Fluoride

Ag 11.435
1.5

0

0

-.2

4.920
.9

.2

.6

5.627
-.4

-.1

1.534
0 1.161

Au 0.5712
0.1074

Bg 0.2671

Bu 13.358

.2 5.607
-.1 -.4 1.370

-.2 -.1 .2 0.3266

Cis-Oxalyl Fluoride
w
obs wobs .71) talc

Ag 13.430 1369° 1

1.25 4.152 1200c 0

-.05 0.85 5.333 -799 1

-.1 -.2 -.3 1.401 -415 1

-.3 .4 0 0 0.71 -249 -1
,

Au 0.261 515- 0

0 0.0625 7O 0

Bg 0.5776 461° 0

Bu 11.850
0.1 4.373 -1897 0

0 -.3 1.705 -1267 0

-.2 0 0 1.284 -664 0

-553 1

°Ref. 10. °Torsional vibration of solid phase, 54 cm -1 for gas. This mode was excluded for

calculation of "frame" amplitudes and corrections. °Fundamentals not observed for cis con-

former; values approximated from trans fundamentals.
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Table II. Perpendicular Amplitude Plus Centrifugal Distortion
Corrections for Oxalyl Fluoride Calculated from the
Harmonic Force Field Described in Table I. a

DIST -10°C 149°C 219°C 321°C

C=0 .0036 .0045 .0050 .0057

C-F .0035 .0047 .0053 .0061

c -C .0028 .0035 .0039 .0044

0F .0017 .0025 .0028 .0033

CF .0020 .0028 .0031 .0037

C.0 .0017 .0023 .0026 .0030

Trans (0°) OF. .0011 .0016 .0018 .0021

0O .0009 .0013 .0015 .0017

FF .0011 .0017 .0020 .0024

Gauche (90°) OF .0013 .0019 .0022 .0026

0--0 .0009 .0013 .0014 .0017

.0016 .0025 .0028 .0034

Cis (180°) 0F .0013 .0020 .0023 .0028

0.0 .0008 .0011 .0015 .0015

FF .0021 .0032 .0036 .0043

a
For conformers or pseudoconformers with torsion angles other than

0, 90 or 180°; the corrections were calculated by linear inter-

polation.
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Analysis of the Structure

Models

The experimental radial distribution curve for the lowest temp-

erature experiment shows features which are readily identifiable

with interatomic distances expected for the trans conformer of the

molecule; indeed, preliminary calculations showed that a fair fit

to the data could be obtained assuming only this conformer to be

present. The curves for the higher temperatures however, show pro-

gressive changes in the 2.6-3.6 A region of considerably greater

magnitude than those to be expected from thermally excited "frame"

vibrations of a single conformer. Since the torsion-sensitive dis-

tances are found in this region, it is clear that the temperature

dependence of the curves reflects excitation of the torsional coor-

dinate and is thus qualitatively consistent with the spectroscopic

evidence for the presence of a second conformer in the gas phase.

Unfortunately, the curves do not permit immediate identification of

the second conformer.

Several models of the oxalyl fluoride system were tested in the

structure refinement process. Parameters common to all were r(C=0),

r(C-F), r(C-C), LCCO, LCCF, 2,(C=0), 2(C-F), Z(C-C), and 2(CF) =

Z(C0) + Al = i(O.F) + A2 with Al and A, assigned values indicated

by calculated amplitudes. The simplest type of model, which has

often been found adequate in studies of other, similar conformational

problems, represented the system as comprising two discreet types of

molecules with structures differing only in torsion angle and under-
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going harmonic vibrations. We were not successful in obtaining

adequate fits to the data with this model type except at the lowest

experimental temperature where forms other than the trans are in any

case very small. It was clear from comparison of the observed radial

distribution curves with those calculated for these models that large-

amplitude motion at the higher temperatures was surely present and not

being adequately represented. Accordingly, we turned to the scheme

used successfully in similar cases in this laboratory: the use of

pseudoconformers distributed around the displacement circle of the

torsional coordinate, each weighted in accordance with the Boltzmann

factor

P($) = [exp (-7(41)/RT) } N (4)

where VW is a torsional potential to be fit. Aside from those al-

ready mentioned, all our models were of this type, consisting of 25

pseudoconformers with structures differing only in torsion angle,

located at 7.5° intervals around the non-redundant portion of the

torsional coordinate (0-7 radians). Each of the three torsion-

sensitive distances for the 25 pseudo-conformers was assigned per-

pendicular amplitude and centrifugal distortion corrections calculated

from force fields excluding the torsional mode. The "frame "amplitudes

corresponding to these torsion-dependent distances were refined as

one large group with their differences held constant at values indi-

cated by calculated frame amplitudes. For lack of a better approxi-

mation, force constants for those pseudoconformers between the trans



and cis extremes were interpolated.

The distribution of pseudoconformers in cases of internal ro-

tation such as oxalyl fluoride is usually assumed to be governed by

a potential of the form

VW=i-Pi.(1 - cos ic1)) .

47

(5)

In electron-diffraction work this function is usually limited to three

terms or less: with more terms, correlation among the coefficients

is often so large as to make the results virtually meaningless. We

investigated first a two-term function suggested by the similarity

between the temperature-dependent changes in the radial distribution

functions for (COF)
2
and B

'.F4*

5
Such a function has minima at the

trans and cis positions for (COF)2 corresponding to the minima at 0°

and 180° for B
2
F
4

-- in that case derived from the single-term poten-

tial 2V = 72(1 - cos 4). Although this model yielded better agree-

ment between experimental and theoretical curves than the discreet,

two-conformer model gave, the agreement was not as good as experience

suggested could be obtained. Thus, higher order terms in the cosine

series were added to the potential function. Addition of a third

term to the cosine series (3CP model) led to excellent agreement, as

did the further addition of fourth and fifth terms which, rather sur-

prisingly, were found to have refinable coefficients. However,

comparison of the quality-of-fit factors R and the curves for the

three-, four-, and five-term cosine potential models shows that the

fits are insignificantly different. Moreover, as might be expected,
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these three functions themselves did not differ significantly when

account is taken of their associated uncertainties. Each has a

deep potential minimum at the trans position, rises sharply over the

first 60-700 of the torsion to a maximum, and has smaller extrema in

the non-redundant remaining region. These similarities suggested that

any smooth function with comparable properties would give an equally

good fit. One such function, which has no secondary minimum, is

7(cp) = V7(1 - exp (-

As expected, tests of this model (1G) also yielded excellent fits.

Since there was spectroscopic evidence that the conformation of the

second form was cis, we also tested a similar function (2G) which

allows a second minimum at that position:

(6)

7(q)) = - exp(-A1q52) + V - exp (-A6 (Tr - q))2) ) + K (7)

where K is chosen to make V(0) = 0. The resulting fit was excellent,

but not significantly better than for the 1G model.

Previous experience with oxalyl chloride as well as the behavior

of the sample-run-in pressure during our experiments indicated that

some thermal decomposition of the sample may have taken place. Accord-

ingly, to test for this possibility, a decomposition parameter was in-

cluded for all models at all temperatures. We assumed that the decom-

position obeyed the stoichiometry of the equation
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(COF),, --H0C0F2 CC
(8)

and equimolar amounts of COF
2

and CO were introduced as impurities of

known structure.
16

'

17
The decomposition value obtained for the -10°C

and 149°C experiments was not significantly different from zero.

Therefore decomposition was included in our final refinements for

only the 219 and 321°C data. The value of the decomposition para-

meter was found to be highly correlated with the values of the poten-

tial constants for all the better models except 1G. We rather arbi-

trarily disposed of this problem by assigning the decomposition value

obtained in refinements of the 1G model to the other models.

The results for the structural parameters, potential constants

amplitudes, and interatomic distances for the three best model types

are found in Tables III through V. Table VI contains the correlation

matrix for the 3CP model at -10°C, the others are similar.

Results and Discussion

Conformation of the Higher Energy Form

Figure 4 shows the potential functions calculated from the poten-

tial constants for the 3CP, 1G, and 2G models. Although all three have

a deep minimum at the trans position, their shapes differ considerably

for the region representing torsion angles from 60° to 180°. The

insensitivity of our results to these variations in the potential

function is demonstrated by the nearly identical R factors (a measure

of the agreement between experimental and theoretical curves) and very



Table 11 L Results for Parameters Involving Structurea'b and Potential Hindering
Internal Rotation for Different Models° of OxaJyl Fluoride

-10°C 149°C 219°C 321°C

16 26 3C1' 16 26 3CP 16 26 3CP 16 26 3CP

rC 0 1.177(1) 1.177(1) 1.178(1) 1.176(2) 1.176(2) 1.176(2) 1.179(2) 1.179(2) 1.179(2) 1.179(2) 1.179(2) 1.179(2)
rC-F 1.328(2) 1.327(2) 1.328(2) 1.328(2) 1.328(2) 1.328(2) 1.331(3) 1.331(3) 1.331(3) 1.336(3) 1.336(3) 1.336(3)

rt: C 1.536(3) 1.535(3) 1.535(3) 1.537(3) 1.537(3) 1.537(3) 1.532(4) 1.532(4) 1.531(4) 1.533(4) 1.534(4) 1.531(4)

L CCO 126.0(2) 126.0(2) 126.0(2) 126.4(2) 126.4(2) 126.4(2) 127.0(4) 126.9(4) 126.9(4) 126.4(4) 126.4(4) 126.4(4)

1-(1A- 109.8(1) 109.8(1) 109.8(1) 109.2(2) 109.2(2) 109.2(2) 109.0(3) 109.0(3) 109.1(3) 109.5(4) 109.6(4) 109.6(4)
Z. KO 124.2(1) 124.2(1) 124.2(1) 124.4(2) 124.4(2) 124.4(2) 124.0(2) 124.0(2) 124.0(2) 124.0(3) 124.0(3) 124.0(3)
% Decomposition(' 10.01 10.01 10.0] 10.0] 10.0] [0.0] 12.9(43) [12.9] 112.91 17.1(49) [17.1] [17.1]
Potential Constants

V1 1.83(16) 1.91(16) 1.76(16) 1.77(17) - 1.60(23) 1.61(24) - 1.62(33) 1.60(33) -

A'1' 2.13(61) 2.06(45) 1.96(81) 1.96(82) - 12.071 [2.071 [2.07] 12.071
iqi - 0.55(40) - - 0.12(69) 0.04(95) - - 0.48(1.58)
AF 15.0] - - [5.0] [5.0] 15.0]

V,
0.93(27) - 1.10(42) - - 0.67(57) - - -0.14(88)

V2 1.23(28) - - 0.96(35) - 1.01(49) 1.35(75)
V3 0.73(21) - 0.59(33) - - 0.92(55) - - 2.22(112)
% trans° 87.2(47) 84.9(34) - 74.9(57) 70.2(57) - 69.2(69) 59.3(14) - 67.8(76) 46.4(86)
Rcombf .0606 0.599 .0613 .(1713 .0712 .0715 .0675 .0675 .0670 .0839 .0839 .0808

a
Distances are ra in Angstroms, angles are in degrees, torsional potential coefficients (V,A) are in kcal/mol. b

Parenthesized
numbers are twice estimated standard deviations; bracketted values are assumed. 6.16, 2G, 3CP are respectively "single Gaussian,"

"double Gaussian," and "three-term cosine potential" model. See text.
d
Percent of oxalyl fluoride molecules which thermally

decomposed to fluorophosgene and carbon monoxide. ePercent of oxalyl fluoride molecules with torsion angle less than 78° for
the 3CP model and less than 90° for 26 model. flt 11. w. A.2/Y W.T.(obs))211'.



Table IV. Amplitude Resulte
,t)

for Different Models° of Oxalyl Fluoride

149°C

1G 2G 3CP 1G 2G 3CP

219°C 321°C

16 26 3CP IG 2G 3CP

C =O

C-F

C-C

.042(2) .042(2)

.050(2) .050(2)

.053(4) .054(4)

.042(2)

.050(2)

.053(4)

.054(3)

.061(3)

.072(5)

.054(3)

.061(3)

.072(5)

.054(3)

.061(3)

.072(5)

.049(3)

.057(3)

.062(5)

.049(3)

.057(3)

.062(3)

.049(3)

.057(3)

.062(5)

.029(2)

.046(3)

.063(7)

.029(2)

.046(3)

.063(7)

.029(2)

.046(3)

.063(7)

0F .055 .055 .055 .068 .068 .068 .073' .073 .072 .050 .059

C.F .065

1

(3) .065 (3) .065 (3) .082 (3) .082 (3) .082 3) .088 (4) .088 (4) .087 (4) .075 (3) .075 (3) .075 (3)

C0 .056 .056 .056 .068 .068 .068 .073 .073 .072 .058 .053 .057

trans 0F .091 .092 .092 .118 .118 .118 .131 .131 .132 .124 .123) .12

00 .055 .055 .056 .069 .069 .069 .077 .077 .078 .063 .063 . 063

F-F .063 .063 .063 .080 .080 .081 .089 .089 .091 .078 .077 .077

gauche (90°) 0F .079 .079 .079 .102 .102 .102 .113 .113 .115 .105 .104 .1041

0.-0 .069g4) .070 4) .070 (4) .089 (6) .089 (6) .089 (6) .099 (9) .099 (9) .100 (9) .088 (11) .088 (II) .081611)

FF .080 .080 .080 .105 .105 .105 .116 .116 .118 .108 .1081 .103

cis 0 .063 .063 .063 .080 .080 .081 .089 .089 .091 .078 .077 .077

00 .078 .078 .078 .099 .099 .100 .110 .110 .111 .101 .100 .100

.108) .109 .109 .141 .141 .141 .156 .156 .157 .152 .151 .151

"Amplitudes in Angstroms. bParenthesized values are twice estimated standard deviations; bracketted quantities were refined as

groups, keeping their difference constant at a calculated value. 'JIG, 2G, and 3CP are respectively "single Gaussian," "double

Gaussian," and "three-term cosine potential" models; see text.



Table V. Interatomic Distances
a

In Oxalyl Fluoride from Different 14odels.

ra/X
(ra - ra) (ra - rg)

Distance° 1G 2G 3CP x 104/A x 104/X

-10 °C

C=0 1.180(1) 1.180(1) 1.180(1) 21 -15
C-F 1.329(2) 1.329(2) 1.329(2) 16 -19
C-C 1.536(3) 1.536(3) 1.536(3) 10 -18
0-1, 2.216(3) 2.215(3) 2.216(3) 3 -14
CO' 2.346(3) 2.345(3) 2.346(3) 2 -18
C.0 2.427(3) 2.423(3) 2.423(3) 4 -13

Trans (0°) 0--F 2.891(13) 2.691(13) 2.692(11) -20 -31
0.-0 3.486(13) 3.486(13) 3.486(11) 0 -9
F-F 3.489(13) 3.488(13) 3.489(11) 0 -11

Gauche (90°) 0..F 3.103(4) 3.103(4) 3.104(4) -7 -20
0.-0 3.214(5) 3.214(5) 3.214(5) -6 -IS
F-.F 3.009(5) 3.007(5) 3.009(5) -5 -21

Cis (180°) 0--F 3.467(4) 3.466(7) 3.467(5) 2 -11
0-.0 2.917(7) 2.918(9) 2.917(7) -13 -21
F--F 2.433(7) 2.432(7) 2.434(6) -27 -48

149°C

C=0 1.178(2) 1.178(2) 1.178(2) 21 -24
C-F 1.330(2) 1.330(2) 1.330(2) 19 -28
C-C 1.537(3) 1.537(3) 1.537(3) 1 -34
0,4 2.216(3) 2.216(3) 2.216(3) 4 -21
C-F 2.338(4) 2.338(4) 2.339(4) -1 -29
C-0 2.427(3) 2.427(3) 2.427(3) 4 -19

Trans (0°) 0-4 2.685(13) 2.685(13) 2.686(10) -36 -52
0-.0 2.490(13) 3.490(13) 3.490(10) -1 -14
F.-F 3.478(13) 3.478(14) 3.479(11) -1 -18

Gauche (90") 0-4 3.098(5) 3.097(6) 3.098(6) -15 -34
0--0 3.222(6) 3.222(7) 3.222(7) -12 -25
F-1, 2.992(6) 2.991(7) 2.992(8) -12 -37

Cis (180°) 0--F 3.461(4) 3.461(8) 3.461(6) 1 -19
0--0 2.929(7) 2.930(12) 2.930(9) -23 -34
F--F 2.406(7) 2.405(9) 2.406(8) -50 -82



Table V. Continued

Distance

0

ra/A
(ra - ra)

104/X

(ra - rg)

x 104/X1G 2G 3CP x

219°C

C=0 1.182(2) 1.182(2) 1.182(2) 30 -20
C-F 1.334(3) 1.334(3) 1.334(3) 28 -25
C-C 1.533(4) 1.533(4) 1.532(4) 14 -25
0.1 1.218(5) 2.218(5) 2.218(5) 4 -24
C1, 2.334(7) 2.334(7) 2.334(7) -2 -33
C0 2.430(5) 2.431(5) 2.429(5) 4 -22

Trans (0°) 0F 2.693(9) 2.688(10) 2.688(12) -46 -6400 3.499(10) 3.499(10) 3.498(12) -4 -17FF 3.478(12) 3.477(11) 3.478(14) -3 -23
Gauche (90°) 0F 3.100(7) 3.100(7) 3.100(9) -19 -4100 3.234(8) 3.234(8) 3.233(10) -16 -30FF 2.986(12) 2.986(10) 2.986(11) -17 -45
Cis (180°) 0F 3.463(7) 3.463(10) 3.463(7) 0 -2300 2.946(11) 2.946(15) 2.944(12) -26 -41FF 2.393(12) 2.392(12) 2.394(10) -65 -101

321°C

C=0 1,184(2) 1.184(2) 1.184(2) SO -7
C-F 1.341(3) 1.341(3) 1.341(3) 45 -16
C-C 1.535(4) 1.535(4) 1.533(4) 18 -260 2.224(5) 2.224(5) 2.224(5) 18 -15
CF 2.348(8) 2.348(8) 2.347(8) 13 -24
C0 2.428(4) 2.428(4) 2.426(4) 16 -14

Trans (0°) 0 2.694(10) 2.695(12) 2.694(16) -36 -5700 3.494(11) 3.494(11) 3.493(16) 6 -11F1 3.498(13) 3.499(14) 3.499(25) 7 -17
Gaucho (90°) 01, 3.108(7) 3.109(8) 3.108(11) -9 -3500 3.225(9) 3.225(9) 3.223(12) -7 -241'F 3.009(14) 3.011(12) 3.011(13) -5 -39
Cis (180°) 0F 3.473(8) 3.474(11) 3.473(7) 11 -1700 2.931(13) 2.931(17) 2.930(13) -20 -35FF 2.421(18) 2.423(13) 2.423(11) -52 -95

aOistances are ra in Angstoms. I'See Table IV, footnote (c). °The symbol types X-Y, XY, and XY respectively

refer to bonds, geminal distances, and vicinal distances.
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Table VI. Correlation Matrix (x 100) for 3CP Model at -10°C.

PC=0 IC -F PC-C
LCCO LCCIF V I V 2 V 3

ItC=0 C-F C-C )10

.023

100

.028

26

100

.071

-48

-27

100

5.74

17

31

-50

100

4.14

28

5

-21

-58

100

9.26

-7

-1

34

-31

5

100

10.2

1

-17

-26

20

-11

-64

100

7.60

-1

12

-7

2

10

-33

-26

100

.046

-34

14

43

-10

-16

11

-23

15

100

0.48

-44

6

53

-18

-17

13

-21

11

83

100

.098

-12

-40

12

-11

-5

1

4

0

19

8

100

0.43

-11

20

14

-12

20

S

-23

6

21

19

-16

100

.092

-12

-12

0

-10

0

21

24

0

-1

---,

7

-19

100
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Figure 4. Curves of the average torsional potentials. The trans conformation is at (1)=0.
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similar difference curves (see Figure 2) obtained for the three

models. The reason for this insensitivity is easily understood from

the appearance of the curves representing the distribution of mole-

cules around the torsional coordinate calculated from eq. 4: despite

the obvious differences in the potential functions for the three

models, the molecular distributions are remarkably similar (Figure

5 for the 219° data is typical). It is clear that no identification

of the equilibrium conformation of the second form (cis or gauche)

is possible based on the electron diffraction data alone. It is

also clear, however, that whatever the equilibrium angle of this second

conformer, relatively large numbers of molecules are to be found at

torsion angles substantially removed from it.

Bond Lengths, Bond Angles, and RMS Amplitudes of Vibration

Our results for the bond lengths and angles are independent of

the model type; this is demonstrated by the excellent agreement in

values from model to model at a given temperature (see Table III).

There is considerable variation, however, in the values of the bond

lengths obtained for the different temperatures which is apparently

random in nature. (Although the ra distances are temperature depen-

dant, the effect of temperature on their value is both systematic

and very small.) In any case, these differences in the values from

temperature to temperature are less than twice the sum of the errors

associated with each pair of values. We also observe variations in

the values for the rms amplitudes of vibration which are larger in

magnitude and more random in nature than one normally observes in
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studies of this type. In particular, the values obtained for the

amplitudes at 312°C are consistently smaller than expected. Al-

though we do not know the explanation for this result, significant

decomposition of the sample at this temperature makes the results

somewhat suspect. In any case, the other results at this tempera-

ture seem unaffected.

Our results for the values of the CC(ra = 1.536(3) X, -10°C) and

0

CO(r
a

= 1.180(1) A, -10°C) bond lengths for oxalyl fluoride are in agree-

ment with those obtained for oxalyl chloride (ra(CC) = 1.534(5) X,

r
a
(CO)

r
a
(CO)

=

=

1.182(2) A;

1.177(3) A;

at 0°C)- and oxalyl bromide (r
a
(CC) = 1.546(8) A,

at 6°C)
3
when account is taken of the associated un-

certainties. As expected, the value of the CF bond length (r =
a

0

1.331(3) A) is larger than the corresponding value for fluorophosgene

°
(r
o

= 1.315(19) A).
17

This result is consistent with the progressive

shortening of the CF bond observed in the fluoroethanes as the number

of attached fluorines increases.
19

The value of the FCO angle

(124.2(2)°) is quite similar to that obtained for the C1C0 angle

(124.1(3)°) in oxalyl chloride and the BrCO angle (123.8(5)°) in oxalyl

bromide while value of the CCO angle is somewhat larger and the value of

the CCF angle is somewhat smaller than the corresponding values for the

other oxalyl halides ((C0C1)1: L_CCO = 124.2(3), LCCC1 = 111.7(2);

(COBr) : L. CCO = 124.6(5), LCCBr = 111.6(5)).

Energy and Entropy Differences of the Conformers

Although our data do not allow determination of the torsion angle



59

of the second conformer, the effect of temperature on the distribu-

tion of molecules about the torsional coordinate allows one to obtain

approximate values for the energy and entropy differences of the con-

formers. Since thereis strong spectroscopic evidence for a second

conformer of a cis or near-cis (gauche) conformation, we made parallel

calculations using the results from the 2G and 3CP models to represent

the trans-cis and trans-gauche equilibria respectively. The distri-

bution of molecules around the circle of rotation was calculated from

eq. 4 and the refined values of the potential constants for each

model. If, for the 3CP model, one somewhat arbitrarily takes the

maxima in the potential functions at each temperature as the bound-

aries for defining the trans and gauche conformers, one calculates the

fractions of molecules in the trans conformation and associated 2,7

errors to be 84.9(3.4), 70.2(5.7), 59.3(7.4), and 46.4(8.6) precent

for the temperatures -10, 149, 219, and 321°C. Similarly for the

model, if one arbitrarily chooses 90° as the trans-cis boundary, (the

function is very flat in this angle region) one calculates the compo-

sition to be 87.2(4.7), 74.9(5.7), 69.2(6.8), and 67.8(8.6) percent

trans for the four temperatures. For these cases one can apply the

usual relations

N IN
t
= 2 exp (LS°/R AE°/RT) (3CP)

N
c

= exp (LS°/R - ,1,E°/R_^) (2G)

where N
t'

N
g'

and N
c are the fraction of molecules in the trans, gauche,
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and cis conformations, and the factor 2 is the ratio of the statisti-

cal weights of the gauche and trans conformations. From the slopes

and intercepts of the least-squares fit lines of the van't Hoff plot

shown in Figure 6, the following values and 20 errors were obtained,

3CP model: AE° = E° - E° = 1.60(27) kcal mol -land AS° = S° - S°g g t

1.12(74) cal mol
-1

K
-1

, 2G model: LIE° = E° - E°
t

= 1.14(21) kcal mol
-1

and /.S° = S° - SI = 0.56(51) cal mol
-1

E
-1

. These values are similar
c

to those obtained for oxalyl chloride: AE° = E°
g

- E° = 1.38 (a = 0.35)

kcal mol
-1

and AS° = S° - So
t
= 2.3 (a = 1.0) cal mol

-1 -1
.

2

From the average values for the potential constants obtained for

the 3CP and 2G models one obtains values for the trans-gauche or trans-

cis barrier of 1.78(10) and 2.01(16) kcal/mol respectively. The

gauche-gauche barrier obtained for the 3CP model of 0.20(24) kcal/

mol is nearly insignificant.

One can estimate k, the force constant related to displacement

of the torsional coordinate, from the relation

k = V*/2
d2V(0

c1) d e

which is evaluated at the equilibrium torsion angle. For the 3CP model

V* equals V1 + 4V2 + 9V3; for the 1G and 2G models, 7(4).0 equals 2VIAI.

The shallowness of the higher energy minima and the magnitude of the

errors associated with the refined potential constants for the 3CP and

2G models makes estimation of R for the higher energy conformers

meaningless. The torsional frequency for the trans conformer can be

calculated from the usual formula w
t

= (27C)
-1

Ck
(1)=0

/1.1.

I
where k is
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Figure 6. Van't Hoff plots of the trans-gauche compositions for the
3CP model and trans-cis compositions for the 2G model.
Open circles are from the 3CP model and squares from the
2G. The solid and dashed lines are least squares fits to
these data.
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Table VII. Energy and Entropy Differences,a Torsional Potential
Constants, Frequencies and Barriers for Conformers of
Oxalyl Fluoride.

1Gb "'Gb 3CPb

C, Deg [180.0] cis 135.7(76)

A, kcal/mole 1.14(21)e 1.60(54)e

AS", kcal/mole - -0.56(51) -2.50(148)

VI, kcal/mole - - 0.88(20)

V2, kcal/mole - 1.12(20)

V3 kcal/mole - - 0.74(17)

VTr 1.75(10) 1.78(10) -

ATr 2.07(48) 2.94(40) -

Vcs 0.35(33) -

csacs - -

wtrans cm -1
65(7) 65(7) 59(4)

-1
6)gauche,cis -- - 44(21) 54(4)

t-g,c barrier 1.75(10) 1.78(10) 2.01(16)

g-g barrier 0.20(24)

aParenthesized values are estimated 20. 1G, 2G, and 3CP are

respectively "single Gaussian," "double Gaussian," and "three-

term cosine potential" models. See text. °Torsion angle of

higher energy conformer. d
For 20 model tE° = Ecis - qr2nc and

AS° = Scis° - Strans'° for 3CP model AE° = Egauche
ns

and

AS° = S° - S°
trans' eValues from van't Hoff plots. Valuegauche

calculated from VW is 1.43 kcal/mole for the 2G model and

1.42 kcal/mole for the 3CP model.
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the quadratic force constant, already defined, and ;17 is the reduced

-1moment of inertia taken to be equal to the matrix element Gil obtained

in the course of our force field calculations. The values obtained

for the 3CP, 1G, and 2G models are 59(4), 65M,-and 65(7) cm-1.

These values are in good agreement with Durig's observation of a. broad

absorption centered near 54 cm
-1

in the it spectrum and attributed to

the trans torsional vibration.



64

I

( COn 2 14,90

LONG

IIIVIF

CAMERA

EXPERIMENTAL

Aillirlir

4 ir MIDDLE CAMERA

Alf

THEORETICAL

.... All

WrWry v 'W
Ir. ip

I

DIFFERENCE

-...

10 20 30 S

Figure 7, Intensity curves and backgrounds for 149°C experiments.
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CONFORMATIONAL ANALYSIS. OXALYL CHLORIDE FLUORIDE.
AN ELECTRON-DIFFRACTION INVESTIGATION OF THE

MOLECULAR STRUCTURE, COMPOSITION, TRANS-GAUCHE ENERGY AND
ENTROPY DIFFERENCES, AND

THE POTENTIAL HINDERING INTERNAL ROTATION

Introduction

The interest of the Oregon State electron-diffraction group in

the properties of the oxalyl halides - conformational equilibria,

thermodynamics, and molecular structures - has been outlined in the

preceding chapter
1
and in the references cited therein. Because of

the contrasting results obtained in the cases of oxalyl chloride
2

(C
2
0
2
C12' trans and gauche conformers) and oxalyl fluoride

1
(C

2
0
2
F
2'

trans and either cis or near-cis, i.e. gauche, conformers), the properties

of the mixed compound, oxalyl chloride fluoride (C202C1F, Figure 1)

are of special interest.

Although the results cited above for the symmetrical oxalyl hal-

ides strongly imply the existence of a similar conformational equili-

brium in oxalyl chloride fluoride, no experimental evidence for more

than one conformer has as yet been found. Infrared spectra of C202C1F

in the gaseous state
3

'

4
and in the solid,

4
and the Raman spectrum of

the liquid
4
have all been successfully interpreted in terms of only

the s-trans conformer. Theoretical results
5

from an ab initio calcu-

lation, however, suggest the existance of both an s-trans and a higher

energy s-cis form. Until now, no measurement of the structure has

been reported.



C13
Figure 1. Diagram and atom numbering of oxalyl chloride fluoride.
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Experimental Section

Diffraction Experiments

The preparation of the oxalyi chloride fluoride sample was pat-

terned after the method of Tuilock and Coffman 6
as modified by Hencher

and King.3 In order to increase the yield, we modified the method by

slowly adding the sodium fluoride, tetrahydrothiophene -1,l- dioxide

mixture to the oxalyl chloride and allowing the oxalyl chloride fluo-

ride to distill directly to a cold trap as it was formed. The sample

was purified by fractional distillation and showed no evidence of

impurities from the appearance of its it spectrum. Diffraction experi-

ments were made using the Oregon State apparatus with the following

conditions: r
3
sector, 8 x 10 in Kodak lantern slide medium contrast

plates developed 10 min in D-19 diluted 1:1, 40-240 s exposure times,

3.0-7.2 x 10
-6

torr ambient apparatus pressure during sample run-in,

0.40-0.48 uA beam currents, 0.056 to 0.058 nominal electron wavelengths

(calibrated against CO2 in separate experiments taking ra(CO) =

1.1646 A and ra(00) = 2.3244 A)and 75 and 30 cm (nominal nozzle-to-

plate distances. Data from the two distances included the ranges

0
2.00 < s < 12.75 A -1

and 8.00 < s < 30.25 X-1 respectively. Experiments

were done at nozzle temperatures of 22, 81, 158 and 321°C. Two to four

plates from each distance at each temperature were selected for analysis.

Data Reduction and Structural Calculations

The procedures employed for data reduction, formation of the

radial distribution curves, and structural calculations were nearly
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identical to those used for oxalyl fluoride (see previous chapter).

The only difference in procedures involved weighting the long

camera data twice the middle camera data in this study while for

oxalyl fluoride all data was weighted equally. We found it neces-

sary to depart from the normal 1:1 weighting for oxalyl chloride

fluoride in order to obtain adequate fits to the long camera data

which contains more of the information for the torsion sensitive

distances. (We admit the choice of weighting scheme is somewhat

arbitrary.) Curves of the data from the 22° experiment are shown

in Figure 2; corresponding curves for the other temperatures are

found in Figures 6 through 8. The leveled total intensity data s4lm

and the final backgrounds are available from the laboratory archives.

The final experimental and difference radial distribution curves are

shown in Figure 3.

Vibrational. Force Field

Only 10 of the 12 fundamentals of trans-oxalyl chloride fluoride

have been assigned 3
'
4

and some of these assignments are uncertain. It

is fortunate that the values of 6r (centrifugal distortion correction),

k (perpendicular amplitude correction), and k (rms amplitude of vibra-

tion) are usually not very sensitive functions of the vibrational force

field and, in any case, as a sum are only a small correction to ra.

We have used the 10 wave numbers and corresponding assignments of

Hencher and King,' plus values for the two unassigned fundamentals

estimated
7
from the fundamentals of C202C12 and C202F2. We adjusted

the values of the force constants in order to attain agreement between
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COFCOCI 22°

LONG

CAMERA
EXPERIMENTALI

MIDDLE CAMERA

THEORETICAL

_ .. A.
V Tv If IF

DIFFERENCE

.

10 20 30 S

Figure 2. Intensity curves for 22° experiments. The experimental
curves are for s4It shown superposed on the final back-
grounds. The theoretical intensity curve is sIm for the
three-term cosine potential model (3CP). The difference
curves are experimental minus theoretical sIm.



COFCOC ;

EXPERIMENTAL

\----Ner\ 22°C

81°C

158° C

310° C

C=0 C CI C O F- io -

c-F 0-F
i

/ 0C1 CCi 0-0G

C-C C-F 0--FT 0-CIT 0-

DIFFERENCE

F--c11.

o-cls

0T

22° C
3CP

2S

ef C
3CP

2S

158° C
3CP

2S

310° C
3CP

2S

1 2 3 4A

74

Figure 3. Radial distribution curves. The experimental curves are
calculated from composites of the molecular intensities
from the two camera distances. The difference curves are
experimental minus theoretical for the models "double sigma"
(2S) and "three-term cosine potential" (3g). The con-
vergence factor coefficient B was 0.0025 A2 in all cases.



calculated and observed fundamentals to within 3 cm-1. Table 1

shows our choices of symmetry coordinates, the calculated force

field, and the wave number agreement; Table II shows some of the

calculated vibrational corrections. It was necessary to assume the

vibrational force field did not vary with torsion angle for our

calculations.

Analysis of the Structure

Model Types

75

The predominant features in the experimental radial distribution

curve for the lowest temperature (Figure 2) can be accounted for by

assuming only the trans conformer is present. However, the higher

0
temperature curves show progressive changes in the 2.6-3.9 A region

which are greater in magnitude than would be expected from thermal

excitation of "frame" vibrations for a single conformer. Since the

torsion-sensitive distances are found in this region, we interpret

this observation as a reflection of thermal excitation of the torsional

coordinate and the increasing presence of a second, higher energy con-

former. The identity of this second form, however, is not immediately

clear from inspection of the radial distribution curves.

As anticipated, attempts to fit the higher-temperature experi-

mental data with a single conformer model were unsuccessful and we

accordingly turned to models comprising a pair of rotational confor-

mers. The simplest of these models consisted of two types of mole-

cules, a trans and a gauche (or cis), the latter with a torsion angle



Table 1. Symmetry Coordinates, Force Constants, and Wave Numbers for Trans-Oxalyl Chloride Fluoride.

Species
Wave numbers
aW

obs w ohs calc
Al

A"

SI = A (r,4)
S2 = 1/.1 A (2-12 + r45)
S3 = 1/if A (r12 r45)
Si. = A (r13)
S5 = A (r46)
S6 = 1//12 A (2/,03 1412 1213 2LI46 L,45S7 = 1//ff A 12/413,-

1412,- 1213,- 2146 + 1I45S9 = 1/2 A (L4I2
(;213 * '7145 17546S9 = 1/2 A (L,,,2 12,3 L145 L546'

S,0 = A (OR111234)
S1, = A (OPH4156)

S12 = 1/2 A (T3I45 12146)

1546)

* 1546)

932
1858

0

0
1790 0
1197 0
713 -2
278b -1
570b 3
4886 -2
229b+a 1

360 0
409 0
74a 0

Force Constant Matrix

A"

3.925
.85 10.203

-.1 .3 11.866
.1 -.3 0 3.395
.3 -.4 .2 .2 5.699

0 0 0 -.35 -.35 .793
.1 0 0 -.25 .3 .1 1.634
.5 0 0 -.4 -.2 0 .1 1.247O 0 -.15 -.1 0 0 .2 0

.284

.13 .304
O 0 .090

.730

a
Ref. 4.

b
Bends comprised of a mixture of symmetry coordinates. °Not observed by Hencher and King; Calculatedby Fleury and Bardet, Ref. 12. Not observed by Hencher and King; estimated by us. Value unimportant since weused only "frame" values with the effort of torsion excluded.
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Table II. Distance Corrections (Sum of Perpendicular Amplitude
and Centrifugal Corrections) for Oxalyl Chloride
Fluoride.a

DISTANCE 22°C 81°C 158°C 310°C

1 C1=02 .0057 .0064 .0073 .0095

2 C4=05 .0051 .0057 .0065 .0084

3 C-Cl .0034 .0039 .0046 .0060

4 C-C .0044 .0049 .0056 .0072

5 C-F .0040 .0044 .0051 .0065

6 C105 .0029 .0033 .0039 .0051

7 C4.02 -0024 .0027 .0032 .0041

8 05F5 .0021 .0024 .0028 .0037

9 C1F6 .0029 .0034 .0039 .0052

10 02C15 .0018 .0021 .0025 .0034

11 04C15 .0027 .0031 .0037 .0050

Trans ct, = 0°

12 00 .0013 .0016 .0018 .0025

13 0F .0018 .0021 .0025 .0033

14 C10 .0024 .0028 .0034 .0046

15 C1F .0022 .0026 .0032 .0043

(1) = 90°

16 00 .0014 .0016 .0019 .0025

17 0F .0023 .0027 .0032 .0043

18 C10 .0024 .0029 .0034 .0047

19 C1F .0031 .0037 .0045 .0061

Cis (I) = 180°

20 00 .0004 .0004 .0005 .0006

21 0F .0023 .0027 .0032 .0044

22 C10 .0022 .0026 .0031 .0042

23 C1F .0046 .0054 .0065 .0090

aFor Distances corresponding to intermediate torsion angles correc-

tions were calculated by linear interpolation.
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to be determined but in all other respects identical in structure to

the trans. For this model the vibration of all distances (including

those which are torsion sensitive) for each of these conformers was

assumed to be harmonic. Tests of this two-conformer model (2C), in

which the composition was included as a parameter, gave substantially

better fits than did the single conformer model, but still not as

good as experience suggested could be obtained. In particular it

appeared that large-amplitude motion was present and was not being

well represented, especially in the case of the higher energy confor-

mer (which had turned out to be gauche). A model more appropriate to

this situation is termed the "double-sigma" (2S) model. For each

conformer the effects of torsional motion are represented by a collec-

tion of pseudoconformers distributed about the two potential mimima

and fig, according to

and

Pt(4)) = Q-' exP(-(q) q)t)2/2 gt2) (1)

P (1)) = Q-1 exp(-(q) - ep )2/2 a 2) .

Each pseudoconformer is regarded as rigid in a torsional sense and

"frame" amplitudes are assigned to each distance. We chose to use

13 pseudoconformers to represent each form; these were spaced at

(2)

intervals(7/2 (a is the rms amplitude of trosional motion) over the

range -3a, < - gt < 36V Refinements of this model gave substan-

tially better fits than the 2C model. We also tested another model
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which has proved to be successful in representing large amplitude

motion: the three-term cosine potential model (3CP), for which the

torsional potential is given by

= z 7.(1 - cos -4) 2 = 1, 2, 3. (3)

and for which the distribution about the torsional coordinate is

calculated from

P(4)) = Q-1 exp[-7(4))/RT] (4)

We included pseudoconformers at 10' intervals throughout the non-

redundant range of the torsional coordinate. Excellent fits were

also obtained with this model.

Since the 2S and 3CP models gave considerably better fits than

the 2C and also seem to be better representations of torsional pro-

perties, the 2C model was discarded in favor of the others. The re-

mainder of this discussion deals only with the 2S and 3CP models.

Specification of Parameters

Geometrical parameters common to all models were the distances

and bond angles <r(C=0)> = [r(C1=02) + r(C4=05)j/2, ir(C =0) =

r(C1=02) - r(C4=05), r(C-C), r(C-F), r(C-C1), <L XCO> = [L.C1C0 +

L.FC0]/2, oL XCO = LFCO L.C1CO, <LCCX> = [L.CCF + L_CCC1]/2,

AL CCX = L CCF - L CCC1. In addition to the above the torsion angle

(i), the composition, and the rms torsional amplitudes 0, and were
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required for the 2S model. For the 3CP model, the additional para-

meters were the coefficients V
l' 2

, and V3. The final results for

these parameters can be found in Table III. Tests showed Ar(C=0)

could not be refined; it was set to a value equal to the difference

1between the values for r(C=0) in (C0C1)2 a and (COF)2. Because of

the large number of interatomic distances which give rise to the

0

double peak between 2.2 and 2.7 A in the radial distribution curves,

some of the angle parameters were highly correlated. These angles

could not be independently refined to give reasonable values. Ac-

cordingly, for most refineMents the parameter ALCCX was held at

assigned values equal or nearly equal to the difference between the

known CCF and CC1 angles for (COF) 12 and (C0C1)22a.

In the previous electron diffraction studies of oxalyl fluoride 1

and oxalyl chloride
213

some thermal decomposition of the sample to the

products CO and COX, was observed. Since decomposition was observed
4

at 219°C for oxalyl fluoride and at 405°C for oxalyl chloride, we

tested for the possibility of decomposition in our 310°C experiments

with a model which included a decomposition parameter. Somewhat sur-

risingly our tests showed no evidence for thermal decomposition of

the sample. Accordingly, in our final models, we have not included

decomposition.

For both models the amplitudes were refined individually or in

groups with differences between members set to values indicated from

calculated amplitudes. For the non-torsion sensitive distances the

groups are evident from Table IV. The torsion sensitive distances

were assigned "frame" amplitudes which were refined in two groups,



Table III. Structural Resultsa'b from Refinements of Different Models° of Oxalyl Chloride Fluoride.

22° 81° 158° 310°

3CP 25 3CP 2S 3CP 2S 3CP 2S

<r
C=0

>d 1.182(1) 1.182(1) 1.181(2) 1.181(2) 1.178(2) 1.178(2) 1.178(1) 1.178(1)

[.002] [.002] 1.002] [.002] [.002] (.0021 1.002] [.002]

C-C 1.533(3) 1.532(3) 1.528(4) 1.527(3) 1.534(5) 1.535(5) 1.540(4) 1.541(4)

PC-F 1.334(3) 1.334(3) 1.336(3) 1.336(3) 1.335(5) 1.335(5) 1.335(3) 1.335(3)

rc_cl 1.742(2) 1.742(2) 1.744(3) 1.743(3) 1.747(3) 1.747(3) 1.752(2) 1.752(2)

LXCO>f 124.3(2) 124.3(2) 124.0(2) 124.1(3) 124.4(3) 124.4(3) 124.4(2) 124.4(2)

ALXCOg -2.1(5) -2.3(5) -2.2(5) -2.4(5) -2.0(8) -2.1(7) -1.6(5) -1.6(5)

<L.CCx>h 111.1(2) 111.0(3) 111.5(3) 111.2(4) 111.1(5) 111.1(5) 111.6(4) 111.5(4)

ALCCV: [ -2.21 (-2.2] 1-2.2] [-2.2] 1-2.21 [-2.21 [ -2.21 1-2.2]

LCCO(C1) 122.4(3) 122.4(3) 122.3(4) 122.4(4) 122.3(6) 122.3(6) 122.2(4) 122.2(4)

LCCO(F) 126.7(3) 126.9(3) 126.8(3) 127.0(3) 126.6(4) 126.6(5) 125.9(3) 126.0(5)

LC0 123.2(3) 123.2(3) 122.9(3) 122.9(3) 123.4(5) 123.4(5) 123.6(4) 123.6(4)

LCICO 125.4(4) 125.5(4) 125.1(3) 125.2(4) 125.5(5) 125.5(5) 125.2(3) 125.2(3)

LCCF 110.0(2) 109.9(3) 110.4(3) 110.1(4) 110.0(5) 110.0(5) 110.5(4) 110.4(4)

LCCC1 112.2(2) 112.1(3) 112.6(3) 112.3(4) 112.2(5) 112.2(5) 112.7(4) 112.6(4)

VI 0.59(33) 0.40(34) 0.62(68) ' 0.28(56) -

V2 0.69(13) 0.63(15) 0.50(27) 0.17(22)

V3 0.62(22) 0.54(23) 0.90(45) - 10.621

(1) 129.7(58) 129.3(40) 132.1(65) 127.5(37) 122.8(120) 116.4(111) 120.6(89) 115.1(69)

trans 18.5(44) 14.5(77) [22.5] [26.01

a
gauche 35.3(52) 39.0(54) 40.0(119) - [42.0]

el

trans .653(89) .492(90) .549(89) .335(84) .538(137) .405(163) .404(92) .244(136)

R
comb .04647 .04596 .05983 .05830 .08376 .8246 .05120 .05022

Footnotes continued on following page.
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aDistances are r
a in Angstroms, angles and rms torsional amplitudes

(a) in degrees, torsional potential coefficients (V) in kilocalories

per mole. bParenthesized numbers are twice estimated standard devia-

tions, bracketted values are assumed. c2S and 3CP are respectively

"double-sigma" and "three term cosine potential" models. See text.

d
<rc.o> = [r(CI=Oz) + r(C4=0s)]/2 °Arc.° = r(C1=02) r(C4=05).

<LXCO> = [LC1CO LFC0]/2. gALNCO = LFCO LC1CO. h<LCCX> =

[LCCF LCCC1 /2. iALCCX = LCCF - LCCC1.

9 ;-
"712. = [Z w,cii(obs))12.



Table IV. Amplitude Resultsa'b for Different Models° of Oxalyl Chloride Fluoride.

22° 81°

2S 3CP 2S 3CP

Parenthesized values are twice estimated standard deviations; bracketted quantities were

refined as groups, keeping their difference constant at a calculated value. G2S and 3CP are respectively "double-

sigma" and "three-term-cosine potential" models; see text.

158° 310°

2S 3CP 2S 3CP

044
(3)

.045

.057(3)

.052(5)

.053(4)

.044 1(3)

.045

.057(3)

.052(6)

.052(4)

(2)

.045

.062(3)

.068(5)

.057(4)

.041
(2)

.044

.062(3)

.068(5)

.057(4)

.066

.068
145)

.077}
(4)

.079 .079
(4)

.061
(5)

.086

.067

.092
)45)

.066

.092
}(5)

.075 .07

.097
)47)

3

4
.07i11

.100
(S)

.10
(5)

.097

.125 .134

.101 .100

.133

.069 .067 .066

(15) (14) (13)

.106 .112 .111

.127 .137 .136

.107 .113 .112

.087 .10
)416)

.129

1
(24)

.152

.121
(20)

.172

2S 3CP 2S 3CP

044

.045
(3)

.045

.044 1(3) (2)

.045 .044

.041
(2)

.057(3) .057(3) .062(3) .062(3)

.052(5) .052(6) .068(5) .068(5)

.053(4) .052(4) .057(4) .057(4)

158° 310°

.066
145)

.068

.061

.086

.075
)47)

.097

.069

.097

.125

.106

.127

.107

.087
)416)

.129

(5)

(15)

.077}

.079

.067
)45)

.092

.07

.100

3

.067

.101

.134

.112

.137

.113

.10

.152

1

(4)

(S)
1

(14)

(24)

.079

.066
}(5)

.092

4
.07i1

.10

.066

.100

.133

.111

.136

.112

.121

.172

(4)

(5)

(13)

(20)

aAmplitudes in Angstroms. bParenthesized values are twice estimated standard deviations; bracketted quantities were

refined as groups, keeping their difference constant at a calculated value. G2S and 3CP are respectively "double-

sigma" and "three-term-cosine potential" models; see text.
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one group corresponding to the components of the 00, 0F, and

0C1 distances and the other group corresponding to the components

of the FC1 distance.

For the refinements geometries were defined in the ra distance

set. Corrections for vibrational effects (to generate the ra distance

set required by the electron-diffraction intensity equations)were cal-

culated from the force field and applied. Accordingly both the non-

torsion-sensitive distances and the four torsion-sensitive distances

for each pseudoconformer were assigned these corrections calculated

excluding the torsional mode.

Table V shows the interatomic distances for our final models in

ra, ra , and rg spaces. The correlation matrix for the 3CP model at

22°C is found in Table VI; the others are similar.

Results and Discussion

Bond Lengths and Angles

The bond lengths and angles obtained for the two models are in

good agreement. Although the values obtained for the bond lengths

are expected to vary slightly with temperature, we observe greater

differences from temperature to temperature than normally expected.

We do not regard these differences as significant, but, are in part,

a reflection of the correlation among the relatively large number of

parameters which are necessary to describe the structure of oxalyl

chloride fluoride compared to the number of resolved peaks in the

radial distribution curve. Our results in general are consistant



Table V. Interatomic Distances
a

in Maly' Chloride Fluoride for Different Models.
b

Distance

22° 81° 158° 310°

(ra)° 2S 3CP 2S 3CP 2S 3CP 2S 3CP

C1 =C2 1.187(1) 1.187(1) 1.187(2) 1.187(2) 1.185(2) 1.185(2) 1.187(1) 1.187(1)

C4=C5 1.184(1) 1.184(1) 1.184(2) 1.184(2) 1.182(2) 1.182(2) 1.184(1) 1.184(1)

C-CI 1.743(2) 1.744(2) 1.745(3) 1.746(3) 1.750(3) 1.750(3) 1.756(2) 1.756(3)

C-C 1.534(3) 1.535(3) 1.530(3) 1.531(4) 1.538(5) 1.538(5) 1.545(4) 1.544(4)

C-F 1.336(3) 1.336(3) 1.339(3) 1.339(3) 1.338(5) 1.338(5) 1.339(3) 1.339(3)

C1.05 2.433(4) 2.432(4) 2.429(4) 2.428(4) 2.430(6) 2.429(6) 2.430(5) 2.429(5)

C402 2.386(5) 2.386(5) 2.381(5) 2.381(5) 2.384(6) 2.384(7) 2.389(5) 2.388(5)

0F 2.214(3) 2.214(3) 2.212(4) 2.212(4) 2.214(5) 2.214(5) 2.217(4) 2.216(4)

CF 2.350(6) 2.351(6) 2.350(8) 2.355(8) 2.355(12) 2.354(12) 2.366(9) 2.366(9)

0C1 2.612(5) 2.611(5) 2.610(5) 2.609(5) 2.615(5) 2.614(5) 2.617(4) 2.616(4)

CC1 2.718(6) 2.720(5) 2.719(8) 2.724(7) 2.727(11) 2.727(10) 2.743(8) 2.744(8)

0.-0
T

3.470(5) 3.469(18) 3.465(5) 3.464(16) 3.463(6) 3.462(26) 3.463(5) 3.462(11)

0F
T

2.631(9) 2.633(15) 2.630(10) 2.635(14) 2.631(12) 2.631(23) 2.643(7) 2.643(11)

0C1
T

2.972(7) 2.972(17) 2.974(10) 2.977(15) 2.973(14) 2.971(23) 2.979(10) 2.979(11)

F --C1
T

3.901(8) 3.903(16) 3.905(11) 3.910(14) 3.911(15) 3.910(22) 3.927(11) 3.927(12)

00G 2.992(16) 2.988(17) 2.995(16) 2.973(17) 3.041(53) 3.012(23) 3.044(35) 3.016(13)

0F
0

3.320(28) 3.323(18) 3.310(22) 3.336(19) 3.249(69) 3.284(27) 3.251(44) 3.283(15)

0C1
G

3.717(24) 3.720(17) 3.707(22) 3.735(19) 3.642(75) 3.681(28) 3.644(48) 3.680(16)

F --C1
G

2.933(37) 2.933(21) 2.954(40) 2.923(25) 3.070(114) 3.004(37) 3.105(72) 3.050(22)

a
Distances are r

a
in Angstroms. r

a
or r

9
distances can he calculated from these distances using the corrections in Table 11

and the amplitudes in Table IV.
b
See Table IV, footnote (c). eThe symbol types X-Y, XY, and XY respectively refer to

bonds, geminal distances, and vicinal distances.



Table VI. Correlation Matrix (x 100) for 3CP Model at 22°C.

RC -C C-F C.0
2,

0.-0 FC1C=0 C-C rC-F rC-C1
<LXCO>b ALKOC <4CCX>d VI V2 V3

kC=0 RC -C1 0-C1
t

u
LS

e
.028 .094 .082 .054 7.57 17.6 7.83 11.6 4.45 7.87 056 .056 .126 .098 .137 .112 .089 .263 .260

100 17 54 -20 -30 -18 38 -35 -6 1 8 2 -24 -1 -22 -3 22 -27 -26

100 25 16 14 15 16 -32 -26 3 29 -8 5 39 -42 -1 29 -38 -36

100 -15 -39 -35 40 -57 -3 7 33 12 -40 16 -20 7 34 -39 -38

100 -14 39 -15 -2 -17 -3 26 6 46 38 -23 -16 5 -8 -9

100 -25 -68 45 -11 22 -16 -20 4 -10 50 33 -23 38 33

100 8 3 -11 -31 -2 2 30 16 -61 -25 -10 -12 -18

100 -37 -13 -15 14 12 -17 7 -51 -12 45 -44 -29

100 -23 -39 -32 -14 14 -23 47 -5 -24 42 55

100 12 -15 -2 -7 -16 7 -G -21 30 32

100 9 2 -3 3 1 17 4 30 -3

100 41 26 80 -14 7 26 -24 -23

100 4 32 -4 -10 4 -8 -8

100 34 -10 -18 -9 6 6

100 -22 -4 15 -23 -22

100 26 -10 29 42

100 5 3 -1

100 -30 -20

100 51

100

a<rc.o> = Fr(C1=02) + r(C4=001/2. b't.XCO> = ILFC0 + /C1C01/2. A/XCO = LFCO - /C1CO. d<LCX> = UCCF + /CCC11/2.

eStandard deviation from least squares. Distances and amplitudes in angstroms, angles in degrees, potential constants in

kcal/mol.
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with our previous results for oxalyl chloride
2a

and oxalyl fluoride
1

(see Table VII). Most differences in the values of similar bonds and

angles between any two of these compounds are quite small and, in

most cases, the differences are found to be insignificant when account

is taken of the errors associated with the pair of values. It is

therefore difficult to make any definite statement concerning struc-

tural trends for this series of compounds.

Equilibrium Conformations

The conformational properties of oxalyl chloride fluoride are

similar to those for the other oxalyl halides.1,2,8 All exist as

mixtures of trans and a higher energy gauche (or possibly cis in the

case of (COF)
2
) conformers. The value of the torsion angle for the

gauche conformer is nearly the same for all three compounds. There

is a slight trend toward increasing values of torsion angle for the

series (C0C1)
2

[125(6)°],
2a

COC1COF [128(3)°], and (COF)
2

[136(8)*

result for 3CP model].
1

We note however, that the value given for

the torsion angle of the second conformer of (COF)2 is quite uncer-

tain since other models give values at or near 180°.

Energy and Entropy Differences of the Conformers

The effect of temperature on the conformational equilibrium pro-

vides information concerning the energy and entropy differences be-

tween the two forms. For oxalyl chloride fluoride the usual formula

N
t

=
,

exp(-AS°/R - Ar/RT) (8)



88

Table VII. Comparison of Resultsa for Oxalyl Bromide, Oxalyl
Chloride, Oxalyl Chloride Fluoride, and Oxalyl
Fluoride.

(COBr)
2
b (C0C1)2c COC1COFd (COF)2e

COC1 COF

C=0 1.177(3) 1.182(2) 1.183(1) 1.181(1) 1.178(1)

C-X 1.925(4) 1.744(2) 1.742(2) 1.334(3) 1.328(2)

C-C 1.546(8) 1.534(5) 1.534(3) 1.535(3)

LCCO 124.6(5) 124.2(3) 122.4(3) 126.7(3) 126.0(2)

LCCX 111.6(5) 111.7(2) 112.2(2) 110.0(2) 109.8(1)

LXCO 123.8(5) 124.1(3) 125.4(4) 123.2(3) 124.2(1)

(Pf 114(20) 125(6) 128(3) 136(8)

a
Distances are in Angstroms, angles in degrees. Parenthesized numbers

are twice estimated standard deviations.
b
Ref. 1, 6° results. °Ref.

2a, 0° results. This work, 22° results; for left column X = Cl;

right column X = F. eRef 3, -10° results. Torsion angle of higher

energy conformer. (trans = 0°)
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applies, where Nt and N are proportional to the number of trans and

gauche molecules in the sample and the factor 2 is the ratio of their

statistical weights. This simple two state approximation applied

directly to the 2S model where the composition was included as a

parameter. For the 3CP model the continuous distribution of molecules

calculated from eq. 6 and the refined values for the V,; was divided

into trans and gauche conformer by somewhat arbitrarily choosing the

position of the trans-gauche barrier as the division point. With this

division, one calculates sample compositions and associated 2a errors

equal to 65.3(89), 54.9(89), 53.8(137) and 40.4(92) percent trans for

the temperatures 22, 81, 158, and 310°C. The energy differences

AE° = E° - E° and entropy differences AS° = S° - S° obtained from theg t g t

slopes and intercepts of the van't Hoff plots (see Figure 4) are listed

in Table VIII. The calculated energy differences are nearly identical

for the two models and, although the entropy differences are quite dif-

ferent, they are not inconsistent when account is taken of the listed

uncertainties. The calculated energy difference (1.15(a = 0.18) kcal/

mol) is somewhat smaller than the values for either (COC1) =

(1.38(6 = 0.35) kcal/mol) or (COF)2 = (1.60(c = 0.14) kcal/mol).

Torsional Potentials, Barriers, and Vibrational Frequencies

For the 3CP model, the rotational potential function is defined

by the values for V1, V2, and
V3

obtained directly from the structure

refinements. In principle, the rotational potential function should

be independent of temperature; however, in this study, as well as for

(C0C1)7 and (COF)2, we have noted a temperature dependence which is
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Figure 4. Van't Hoff plots of the trans-gauche compositions. Open
circles are from the 3CP model and squares from the 2S
model. The solid and dashed lines are least squares fits
to these data.
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Table VIII. Energy and Entropy Differences,a Torsional Potential
Constants and Frequencies, and Rotational Barriers
for Conformers of Oxalyl Chloride Fluoride, Oxalyl
Fluoride, and Oxalyl Chloride.

Model Type

COFCOC1b (COF)2a (COC1)2d

2S 3CP 3CP 2S

7° kcal/molE° -
'g -t

S° cal/mol gS°
g t'

71, kcal/mol

72,kca1 /mol

73, kcal/mol

wt' cm
-1

w , cm
-1

1.19(52)

-2.91(154)

0.83(243)

0.78(197)

0.87(173)

50(11)

25(3)

1.15(18)6

-1.32(49)

0.48(15)

0.58(6)

0.62(11)

42(6)

40(7)

1.60(27)

-2.50(74)

0.88(20)

1.12(20)

0.74(17)

59(4)

34(4)

1.38(35)

2.3(10)

1.01(22)

0.85(19)

0.98(43)

55(-)

30(-)

t-g barrier, kcal/mol 1.78(251) 1.25(17) 2.01(16) 2.00(42)

g-g barrier, kcal/mol 0.51(377) 0.33(24) 0.20(24) 0.61(44)

gb gauche
126(2) 128(3) 136(8) 125(6)

a
Parenthesized values are estimated 2a except for E° - E and

S° - S; which are estimated la. bThis work. 2S and 3CP are

respectively "double sigma" and "three-term cosine potential"

models. See text.
c
Ref. 3. "Ref. 2a. Value from van't Hoff

plot. Value calculated from 70) = 0.78 kcal/mol. See text.
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characterized by a decrease of the function V(4)) with increasing

temperature. This seems to indicate that in the expression defining

the torsional distribution of molecules (eq. 6) VW should be re-

placed by a free energy function for which a T-SW term is included.

Thus the "potential function" we obtain from the 3CP model should

more properly be viewed as a "free energy function." The discrepancy

between the values for AV, calculated from the Vi's (0.78(a = 0.18)

kcal/mol) and AE°, calculated from the van't Hoff plot (1.15(a = 0.18)

kcal/mol) is an indication that our assumption of G(4) = V(c15) may not

be appropriate.

For the 2S model we used the method previously described 2a
to ob-

tain an approximate set of Vi's. This method requires that the tor-

sional potential (eq. 7) reproduce the measured values of E° - El,
g

(the equilibrium torsion angle of the gauche conformer), and the curva-

ture of the trans minimum (calculated from the value for a
'

the rms

amplitude of vibration). Figure 5 shows the potential functions for

the 2S and 3CP models. Although the two functions are consistent when

account is taken of the errors associated with the functions, 77(qc1)

for the 3CP model is substantially less than 17W for the 2S model.

In view of the assumption discussed in the preceding paragraph, it is

interesting that the curves can be brought into good agreement by

assuming the curve for the 3CP model is a free energy function with

an entropy term T.SW for which S(¢0) - S(4>t) is approximately equal

to 1 cal K
-1

mol
-1

.

The torsional barriers for COC1COF and for (COF)7 and (C0C1)2 are

listed in Table VIII. As one might predict from consideration of
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steric repulsions for the halogens, the gauche-gauche barrier in-

creases in value for the series oxalyl fluoride, oxalyl chloride

fluoride, and oxalyl fluoride. Estimates of the torsional fre-

quencies were made from the harmonic approximation w = (27.c)
-1

(k // )- were k
()

= d
2
V/dcp

2
evaluated at the trans and gauche angles

and p, is the reduced moment of inertia taken to be equal to the

matrix element G
-1

obtained in the course of our force field calcula-

tions. The results of these calculations are summarized in Table

VIII. Although the torsional vibration has not been reported for

either conformer, our value of 42 cm
-1

for the trans conformer is

in the general range of the observed values for oxalyl fluoride (54

cm
-1

)
9
and oxalyl chloride (55 cm

-1
).

10
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APPENDIX A

Theory and Molecular Structure Determination
by Gaseous Electron Diffraction

In order to give the reader of this thesis a better understanding

of its contents the following brief discussion of the theory of electron

diffraction and its application to molecular structure determination has

been included. More complete discussions of this subject are available

in a number of publications.
1-5

The electron diffraction apparatus allows a high energy (-40 keV)

beam of electrons to intersect with a stream of gaseous molecules in a

vacuum chamber (see Figures land 2). The electrons are scattered by the

potential field of the molecules, predominantly the nuclei, and are allowed

to impinge on a photographic plate which records the scattering. There is

a metal sector (refer to Figure 2) whose angle of opening is proportional

to the cube of the distance from the center of the sector, positioned

above thephotographic plate. Thisallows more uniform exposure of the

photographic plate by the scattered electrons whose intensity decreases

rapidly with increasing scattering angle. The intensity data on the

developed photographic plate is quantified by use of a microdensitometer

which yields a set of about 500 digital readings proportional to

density at regular intervals across the plate. From these density read-

ings, the nozzle-to-plate distance, and the accelerating potential,

"data reduced curves" (which are total intensity (I
t
) multiplied by s

4
)

are obtained at intervals of 0.25s where s = (47/X) sin 6 (26 is the
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Figure 2. Diffraction chamber with major components labeled.
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scattering angle). This intensity curve contains molecular (elastic)

diffracted intensity, which contains all of the molecular structure in-

formation, as well as elastic and inelastic atomic scattering and extra-

neous scattering (arising from apertures, etc.) all of which are inde-

pendent of molecular structure. That portion of the intensity which is

independent of molecular structure is termed the background and is

subtracted from the total intensity, by use of a computer program

written by Lise Hedberg,
6

leaving the experimental molecular scattering

multiplied by ThisThis s
4
I
m

curve can be expressed theoretically as

A .A .
-z.

s4Im z I
th

= K ./.
sr.

exp ( -Z. s2/2) cos (An..) sin[(r..-K.
sj sj sj

14J sj

where r.. is the distance between atoms i and Z.. is the rms
sj sj

amplitude of vibration, Anij is the phase shift factor difference, Kii

is the vibrational anharmonicity constant (very small and usually ignored,

i.e., assumedto be zero),the A's are modified scattering amplitudes, and

K is a scaling constant. Thus the intensity curve is a collection of

n(n -l) /2 (n is the number of atoms in the molecule) damped sinusoidal

waves whose periods depend on the interatomic distances of the molecule.

Solving the structure of a molecule is accomplished by varying the r..'s

and through least square refinements
7-9

within the constraints of

the geometry of the molecule and one's general knowledge of molecular

structure. The actual parameters refined are usually bond distances,

bond angles, rms amplitudes, and various other parameters which describe

the torsional character of the molecule (i,e., potential constants,

torsion angle, conformational composition, etc.). The final model is



103

that structure which makes 7._ wi(sim,i - sI
th i)

mas small as possible.,'

A powerful tool used throughout the procedure of molecular struc-

ture determination is the radial distribution function. This curve is

obtained by a Fourier transformation from intensity I(s) to radial

probability P(r)/r. The Fourier transformation

CO

P(r)/r =
3:

f sI sin(rs) ds
0

is performed numerically on both experimental and theoretical curves.

The radial distribution function can be expressed in theoretical terms

for molecules where Z is similar for all atoms as approximately

P
1 y 2

(zij2 +2b) -4
exp (-(r-rii) /22,2ii+4b))

7.4j ij

where b is a damping factor included to minimize the effects of the

numerical integration not going to infinity. The radial distribution

function can therefore be interpreted as a set of Gaussians, each of

which is centered on an interatomic distance of the molecule, whose

areaisproportionaltoZ.s Z./rij
sandwhosewidthisrelatedt02j

and

b. This function greatly facilitates both the choosing of starting

parameters and the evaluation of theoretical models, as compared to

the experimental data, in terms of specific interatomic distances in the

molecule.
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APPENDIX B

Interatomic Distance Corrections and
Vibrational Force Field Calculations

The interatomic distances in a molecule can be defined in a variety

of different ways. The re interatomic distance, probably the most

fundamental, is simply the distance between the equilibrium positions

of two atoms in a molecule. Since molecules are always vibrating and

rotating any experiment which measures molecular structure is actually

measuring a somewhat different distance. For electron diffraction in-

vestigations, the constant argument in the scattering equation is the

r
a
interatomic distance which is related to the thermal average value

of interatomic distance, rg by

r =
2,-

a

where 2. is the rms amplitude of vibration. Unfortunately neither ra nor

rg distances are geometrically consistent, (i.e., for a linear molecule,

A-B-C, ra(AC)ra(AB)+ra(BC)) however, for the studies presented in this

thesis all distance parameters were defined as ra which are geometrically

consistent. r
a
is the distance between the average positions of the

nuclei where the average is taken over all vibrations in thermal equili-

brium. r is related to r by
a

=r - K - Or



where dr is a correction due to centrifugal distortion and K, the

perpendicular amplitude correction, is given by

<Ax
2
>
t

+ <Ay
2
>
t

K =
2r

e
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where ix and Ay are displacements perpendicular to the inter-nuclear

axis (r
e
is usually replaced by r ).

When rotational constants and diffraction data are used simulta-

neously to determine molecular structure, as was done in the 1,2-difluoro-

ethane study, further corrections must be applied to make the data sets

compatible. The Bo values obtained from the microwave spectrum can be

converted to B
z
values by the relation

z
= B

'12
gsas (harmonic)

where s and gs represent the number and the degeneracy of the normal

modes and a
s
is a set of harmonic corrections which depend on the vibra-

tional frequencies and the L-matrix which arises during normal coordinate

analysis. These Bz's give rise to rz distances which are equivalent to

r° which is the distance between average nuclear positions at zero

degrees Kelvin (all molecules in the ground vibrational state). One

can then take the electron diffraction ra parameters (more properly

termed r
a
T
since they are temperature dependent) and extrapolate to zero

degrees Kelvin by the relation

3 2 2
r
0

= r
T

+ (K
T

- KO) a
3

(2,
T

- )

f^t Of, ",

where a., is analogous to the Morse parameter a for a diatomic molecule.
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At this point one can equate the rz's derived from microwave ex-

periments to the r°a 's derived from diffraction experiments and there-

fore determine a combined structure. For 1,2-difluoroethane nearly

identical r
a
0
-structures were obtained both with and without the inclu-

sion of the microwave data. Such compatibility between microwave and

diffraction data is not always observed due to errors induced by un-

certainties in the many calculated corrections applied to the observed

data and/or errors (often of a systematic type) in one or both of the

experimental data sets.

A number of publications offer more complete and rigorous dis-

cussions of the distance definitions for free molecules.
1

'

2

The rms amplitudes of vibration, perpendicular amplitude corrections,

centrifugal distortion corrections and corrections to the rotational con-

stants (a
s
harmonic) can be calculated from a knowledge of the vibra-

tional force field for a molecule. For all three structure studies des-

cribed in this thesis a computer program, ASYM20,
3
was used to determine

reasonable vibration force fields from known geometries and vibrational

frequencies from the literature. The program follows closely the nor-

mal coordinate analysis methods outlined in reference 4.

Normally a set of diagonal internal force constants, estimated

from known constants for similar molecules, were read into the program.

This set of constants was then transformed into a set of symmetrized

force constants using a matrix which describes a set of molecular

motions related to the symmetry of the molecule in terms of

internal coordinates (bond stretches, angle bends, etc.). This set of

approximate symmetrized force constants, F, is then separated into
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symmetry blocks (i.e., Ag, Au, 8u, etc.). From the known structure of

the molecule along with the masses of the atoms the G-matrix is cal-

culated (analogous to the reduced mass for a diatomic). The eigen-

values of F*G, A
calc'

are then calculated, from which the vibrational

frequencies are easily obtained. At this point the symmetry force

constants of the F. matrix can be adjusted by least squares to improve

the agreement between the calculated frequencies and those observed

experimentally. An alternate method for adjusting the starting force

constants involves calculating the set of eigenvalues Apbs which

correspond to the observed frequencies and then calculating a new set

of force constants,

, t -1 -1Fo= A
obs

L

where L is the matrix of eigenvectors of F*G. Since the L-matrix is

calculated from the F-matrix,the force field one obtains by this

method is dependent on the set of force constants with which one

starts. Fortunately, the amplitudes and distance corrections one

calculates from the final force field vary only slightly for reason-

able changes in the initial set of force constants one chooses.
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