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Electron-diffraction studies of gaseous Os(CO)5, Ru(CO)5 and

CrOF4 have been carried out. Corrections for three-atom multiple scat-

tering were included for Os(C0)5 and Ru(C0)5. The data are consistent

with a molecule of D311 symmetry for Os(C0)5 and Ru(C0)5, and of C4v

symmetry for CrOF4. Values for the bond lengths (rg /A) and bond

angles (La/deg) with estimated 2a uncertainties are: r(Os -Cax) - 1.990

(28), r(Os-Ceq) - 1.943(19), r(C..0) - 1.142(4) in Os(CO)5; r(Ru-Cax)

1.953(13), r(Ru-Caq) - 1.965(9), r(C..0) - 1.142(4) in Ru(C0)5; I(Cr-0)

- 1.547(4), r((Cr-F) - 1.730(2), LO-Cr-F - 104.0(3), LF-Cr-F - 86.7(1)

in CrOF4.

The molecular structures and conformational compositions of 1-

bromo-2-fluoroethane (BFE), 1-bromo-2-chloroethane (BCE), 1-chloro-2-

fluoroethane (CFE), 1,1,2,2-tetrachloroethane (TCE) and 2-fluoro-

ethanol (FE) have been investigated in the gas phase by electron



diffraction, each at three nozzle-tip temperatures: BFE, 20, 150,

350°C; BCE, 17, 125, 302°C; CFE, -25, 95, 360°C; TCE, 45, 120, 200°C;

and FE, 20, 156, 240°C. The structure analyses were aided by inclu-

sion of experimental values of rotational constants for BFE, CFE, and

FE taken from the literature, and by ab initio geometry optimizations

at the HF/STO-3G* level (BFE and BCE), HF/3-21G* level (CFE) and HF/4-

31G** level (TCE). Each molecule exists as a mixture of anti and

gauche rotamers; the standard internal energy differences (AE° = E°G

E°A) estimated from the anti-gauche composition at different temper-

atures are (in units of kcal/mol): BFE, 0.57(36); BCE, 1.34(28); CFE,

0.44 (27); TCE, -0.11(32); FE, -2.7(18). Three types of model (for

BFE, BCE, CFE, and TCE) that take account of torsional motion in

different ways gave essentially the same values for bond distances and

bond angles. One of these yielded refined values, with estimated 2a

uncertainties, of potential constants for the three-term function 2V

11 - cosh): in kcal/mol for BFE, BCE, CFE, and TCE respectively

Vi - 1.68(116), 4.00(190), 1.66(108), and 4.07(64); V2 = -0.57(114),

-1.85(150), -0.96(90), and -3.89(42); V3 = 3.08(134), 3.56(106), 3.55

(64), and 10.95(54). Distances (r8/A) and angles (La/deg) averaged

over the three temperatures, with estimated 2a uncertainties, are as

follows. BFE: r(CH) = 1.084(8), r(CC) = 1.509(7), r(CF) = 1.393(4),

r(CBr) = 1.937(4), <LCCH> = 110.0(19), LCCFA 107.6(8), LCCFG

110.1(6), LCCBrA = 109.9(7), LCCBr0 112.0(5), LFCCBrG = 112.2(53);

(LFCCBrA = 0); BCE: r(CH) 1.090(8), r(CC) = 1.515(5), r(CC1)

1.789(5), r(CBr) 1.947(6), <LCCH> 111.2(16), LCCC1A 109.4(5),

LCCC1G 111.9(24), LCCBrA = 109.9(5), LCCBrG = 112.6(24), LC1CCBrG



108.6(30); CFE: r(CH) 1.107(7), r(CC) 1.504(6), r(CF) 1.391

(3), r(C C1) 1.784(3), <LCCH> 110.6(19), LCCFA 108.5(11), LCCFG

111.1(4), LCCC1A 109.3(11), LCCC1G = 111.5(4), LFCCC1G = 111.9

(16); TCE: r(C-H) 1.102(19), r(C-C) 1.537(7), r(C-C1) 1.770(2),

LCCC1A 108.8(11), LCCC1G 111.2(7), LHCCHG = 115.3(45); FE: r(C-0)

1.432(16), r(C-C) 1.518(6), r(C-F) 1.389 (24), LCCO = 112.3(14),

LCCF 108.5(8), LOCCF 64.0(8), LCCOH -54.6(78). The structures

and thermodynamic properties are discussed.
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GASEOUS ELECTRON-DIFFRACTION INVESTIGATIONS:

I. MOLECULAR STRUCTURES OF Os(CO)5, Ru(CO)5, AND

CrOF4.

II. MOLECULAR STRUCTURES AND ANTI-GAUCHE COMPOSITIONS OF

BrCH2CH2F, BrCH2CH2C1, C1CH2CH2F, C12CHCHC12, AND

FCH
2
CH

2
OH

I. INTRODUCTION

This thesis describes molecular structure investigations of

Os(C0)5, Ru(C0)5, CrOF4, BrCH2CH2F, BrCH2CH2C1, C1CH2CH2F,

C12 CHCHC1
2 and FCH2CH2OH. These molecules can be divided into two

classes: the first three are pentacoordinated transition-metal

complexes and the others are substituted ethanes.

The molecular geometry of transition-metal complexes has been

one of the most interesting topics in chemistry. Several theories,

such as valence-bond theoryl(VB), crystal-field theory2 (CFT),

molecular orbital theory (MO) and valence-shell-electron-pair-

repulsion theory3
(VSEPR) have been used to explain or predict the

geometry of transition-metal complexes and complex ions in solution.

It has to be noted that all these theories are based on the free

molecule model, therefore the best judgement of any molecular

structure theory will be the agreement between the structure

predicted by the theory and the gas-phase structure determined by

experimental methods. Due to the high symmetry of most of the



2

simpler transiton-metal complexes (and thus the absence of a net

dipole moment), microwave spectroscopy (MW) can often not be used.

Relatively few structures of transition-metal complexes have been

determined by MW methods in the gas phase. Electron diffraction is

the primary source of information about the molecular geometry of

transition-metal complexes.

Although Furlani4 has suggested that there are five

stereochemical arrangements for pentacoordinated complexes, they may

be regarded as derived from only two basic types of geometry, the

trigonal bipyramid (TBP, D3h) and the square pyramid (SP, C4v),

by introduction of appropriate distortion. Several transition-metal

complexes of general formula MX5, whose structures have been

investigated by gas-phase electron diffraction are listed in Table

I.1. The prediction from VB theory for these compounds is ambiguous,

because the dsp3 hybridization can either lead to a TBP structure

(d
z
2sp3) or SP structure (d

x
2
-y
2sp3), and it is difficult to

understand why dsp 3 hybridized orbitals should be used for central

ions with d° or d1 electron configurations. The prediction from CFT

for the complexes of group V B metal ions (M5+ ) is also ambiguous,

because there is no difference in crystal-field stabilization energy

(CFSE) for d° configuration. For the complexes of group VI B metal

ions (d1) and group VIII metal Fe (d6 ), the CFSE are -4.57 (high

spin) or -18.28 (low spin) Dq respectively in the SP structures,

whereas in the TBP structures, they are -2.72 (high spin) or -14.15

(low spin) Dq5. The CFSE thus favors the SP structure. VSEPR

theory accounts for the structures of the listed complexes of V B



Table I.1. Gas Phase Structures of Some Pentacoordinated Complexes.a

Complex Geometry r(M-X)ax r(M-X)
q

Arb Ref.

VF
5

TBP 1.736(7) 1.709(5) 0.027 13

NbF
5

TBP 1.9048(21) 1.8286(12) 0.076 14

NbC1
5

TBP 2.338(6) 2.241(4) 0.097 15

TaF
5

TBP 1.8856(51) 1.8417(31) 0.044 14

TaC1
5

TBP 2.369(4) 2.227(3) 0.142 15

TaBr
5

TBP 2.473(8) 2.412(4) 0.061 16

CrF
5

Dist. TBP 1.742(10) 1.695(6) 0.048 17

MoC1
5

TBP + SP 2.346(15) 2.227(13) 0.119 18

WC1
5

TBP + SP 2.286(4) 2.246(5) 0.040 19

Fe(C0)5 TBP 1.8068 1.8273 -0.021 20

A All the data were from ED. Distances are in A.

Ar = r(M-X)ax - r(M -X)eq
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metal ions very well. On the basis of repulsions between valence-

shell electron pairs alone, whether they be considered naively as

purely electrostatic or as Pauli repulsion from the bonding pairs,

the trigonal bipyramid is favored. 3 However, from this theory the

structure picture is not clear for the other molecules listed in

Table I.1. It seems necessary to accumulate more structural

information on pentacoordinated complexes and to check these

theories more thoroughly. Ru(C0)5 and Os(C0)5 were chosen for

this purpose.

The Jahn-Teller effect6 in the MX6 complexes has been well

studied. However, only few complexes with the TBP MX5 structures

have been investigated. In solution it has been reported that in the

pentachlorocuprate(II) anion, 7 [CuC15] 3-
, which has the TBP

structure, the equatorial bond is longer than the axial bond. This

had been predicted by the observation that the dz2 orbital,

directed at the axial ligands, contains only one electron (the odd

electron in the d9 configuration) in contrast to the two electrons

in the other orbitals 3
. This model would further predict that in a

TBP complex of a d1° species, the symmetrically filled d subshell

would remove this effect and the axial bonds should be about as long

as the equatorial bonds. A complex [Co(NH3)6][CdC15] has been

iprepared, and in the (CdC15] 3- ion it was found that the axial

and equatorial bond lengths were within about 1% of each other. 8

However, this model cannot be used to explain the gas-phase data for

the complexes of the d° species listed in Table I.1. On the other

hand, it is interesting to notice that all the TBP complexes listed
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in Table I.1 except Fe(C0)5 have longer axial bonds. To complete

the comparison it is important to investigate Ru(C0)5 and

Os(CO)5, the two congeners of Fe(C0)5.

Another way to understand the geometry and bonding of penta-

coordinated transition-metal complexes is to study the complexes with

two different types of ligands. Table 1.2 lists some Y =M -X4 type

complexes; in the first 7 molecules Y is a VI A element, M is a VI B

transition metal, and X is a VII A element. One characteristic

of these complexes is that all of them as well as Xe0F4, 9 Ru0F4, 10 and

0s0F410 have C4v symmetry -- quite different from the C2v symmetry of

SOF4. 11 Another characteristic of these complexes is that the angles

ZYMX and LXMX are almost constant, independent of the central metal

element and the ligands. The CrOF4 structure described in this

thesis is a member of YM-X4 series.

For a molecule of the type CX3-CY3, the effect of internal

rotation on the energy levels is readily treated for two extreme

situations. First, when the motion about C-C axis is slightly

hindered and the groups rotate essentially freely, the simplest case

reduces to a purely rotational problem. The other extreme is that

involving a very high barrier, in which the relative motion of the

two groups may be taken as a purely vibrational problem. For barrier

heights intermediate between these two extremes, the overall

molecular rotation and the internal motion are no longer separable.

Experimental methods have been developed to carry out conformational

analysis not only for the case where both groups are symmetric

rotors (as in CX3-CY3), but also for the case where neither of
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Table 1.2. Gas Phase Structures of Some Y-M-X4 Complexes.a

Complex rm=y rm_x LYMX LXMX Ref.

MoOF4 1.650(7) 1.836(3) 103.8(6) 86.7(3) 21

WOF4 1.667(7) 1.847(2) 104.5(6) 86.2(3) 22

WOC14 1.686(11) 2.281(3) 102.4(13) 87.3(5) 23

W03r4 1.684(6) 2.437(3) 102.8(11) 87.2(2) 24

WSF4 2.104(7) 1.847(3) 104.5(11) 86.6(5) 25

WSC14 2.086(6) 2.277(3) 104.2(5) 86.5(2) 26

WSeC14 2.203(4) 2.284(3) 104.4(3) 86.5(2) 26

SOF4 1.408(3) 1.538(3) eq 123.6(2) eq 85.7(1)ae 11

1.595(3) ax 97.7(1) ax

SOF4 has a C2v structure and all the other molecules have

C4v structures. Distances(rg) are in A, angles (La) are in

degrees.



7

the groups is a symmetric rotor. The electron-diffraction method has

played an important part in the development of this type of

conformational analysis. The substituted ethanes generally exist as

the mixture of anti and gauche conformers. Electron diffraction is

well suited for determining fairly accurately the molecular

structure of the most abundant conformers and for estimating their

relative abundances. From knowledge of the composition at various

temperatures thermodynamic information about the conformational

equilibrium and the relative stability of the conformers may be

deduced.

The relative stability of the anti and gauche conformers of the

substituted ethanes will be affected by three factors. Table 1.3

lists in three groups the anti-gauche composition and its

temperature dependence for several substituted ethanes studied by

gaseous electron diffraction. In the first group steric repulsion

stabilizes the anti forms and the composition of the anti form

decreases with increasing temperature. In the second and third

groups respectively the "gauche effect"12 and intramolecular

hydrogen bonding make the gauche form the more stable. A question

arises from the extreme stability of gauche form of 1,2-difluoro-

ethane: is it because of a special character of the fluorine atoms?

In this thesis, the study of BrCH2CH2F, C1CH2CH2F and BrCH2CH2C1

aims at finding the answer. For the other two molecules the steric

repulsion in C12CHCHC12 and the intramolecular hydrogen bonding in

FCH2CH2OH are important for the relative stability of the anti and

gauche conformers.
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Table 1.3. The Abundance of the Anti Conformer for Some

Substituted Ethanes.a

Compound % anti T % anti T % anti DE °b Ref.

group I

BrC2H4Br 298 95.1% 358 89.9% 473 82.5% -2.09(3) 27

C1C2H4C1 313 78.7% 413 67.9%

group II

573 63.9% -1.50(2) 28

FC2H4F 295 4.0% 476 10.3%

group III

693 26.3% 1.76(51) 29

NH2C2H4NH2 343 18.1% 463 20.7% 713 23.0% 0.338(55) 30

NH2C2H4F 255 11.7% 342 16.2% 523 24.6% 31

a All the data from electron diffraction. Temperature is in K, AE°

is in kcal/mol.

bAE°
= E° a - E °
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In BrCH2CH2F, C1CH2CH2F, BrCH2CH2C1 and C12CHCHC12 there is

only one mode of torsional motion. The other modes of internal

motion are often referred to as "framework vibrations" and are

customarily assumed to be separable from the torsional motion. In an

approximation of this assumption the torsional motion of a molecule

with one degree of torsional freedom may be described by a potential

function of only one independent variable, naturally chosen as the

torsional angle. It will then be possible to deduce interesting

properties about the torsional motion provided the potential

function is known.

In summary, the Ru(C0)5, Os(C0)5 and CrOF4 projects were

undertaken to learn about the molecular geometry of pentacoordinated

transition-metal complexes and the relative bond lengths in the

axial and equatorial directions for those complexes expected to have

the TBP structure. The majority of the research on the substituted

ethanes described in this thesis was concerned with the

determination of their molecular structures, their conformational

compositions, the thermodynamic properties of the equilibrium

between rotameric conformers, and the torsional potential functions

for rotation around the C-C single bond.

This thesis is composed of two main parts. The first part

consists of three sections, one for each of three transition-metal

complexes. Each of these is a manuscript. The Os(C0)5 manuscript

has been published in the journal Organometallics and the Ru(C0)5

manuscript will soon be submitted to the same journal. The CrOF4

manuscript has been published in Inorganic Chemistry. The second
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part of the thesis contains three sections, the first section is the

manuscript of the structure investigations for BrCH2CH2F, C1CH2CH2F

and BrCH2CH2C1; the second and the third section are the manuscripts

of structure analysis for C12CHCHC12 and FCH2CH2OH respectively. The

manuscripts of XCH2CH2Y and FCH2CH2OH have been submitted to the

Journal of American Chemical Society and the latter is in press.

Appendix 1 is a summary of information necessary to understand

electron-diffraction theory and the experiment. Appendix 2 describes

the definitions and relationships of various interatomic distances.

The details for calculation of the vibrational corrections to

distances is given in Appendix 3. Each section and appendix has a

separate list of references.
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INTRODUCTION

Two types of structure dominate the shapes of inorganic five-

coordinate molecules in the gas phase, the tetragonal pyramid and

the trigonal bipyramid with respective symmetries C4v and 23h. As

expected from the well known valence-shell-electron-pair-repulsion

(VSEPR) theory,1'2 the halogenpentafluorides, such as BrF5 and

IF5,3 are of the first type and the pentahalides of atoms from groups

Nb 5,

4g 4f 4g 4hNbC1
5'

TaF
5'

TaC1
5, and TaBr

5 '

are of the second. On the other

hand, the pentahalides of atoms from group VI B appear to have

distorted trigonal bipyramidal structures (CrF5 5a) or to be a

mixture of trigonal bipyramidal and tetragonal pyramidal forms

(MoC155b and WC155c).

There are some interesting questions about the structures of the

group VIII five-coordinate molecules. A number of investigations have

confirmed that Fe(CO)5 has D3h symmetry both in the gas phase6 -9 and

in the crystal. 10 There is controversy, however, about the relative

lengths of the axial and equatorial Fe-C bonds: it has been

concluded from the results of electron-diffraction studies 9
that,

in contrast to what is found for other D3h pentacoordinate

molecules, the axial bonds in Fe(C0)5 are the shorter. Work in this

laboratoryll revealed that the effects of vibrational averaging,

which were not thoroughly investigated in the earlier diffraction

work, play an especially important role in the determination of the

relative bond lengths, and accordingly the relative bond lengths are
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still uncertain. An unpublished, but highly accurate, X-ray

diffraction study of solid Fe(C0)5 shows the axial and equatorial

Fe-C bond distances are equal to within the uncertainty arising from

distortion of the equatorial bonds by solid-state packing effects

(±0.003 A).12

Osmium pentacarbonyl was first reported by Hieber and Stallmann

in 1943 13 but its chemistry has received little attention. (The

common carbonyl of osmium is 0s3(C0)12 which has an extensive

chemistry. 14
) Calderazzo and L'Eplattenier carried out some

investigations on it in 1967.15 They suggested that, based on its

infrared spectrum, Os(C0)5 was probably trigonal bipyramidal in the

gas phase and in heptane solution.15a Recent work by us16 and

others17 has indicated that the chemistry of Os(C0)5 has

interesting differences from its much studied congener Fe(C0)5. In

view of these studies and the central place of binary metal carbonyls

to organometallic chemistry, we have determined the gas-phase

structure of Os(CO)5. The question of the difference in the axial

and equatorial Os-C bond lengths has also been addressed.
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EXPERIMENTAL SECTION

The sample of Os(CO)5 was prepared at Simon Fraser University

by reaction of 0s3(C0)12 and CO. 16a The well - formed crystals

melted sharply at 2-2h°C.

Electron-diffraction photographs were made at room temperature

in the Oregon State apparatus under the following conditions: r 3

sector; 8 x 10 in Kodak projector slide plates (medium contrast)

developed in D-19 developer diluted 1:1 for 10 min; nominal

nozzle-to-plates distances, 70 and 30 cm (long and intermediate

cameras); beam currents, 0.34 to 0.40 pA; exposure times, 110 to 170

s; ambient apparatus pressure during exposures, 1.2-3.6 x 10-6

torr; electron wavelength, 0.05719 - 0.05727 A (calibrated from

CO2: ra(C=0) = 1.1646 A, ra(o.o) - 3.3244 A); ranges of data,

2.00 :5_ s/A-1 12.00 (long camera) and 7.00 s/A-1 32.00

(intermediate camera); data interval, 0.25 A-1. Four plates from

each of the two camera distances were handled as described

previously18 to yield the total scattering intensity distributions

(1
4(It(a)) from which computer generated19 smooth backgrounds

were subtracted. The differences multiplied by s (s =

20 is the scattering angle) are the molecular scattering intensities

Im(s). Curves of the total intensities, the final background and

the averaged molecular intensities are shown in Fig.II.l. The

s
4
It curves, calculated backgrounds and averaged sIm(s) curves

are available as supplementary material.
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OS (CO) 5

AVERAGE CURVES

. I L .

1 Iry
THEORETICAL

10 20

DIFFERENCE

305

Figure II.1. Intensity curves. The s4It curves from each plate

are shown superimposed on the final backgrounds and are magnified 10

times relative to the backgrounds. The average curves are s[s4It

Bkgdj minus the contribution from multiple scattering. The difference

curves are experimental minus theoretical for model A.
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STRUCTURE ANALYSIS

Radial Distribution Curves. Experimental radial distribution

curves were calculated in the usual way from the function:

I'(s) = sIm(s)ZosZoAos -1A0-1exp(-0.0025g2 ).

The electron scattering amplitudes f Ajs 2 as well as the phases q

used in later intensity calculations were obtained20 from new

tables.21 The final curve (in which theoretical data were used for

the region s < 2.00 A-1) is shown in Fig.II.2. The expected

phase-shift effect22 is evident in the doubled character of the

peaks corresponding to the Os-C and Os-0 distances. With allowance

for the phase shifts, the radial distribution curve was found to be

consistent with an Os(C0)5 molecule of D3h symmetry.

Corrections for Multiple Scattering. Multiple (i.e. three-atom)

scattering has been shown to contribute significantly to the electron

intensity scattered from gas molecules when the bonds to the central

atom are oriented at angles very close to 90°. 23-25 The effect is

large for molecules such as ReF623 and TeF624 in which the constituent

atoms have large atomic number differences. Even though experience

indicates that introduction of multiple scattering corrections affects

the values derived for vibrational parameters to a greater extent than

it does for those of geometrical parameters, we felt it important to

check the matter in the case of Os(CO)5. Of particular concern, of

course, was the possible effect of the corrections on the values

derived for the axial and equatorial Os-C bonds.

The implementation of multiple scattering corrections depends on
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Figure 11.2. Radial distribution curves. The experimental curve was

calculated from a composite of the average curves of Figure II.1 with

addition of theoretical data from model A for s < 2.00 A-1 and with

the convergence factor B equal to 0.0020 A2. The difference curves

for models A and B are experimental minus theoretical; curve H is the

contribution from multiple scattering.
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the form of the theoretical two-atom molecular intensity function used

for the analysis. The formula in use in this laboratory is

-1 2 2
sI (s) A.A.r..exp(-2..s /2)cos .Isin[s(r. - x..s2)]._

1*.:1 1-1-11 11 '71 Ii 11

(1)

The r's, 2's, and x's are respectively interatomic distances,

vibrational amplitudes, and anharmonicity constants; the A's and rd's

were mentioned above. A suitable approximation of the theoretical

three-atom (multiple) scattered intensity has been derived. 26,27 In

the slightly modified form necessary for consistency with eq 1 the

formula is

3 5 2
sI (1) (a'/2) k' E (s /kr..)Refif (s)f.(s.)f.(s.)
MS 0 11 --k -1 -1 -1 -1

x exp(ips.s.)J
0
(sr

k
)]..exp(-/

2
s
2
/2),1-1 1 (2)

where ao' is the relativistic Bohr radius, rk is the perpendicular

distance from atom k to rte, 212 is the mean square amplitude

component of atom k perpendicular to r, si and si =

sri/Iii. The meaning of other symbols was defined in the cited

articles. We used the following iterative scheme to introduce the

multiple scattering corrections.

Trial values of the structural parameters were first obtained by

our usual least squares method18 '28 based on eq 1, fitting a single

theoretical curie to the two average intensity curves of Fig. II.1.

These parameter values were then used to calculate the multiple
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scattering intensity according to eq. 2. (Only those triplets

containing osmium were included in the calculation since terms without

osmium have relatively low weight.) The multiple scattering thus

calculated was subtracted from the average experimental intensity

curves to obtain "corrected" versions of these curves and the

structure again adjusted by least squares. The process converged

after a few iterations. The quality of fit was substantially improved

by the introduction of the multiple scattering corrections, but as

will be discussed later, the measured structure is similar to that

obtained without: them.

Structure Refinement. The effects of vibrational averaging

were expected to be important in Os(CO)5 and we elected to carry out

the refinement of the structure in terms of the geometrically

consistent Ka-type distance. The centrifugal distortions (Sr),

perpendicular amplitude corrections (K), and mean square amplitudes

(.2
2 ) that comprlse the necessary corrections to r (r r =a a a

Sr + K - /
2/r), were calculated from a rough quadratic force field.

Since the corrections are usually not very sensitive to force-field

differences, and since only two IR-active frequencies (CEO stretches)

for Os(CO)5 have been assigned, 15a we used the force field for

Fe(CO)511 for this purpose. Following tests that ruled out C4v

as a possible symmetry for the molecule, we based our refinements on

assumed molecular symmetry D3h. The parameters were <r(Os-C)>

[2r(Os -C)ax + 3K(Os-C)eq]/5, Ar(Os-C) s r(Os-C) ax I(Cs-C)eq' and

<r(CE0)> and Ar(CEO) similarly defined. There are also 16 vibrational

amplitude parameters.
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The value of the parameter Ar(0 -C) is one of the most

interesting structural quantities, but its determination turned out to

be very difficult due to large correlations with other parameters.

expected, and found, that Ar(Os-C), 2(0s -C)ax' /(0s-C)eq, as well as

Ar(C0), ./(CO) ax' and /(C=0)eq could not be refined simultaneously.

A common approach in such cases is to investigate the quality of the

fits, as measured by magnitudes of the R factor, obtained from

refinements that incorporate assumptions about the values of the

correlated parameters. Accordingly, we carried out a series of

refinements, with and without corrections for multiple scattering, in

which Ar(C-0) and certain amplitude differences (axial minus

equatorial) were assigned values over plausible ranges. These ranges

were -0.02 Ar(C*))/A +0.02, -0.010 S A/(0s-C)/A +0.007, -0.002

A/(C=0)/A +0.002, and -0.010 AgOsC)/A -S +0.007. It was

necessary to refine some of the remaining amplitudes in groups

(amplitude differences within groups were taken from calculated

values). A few of the amplitudes for the longest distances tended to

refine to unreasonable values and were assigned values suggested by

the calculated ones. Some corrections for vibrational anharmonicity,

estimated by the usual diatomic approximation, 29 were also

included: values of it (x106) for the Os-C, CO,3e and Os° distances

were respectively 1.6, 0.90, and 2.0. Anharmonicities of other

distances were ignored.

Results. Investigation of the parameter space described above

led to results from some two dozen converged refinements. Conclusions

drawn from examination of these refinements are as follows. 1)
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Refinements with and without corrections for multiple scattering, but

otherwise based on similar assumptions, gave similar values for

corresponding distances and amplitudes. The quality of the fits to

the experimental intensity, however, was significantly (i.e. 10-12%)

better when the multiple scattering corrections were included. 2)

Within each class of refinement (those with and without multiple

scattering corrections), the qualities of fit were similar over most

of the parameter space designated above. There is thus no basis in

the diffraction data for decisions about relative magnitudes of the

parameters involved in the assumptions. 3) The values of <r(Os-C)>

and <r(C=0)> were essentially invariant to the assumptions. They may

thus be regarded as accurately determined. 4) The value of Ar(Os-C)

tends to be positive (longer axial bonds) over nearly all of the

parameter space investigated. However, with A2(0s-C) +0.006,

Ar(Os-C) becomes insignificantly different from zero. Further,

Ar(Os-C) seems not to be very sensitive to the other assumptions.

The second and fourth of these observations make it difficult to

select a single "best model". The parameter values of Model A in

Table II.1, a model that includes multiple scattering corrections, are

representative of one of the best fits. Because other models that

gave nearly as good fits had slightly different parameter values, the

uncertainties for the parameters of model A as originally calculated

were unrealistic. Accordingly, we have increased the calculated

uncertainties for the geometrical parameters of this model to reflect

additional uncertainties deriving from the other results. Our method,

found to be satisfactory in other cases, was to set all variables to
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Table II.1. Structural Results for Osmium Pentacarbonyl.

parameters

Model A-g Model BLI

r
Ia

r
-g

r
-a

1
Ia

1

<r(Cm0)> 1.130(4) 1.142 1.140 0.043(4) 1.130(5) 0.043(4)

Ar(Cm0) [0] [0] [0] [0]

<r(Os-C)> 1.955(4) 1.962 1.961 1.956(5)

Ar(Os-C) 0.045(46) 0.047 0.048 0.053(40)

Os -C 1.937(19) 1.943 1.942 0.049 1.935(16) 0.046
eq

(9) (11)
Os -C

ax
1.982(20) 1.990 1.989 0.046 1.988(25) 0.043

C
2
.0

5
2.772(9) 2.779 2.773 0.11(25) 2.774(9) 0.123(28)

Os.° 3.068(35) 3.078 3.077 0.051 3.065(32) 0.047eq
(9) (11)

Os0
ax

3.112(52) 3.127 3.126 0.048 3.118(45) 0.044

C
2
C

3
3.356(33) 3.360 3.359 0.077(31) 3.351(28) 0.066(29)

C
5
.0

7
3.652(36) 3.662 3.656 0.149 3.653(32) 0.150

(19) (22)
C
2
.0

10
3.666(48) 3.678 3.671 0.161 3.669(42) 0.162

C
5 6

3.964(56) 3.968 3.967 [0.066] 3.975(49) [0.066]

C
2
.0

8
4.371(34) 4.378 4.365 0.239 4.366(30) 0.234

(57) 1(61)
0
7
.0

10
4.370(15) 4.382 4.363 0.283 4.372(14) 0.278

C
5
.0

11
5.0949(52) 5.100 5.098 [0.100] 5.105(46) [0.100]

0
7
.0

8
5.313(61) 5.320 5.313 [0.200] 5.308(55) [0.200]

0
10

.0
11

6.224(104) 6.231 6.229 [0.100] 6.235(91) [0.100]

R111.' 0.0857 0.0965

123h symmetry. Distances (r) and amplitudes (1) in angstroms.

Quantities in parentheses are estimated 2a. For definitions see text.

-The first three parameters were used to define the geometry.

.Multiple scattering corrections included. 4Multiple scattering

corrections not included. Uncertainties estimated to be the same

as for ra . fR -[E.w.A. 2 /E..(s..(obsd)) 2 ] 1/2 ,where A. --w1. -I1

siIi(obsd) - siIi(calcd).
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Table 11.2. Osmium Pentacarbonyl. Correlation Matrix

Parameters of Model A.

(x100) for

parameter a <r > Art
1

<r >3 /4 /5 /6 A7 19 110

1

2

3

4

5

6

7

8

9

10

<r(Os-C)> 0.0058 100

Ar(Os-C) 1.09

<r(Cm0)> 0.059

2(Cm0) 0.108

1(0s-C)
eq

0.32

A(C2C5) 0.85

2(0s.0)
eq

0.32

A(C2.C3) 0.109

/(C5.07) 0.65

/(C
2
.0

8
) 1.96

60

100

-39

-16

100

-2

-1

100

-60

-98

16

12

100

-3

-12

4

-8

10

100

-60

-98

16

9

98

12

100

1

4

-4

-5

- 5

-1

2

100

2

6

-8

10

-3

7

-2

26

100

-8

-11

2

2

11

-5

11

-6

-26

100

ADistances(r) and amplitudes (A) in A. For numbering of atoms see

Fig.II.2. For explanation about grouping of amplitudes see text.

kStandard deviations (x100) from least squares.



27

the values found for model A and to carry out one cycle of refinement

in which all were released but allowed zero shifts. The parameters

and uncertainties for model B, which does not contain multiple

scattering corrections but was obtained under refinement conditions

identical to model A, are also found in Table II.1. Table 11.2 is the

correlation matrix for model A. The theoretical intensity curve for

it is seen in Fig. II.1 and the agreement of the two models with the

experimental radial distribution is seen in Fig. 11.2.



28

DISCUSSION

As expected, the electron-diffraction data for Os(C0)5 were

found to be consistent with a molecule of 23h symmetry. The mean

CO m bond length in Os(CO)5 (rg = 1.142 (2) A) is similar to the

r values in other transition-metal carbonyls; examples are

V(CO)6, 1.138 (2) A;30 Mo(CO)6, 1.148 (3) A;31 W(C0)6, 1.145 (2)

A;31 Fe(C0)5, 1.147 (2) A;6-9 and Ni(CO)4, 1.141 (2) A.32 Since

corrections for thermal motion were not made in the crystallographic

work on 0s3(CO)12,33 the more appropriate distance type for

comparison purposes from the gas-phase work is r . Our average

value for (CO)ra--- (1.130 (4) A) is slightly shorter than that in

0s3(C0)12 (1.140 (8) A), but the difference is of doubtful

significance. On the other hand, our gas-phase value for the mean

Os-C bond length, r 1.955 (4) A, is somewhat longer than the

crystallographic values of 1.946 (6) A (axial) and 1.912 (7) A

(equatorial) for 0s3(C0)12. Recent theoretical values are 1.99 A

and 1.98 A for the equatorial and axial distances, respectively. 34

Some experimental Os-C distances (in angstroms) from X-ray

crystallographic studies of derivatives of Os(CO)5 are 1.926 (6) and

1.911 (7) for equatorial bonds and 1.952 (6) and 1.939 (6) for axial

bonds in eq-Os(C0)4(SbPh3); 16c 1.916 (2) and 1.925 (8) (equatorial),

and 1.937 (7) and 1.955 (7) (axial) in eq-Os(C0)4[C2(SiMe3)2];35 a

range of 1.917 (6) - 1.967 (6) in [0s2(CO)E]2-;36 and a range of

1.81(3) 1.98(3) with a mean of 1.89 in (0C)50s0s(C0)3(GeC13)(C1), 16b

(15 crystallographically independent Os-C bond lengths for the Os(C0)5
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unit). All these values are less than the sum of the Pauling covalent

single-bond radii for Os and C (2.01 A) and suggest that the bonds

have some multiple-bond character.

Perhaps the most interesting structural feature of Os(C0)5 is

the relative length of the two types of Os-C bonds. Unfortunately,

our data do not permit an unequivocal determination of the matter

because of the high correlations among these and other parameters that

affect the results. Our study of the effects of these correlated

parameters on the parameter Ar(Os-C), however, showed that most

combinations of them led to an axial Os-C bond longer than the

equatorial. A few such combinations were discovered that led to

essentially no difference in the lengths of these bonds. It is our

judgement that the weight of our evidence points toward an axial bond

longer than the equatorial one by a few hundredths of an angstrom

Although inclusion of corrections for multiple scattering in

Os(C0)5 significantly improved the fit to experiment, the

improvement has very little effect on the parameter values, as may be

seen from comparison of the results for the two models in Table II.1.

This result differs from that obtained for TeF6 24 where a

substantial increase (ca. 10%) in some of the vibrational amplitude

values accompanied introduction of corrections. It is, however,

consistent with the smaller role played by multiple scattering in

trigonal bipyramidal molecules than in octahedral molecules. The

contributions to multiple scattering are largely from triplets of

atoms at 90° that include the central atom. There are 72 of these vs.

6 atomic pairs that include the central atom in octahedral molecules,
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and 48 triplets vs. 12 pairs in Os(C0)5. In TeF6 the corrections

lowered the R factor about 60% whereas in Os(C0)5 the lowering is

about 12%. The improvement in fit afforded by the corrections in

Os(C0)5 may be seen in the intensity- and radial distribution

difference curves for models A and B in Figs. II.1 and 11.2. Curve M

in Fig. 11.2 shows the contribution of multiple scattering to the

radial distribution; it was obtained by Fourier transformation of the

calculated multiple scattering intensity.

Although our final results for Os(C0)5 are based on use of the

latest set21 of atomic scattering factors for electrons, we also

tested the earlier set37 that has been widely used for the past

several years. Slightly better agreement with experiment was obtained

from the newer set, but the structures derived for Os(C0)5 were

essentially identical.



31

REFERENCES

(1) Gillespie, R.J.; Nyholm, R.S. Q. Rev., Chem. Soc. 1957, 11,

339.

(2) Gillespie, R.J. Molecular Geometry; Van Nostrand-Reinhold:

London, 1972.

(3) Heenan, R.K.; Robiette, A.G. J. Mol. Struct. 1979, 55, 191.

(4) (a) See, for example, Kurimura, H.; Yamamoto, S.; Egawa, T.;

Kuchitsu, K. J. Mol Struct. 1986, 140, 79 and references cited

therein. (b) Adams, W.J.; Bartell, L.S. J. Mol. Struct. 1971,

8, 23. See also McClelland, B.W.; Hedberg, L.; Hedberg, K. J.

Mol. Struct. 1983, 99, 309. (c) Clippard, F.B.; Bartell, L.S.

Inorg. Chem. 1970, 9, 805. (d) Ivashkevich, L.S.; Ischenko,

A.A.; Spiridonov, V.P.; Strand, T.G.; Ivanov, A.A.; Nikolaev,

A.N. Zh. Strukt. Khim. (Engl. Trans.) 1982, 23, 295. (e)

Hagen, K.; Gilbert, M.M.; Hedberg, L.; Hedberg, K. Inorg. Chem.

1982, 21, 2690. (f) Petrova, V.N.; Girichev, G.V.; Petrov,

V.M.; Goncharuk, V.K. Zh. Strukt. Khim. (Engl. Trans.) 1985,

26, 192. (g)Ischenko, A.A.; Strand, T.G.; Demidov, A.V.;

Spiridonov, V.P. J. Mol. Struct. 1978, 43, 227. (h) Demidov,

A.V.; Ivanov, A.A.; Ivashkevich, L.S.; Ischenko, A.A.;

Spiridonov, V.P.; Almlof, J.; Strand, T.G. Chem. Phys,. Lett.

1979, 64, 528.

(5) (a) Jacob, E.J.; Hedberg, L.; Hedberg, K.; Davis, H.; Gard, G.L.

J. Phys. Chem. 1984, 88, 1935. (b) Brunvoll, J.; Ischenko,

A.A.; Spiridonov, V.P.; Strand, T.G. Acta Chem. Scand., Ser. A.

(c)Ezhov, Yu.S.; Sarvin, A.P. Zh. Strukt. Khim. (Engl. Trans.)



32

REFERENCES (Continued)

1983, 24, 140.

(6)

(7)

(8)

(9)

(10)

(11)

Davis, M.; Hanson, H.P. J. Phys. Chem. 1965, 69, 3405.

1969,

466.

Beagley, B.; Cruickshank, D.W.J.; Pinder, P.M.; Robiette,A.G.;

Sheldrick, G.M. Acta Cryst. 1969, B25, 737.

Almenningen, A.; Haaland, A.; Wahl, K. Acta Chem. Scand.

23, 2245.

Beagley, B.; Schmidling, D.G. J. Mol. Struct. 1974, 22,

(b)(a) Hanson, A.W. Acta Crystallogr. 1962, 15, 930.

Donohue, J.; Caron, A. Acta Crystallog. 1964 17, 663

Unpublished work.

(12) See Shriver, D.F.; Whitmire, K.H. In Comprehensive Organometallic

Chemistry; Wilkinson, G.; Stone, F.G.A.; Abel, E.W. Eds.;

Pergamon, New York, 1982, Vol. 4, p. 243 ref 18.

(13) Heiber, W.; Stallmann, H. Z. Elektrochem. 1943, 49, 288.

(14) Deeming, A.J. Adv. Organomet. Chem. 1986, 26, 1.

(15) (a) Calderazzo, F.; L'Eplattenier, F. Inorg. Chem. 1967, 6,

1220. (b) L'Eplattenier, F.; Calderazzo, F. Inorg. Chem. 1967,

6, 2092. (c) L'Eplattenier, F.; Calderazzo, F. Inorg. Chem.

1968, 7, 1290.

(16) (a) Rushman, P.; van Buuren, G.N.; Shiralian, M.; Pomeroy, R.K.

Organometallics 1983, 2, 693. (b) Einstein, F.W.B.; Pomeroy,

R.K.; Rushman, P.; Willis, A.C. J. Chem. Soc., Chem. Commun.

1983, 854. (c) Martin, L.R.; Einstein, F.W.B.; Pomeroy, R.K.

inu. Chem. 1985, 24, 2777. (d) Johnston, V.J.; Einstein,

F.W.B.; Pomeroy, R.K. J. Am. Chem. Soc. in press.



33

REFERENCES (Continued)

(17) For example: (a) Kiel, G.-Y.; Takats, J.; Grevels, F.-W. J. Am.

Chem. Soc. 1987, 109, 2227. (b) Trautman, R.J.; Gross, D.C.;

Ford, P.C. J. Am. Chem. Soc. 1985, 107, 2355.

(18) Gundersen, G.; Hedberg, K. J. Chem. Phys. 1969, 51, 2500.

(19) Hedberg, L. "Abstracts", 5th Austin Symposium on Gas-Phase

Molecular Structure, Austin, TX, March 1974, p37.

(20) Hagen, K.; Hedberg, K. J. Am. Chem. Soc. 1973, 95, 1003.

(21) Ross, A.W.; Fink, M.; Hilderbrandt, R. to be published.

(22) Schomaker, V.; Glauber, R.J. Nature, 1952, 170, 291.

(23) Jacob, E.J.; Bartell, L.S. J. Chem. Phys. 1970, 53, 2231.

(24) Gundersen, G.; Hedberg, K.; Strand, T.G. J. Chem. Phys. 1978,

68, 3548.

(25) Miller, B.R.; Fink, M. J. Chem. Phys. 1981, 75, 5326.

(26) Bartell, L.S. J. Chem. Phys. 1975, 63, 3750.

(27) Miller, B.R.; Bartell, L.S. J. Chem. Phys_. 1980, 72, 800.

(28) Hedberg, K.; Iwasaki, M. Acta Crystallogr. 1964, 17, 529.

(29) Kuchitsu, K. Bull. Chem. Soc. jpn. 1967, 40, 505.

(30) Schmidling, D.G. J. Mol. Struct. 1975, 24, 1.

(31) Arnesen, S.P.; Seip, H.M. Acta Chem. Scand. 1966, 1, 2711.

(32) Hedberg, L.; Iijima, T.; Hedberg, K. J. Chem. Phys. 1979, 70,

3224.

(33) (a) Churchill, M.R.; DeBoer, B.G. Inorg. Chem. 1977, 16, 878.

(b) Corey, E.R.; Dahl, L.F. Inorg. Chem. 1962, 1, 521.

(34) Ziegler, T.; Tschinke, V.; Ursen, C. J. Am. Chem. Soc. 1987,

109, 4825.



34

REFERENCES (Continued)

(35) Ball, R.G.; Burke, H.R.; Takats, J. Organometallics, 1987, 6,

191.

(36) Hsu, L.-Y.; Bhattacharyya, N.; Shore, S.G. Organometallics

1985, 4, 1483.

(37) Schafer, L.; Yates, A.; Bonham, R.A. J. Chem. Phys. 1971, 55,

3055.



35

III. Molecular Structure of Ruthenium Pentacarbonyl Studied by

Gas Phase Electron Diffraction

Jinfan Huang, Kenneth Hedberg, Roland K. Pomeroy

Department of Chemistry

Oregon State University

Corvallis, Oregon 97331

To be Submitted to Organometallics



36

Introduction

In previous work we reported the electron-diffraction investi-

gation of the molecular structure of osmium pentacarbonyl. 1 Like its

congener Fe(C0)5, Os(CO)5 has D3h symmetry. However, the relative

lengths of the axial and equatorial M-C bonds in Os(C0)5 are apparent-

ly reversed relative to that in Fe(C0)5. A number of electron-

diffraction investigations2-5 of Fe(CO)5 led to the conclusion that

the axial bonds in Fe(C0)5 are shorter, while in our investigation of

Os(C0)5 the weight of the evidence indicated the axial bonds are marg-

inally longer. Ruthenium pentacarbonyl, Ru(C0)5, first reported by W.

Manchot and W. J. Manchot in 1936, 6 is the remaining member of this

family. An early IR study7 suggested that Ru(C0)5 was probably

trigonal bipyrimidal in the gas phase and in heptane solution. A more

recent IR study8 of 13C0-enriched Ru(C0)5 in liquid xenon was also

consistent with a D3h structure. The bonding including the relative

lengths of the Ru-C axial and equatorial bonds has been discussed in

an ab initio theoretical investigation.9 As a part of our systematic

studies of metal carbonyls, we decided to investigate the molecular

structure of Ru(C0)5 by the gas-phase electron-diffraction technique.
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Experimental Section

The sample of Ru(C0)5 was prepared at Simon Fraser University

by Professor R. Pomeroy and his coworkers. Ru3(CO)12 was heated at

150°C in CO atmosphere under 2,800 psi for 9 hours. The product

Ru(C0)5 was cooled to -78°C in a bulb and the excess CO was pumped

away. All manipulations were carried out in the strict absence of

light.

The diffraction experiments were carried out with the Oregon

State University apparatus at room temperature. A modified power

supply which provided a 60 KV accelerating potential was used in this

experiment; the electron wavelength calibrated in separate experiments

against CO2 (ra(C-0) 1.1646 A, ra(00) = 2.3244 A) was 0.04896 -'

0.04898 A. Other experimental conditions were an r 3 sector, 8x10 in.

Kodak projector slide plates (medium contrast) developed for 10 min in

D-19 developer diluted 1:3, 0.39-0.51 pA beam currents, 747.79 mm for

the long and 298.99 mm for the "middle" nozzle-to-plate (camera)

distances, 165-240 seconds and 240-300 seconds exposure times for the

long and middle camera distances respectively, and 1.9x10-6 Torr

ambient apparatus pressure during exposure.

Three plates made at the long camera and four at the middle

camera were selected for analysis. The range of intensity data were

3.0 _ s/A-1 15.00 (long) and 9.00 s/A-1 37 (middle); the

1.data interval was 0.25 A . Procedures for obtaining the total

intensities (s4 (It(s)) and the molecular intensities (sIm (s)) have

been described.10' 11 Figure 111.1 shows the total intensities
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s
4
It(s) and the calculated background curves. The intensity data

in the form of s4It(s), the calculated background and averaged

sIm(s) data are available as supplementary material.



Rt., (CO) 5
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MIDDLE CAMERA

AVERAGE CURVES

DIFFERENCE
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39

Figure III.1. Intensity curves. The A4It curves from each plate

are shown superimposed on the final backgrounds and are magnified 10

times relative to the backgrounds. The average curves are sis 4 It -

Bkgd] minus the contribution from multiple scattering. The difference

curves are experimental minus theoretical for model A.
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Figure 111.2. Radial distribution curves. The experimental curve was

calculated from a composite of the average curves of Figure III.1 with

addition of theoretical data from model A for s < 2.00 A-1 and with

the convergence factor F. equal to 0.0020 A2. The difference curves

for models A and B are experimental minus theoretical; curve M is the

contribution from multiple scattering.
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Structure Analysis

Experimental radial distribution curves (rD(r)) were calculated in

the usual way12 by Fourier transformation of the function I'(s)

sImZRuZc(ARuAc) -1exp(-0.0025s 2 ). Data in the unobserved or uncertain

region s :5_ 3 A-1 were taken from theoretical intensity calculations.

The atomic scattering amplitudes f = A/s2 and the phases r' for all

calculations were taken from tables. 13 The final RD curve is shown in

Fig.III.2. The positions of the peaks of this curve are consistent

with distances in a molecule of D3h, and not C4v symmetry.

Therefore, we based our refinements on assumed molecular symmetry D3h.

The complete structure of Re(C0)5 with D3h symmetry (as shown

in Fig.III.2) can be described in terms of the following four

independent structural parameters: <r(Ru-C)> [3r(Ru -Ceq) +

2r(Ru-Cax)1/5, <r(Cm0)> [3r(Cm0)aq + 2r(Cm0) axW5, Ar(Ru-C)

r(Ru-Cax) - r(Ru-Caq), Ar(C=0) = r(Cm0) ax r(Cm0)aq. The 55 (=

n(n-1)/2) atomic pairs generate 16 different interatomic distances,

and therefore there are 16 vibrational amplitude parameters.

The set of interatomic distances appropriate for calculation of

the scattering intensity are of ra type which, because of the effect

of averaging over vibrational motion, is not consistent with the D3h

equilibrium symmetry. We elected to carry out the structure refinement

on ra type distances. The distance conversions are obtained from

ra ra + Sr + K - 1
2/ra, where the root-mean-square amplitude

1 can be either calculated from a vibrational force field or obtained
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from the electron-diffraction experiment, and the centrifugal

distortions Sr and the perpendicular amplitude corrections K may be

calculated from the force field. For Ru(CO)5, only two infrared

active stretching frequencies (for C=-0) have been assigned.7'8 Since

the vibrational corrections required for the distance conversions in

electron-diffraction work are usually not very sensitive to change in

force field, and since very little spectroscopic data for Ru(C0)5

was available, the previously calculated force field of Fe(CO)524

based on experimental vibrational frequencies was used to estimate 6r.

and K of Ru(CO)5. Corrections for vibrational anharmonicity, which

were estimated by the usual diatomic approximation, 14 were also

included: the values of ,c (x106) for the Ru-C, COalf and Ru0

distances were respectively 1.6, 0.90, and 2.0, the anharmonicities of

other distances were ignored.

As mentioned in a previous work, 1 multiple scattering plays a

smaller role in trigonal bipyramidal molecules such as Os(CO)5 and

Ru(CO)5 than in octahedral molecules such as ReF6 15 and TeF6. 16 The

effect of multiple scattering will be less important in Ru(CO)5 than

in Os(CO)5 because the Os atom is heavier than Ru. However, we still

felt it necessary to include the multiple scattering correction

because of the possible sensitivity of the axial and equatorial Ru-C

bond lengths to even small effects. The calculation of the theoretical

three-atom (multiple) scattering followed the equation given in the

previous work. 1 Only triples containing the Ru atom were taken into

account. The procedure to refine the structural parameters by our

usual least squares method10'17 with consideration for multiple
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scattering has been described in detail. 1

The results of the refinement of the parameters <r(Ru-C)> and

<r(C=0)> are very precise; however, the determination of the most

interesting parameter Ar(Ru-C) turned out to be difficult mainly

because its value is very small. A source of difficulty comes from the

correlation among the refined parameters. A refinement of all the

parameters simultaneously was first made to determine the correlation

among them. Two important results were obtained. Firstly, the absolute

values of correlation coefficients of the parameters Ar(C=0),

1(C=0) ax' 1(Cm0)eq' l(Ru0)
ax' l(Ru0)eq with Ar(Ru-C) were 0.49,

0.40, 0.43, 0.30 and 0.28 respectively, and those of other parameters

with Ar(Ru-C) were smaller than 0.27. Secondly, it was found that the

correlation coefficients between the amplitudes in the same peak of

the radial distribution curve, i.e. 1(C=0) and 1(C=0)eq; l(Ru-C) ax

and l(Ru-C)aq; l(Ru.0) and l(Ru0)aq; 1(C2.010) and 1(C507);

1(07.010) and 1(C2.08), were large (absolute values greater than 0.6).

Therefore, we grouped the amplitudes corresponding to distances under

individual peaks in the radial distribution curve and investigated the

quality of fit by assigning assumed values to Ar(C=0) and the

amplitude differences in certain groups which were highly correlated

with A(Ru-C). The tested ranges were: -0.02 _ Ar(C=0)/A +0.02;

-0.011 .15 Al(Ru.0)/A = l(Ru0)
ax l(Ru0)aq +0.012; -0.002

Al(C=0)/A = 1(C=0) ax 1(C=0)aq 5+0.002; -0.011 -. Al(Ru-C)/A =

1(Ru-C) ax l(Ru-C)eq < +0.012.
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Results and Discussion

Over twenty converged refinements were made within the parameter

range described above. The structural parameters from the final

refinement, both with and without multiple scattering corrections, are

given in Table II1.1. Table 111.2 is the correlation matrix.

The values of <r(Cm0)> and <r(Ru-C)> were accurately determined.

The CO m bond-length of Ru(CO)5 (rg 1.142(2)A) obtained from this

work is similar to the rg values of its congener Fe(CO)5 (r (C.0)

= 1.146(2) A)3 and Os(CO)5 (rg(C.0) 1.142(2) A)1. The ra

distance is the more appropriate distance type to compare with the

distance obtained from crystallographic work. For CO. (ra 1.126(2))

A is slightly shorter than the CO . bond length 1.14 ± 0.02 A observed

from X-ray work of Ru3(CO)12.18 The mean Ru-C bond-length we

obtained in Ru(CO)5 tra 1.952(3) A] is longer than the average

value 1.91 ± 0.02 A for Ru3(CO)12 from an old X-ray investiga-

tion18 and also longer than the average values of 1.942(4) A (axial)

and 1.921(5) A (equatorial) from a more recent X-ray study. 23 The

sum of Pauling's19 single-bond covalent radius for C and Ru is 2.018

A, longer than our measured values and thus indicating that the Ru-C

bonds have some multiple-bond character.

The value of Ar(Ru-C) is negative from all of the parameter space

investigated. It is sensitive to the value of Ar(C.0): the value is

-0.025 A when Ar(Cm0) +0.02 A, and it becomes -0.006 A with Ar(C.0)

-0.02 A. However, it seems not to be very sensitive to the amplitude

difference in each group, and we therefore used the calculated
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Table III.1. Structural Results for Ruthenium Pentacarbony11'12

parameters
Model A Model B

r
g

r
a

1 1

<r(Cm0)> 1.126(2)

<r(Ru-C)> 1.952(3)

Ar(Ru-C) -0.015(22)

1.959(9)Ru-C
eq

Ru-C 1.943(13)
ax

C
2
.0

5
2.759(5)

3.084(10)Ru0
eq

3.069(13)Ru0
ax

C
2
.0

3
3.392(16)

C
5
.0

7
3.645(5)

3.641(8)C
2
.0
10

C
5
.0

6
3.887(26)

C
2
.0

8
4.403(17)

4.351(6)0
7
.0
10

5.012(26)C
5
.0

11
0
7
.0

8
5.342(17)

6.138(27)0
10

.0
11

R
d

0.0862

1.142

1.965

1.953

2.767

3.099

3.087

3.397

3.658

3.655

3.891

4.412

4.366

5.019

5.350

6.145

1.141

1.963

1.950

2.760

3.097

3.085

3.388

3.649

3.646

3.890

4.399

4.343

5.019

5.337

6.144

0.042(3)

0.069

0.072

0.149(29)

0.072

0.075

0.181)

0.188

0.181

0.076(75)

0.239

0.315

0.057(23)

0.263(219)

0.089(80)

(5)

(5)

(26)

(60)

1.126(2)

1.951(3)

-0.013(24)

1.956(11)

1.943(15)

2.757(6)

3.082(11)

3.069(15)

3.388(18)

3.644(5)

3.640(8)

3.887(29)

4.399(18)

4.373(9)

5.012(29)

5.338(19)

6.231(41)

0.0972

0.041(3)

0.072

/(5)
0.074

0.151(33)

0.076
f(6)

0.078

0.197

0.188

0.182

0.076(82)

0.238

0.318

0.057(26)

0.260(236)

0.089(89)

(28)

(67)

1 Distances (r) and amplitudes (1) in angstroms. Quantities in

parentheses are estimated 2a. For definitions see text.

The first three parameters were used to define the geometry.

Uncertainties estimated to be the same as for ra.

(1 R = [EilsiAi2/Eiwi(siIi(obsd))2)1/2 where Ai = siIi(obsd) -

siIi(calcd).
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Table 111.2. Correlation Matrix (x100) for Parameters of Model A.

parameter b
a

r1 r2 r
3

1
1

1
2

1
3

1
4

1
5 16

17 1
8

1
9

1
10

1 <r(Ru-C)>

2 Ar(Ru-C)

3 <r(Cm0)>

4 1(Cm0)

5 l(Ru-C)
eq

6 1(C2C5)

7 l(Ru0)
eq

8 1(C2.C3)

9 1(C
5
C

6
)

10 1(C
2
.0

8
)

11 1(C
5
.0

11
)

12 1(0
7
.0

8
)

13 1(010 0
11

)

0.09

0.77

0.06

0.07

0.14

1.00

0.15

0.87

2.64

2.09

0.82

7.72

2.83

100 -11

100

-23

< 1

100

- 2

< 1

- 2

100

- 6

21

- 2

34

100

25

- 7

10

-13

- 6

100

- 3 - 8

20 -18

2 - 5

32 < 1

39 - 1

9- 2

100 -15

100

- 4

- 5

- 2

- 1

< 1

2

- 3

36

100

< 1 < 1 - 1 < 1

4 < 1 6 < 1

1 < 1 < 1 0

3 5 < 1 2

5 3 < 1 < 1

4- 2- 4- 2

4 4 2 < 1

-19 1 9 < 1

- 6 3 4 < 1

100 - 6 -21 1

100 11 2

100 2

100

I Distances (r) and amplitudes (1) in A. For numbering of atoms see

Fig. 111.2. For explanation about grouping of amplitudes see text.

Standard deviations from least squares.
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amplitude differences in the final refinement. The value of Ar(Ru-C)

from our preferred model (-0.015 A) is consistent with the result

(-0.013 A ) from a recent ab initio calculation on Ru(C0)5.9 The

results from the X-ray studies of Ru3(C0)12 was -0.04 A according

to Mason and Rae's work18 and 0.021 A from another report. 23

Unfortunately, our data do not give an unequivocal answer to the

matter, because the attached experimental uncertainty is larger than

Ar(Ru-C). We had hoped to solve this problem by the combined analysis

of electron-diffraction data and the rotational constants from

rotational Raman data, but the Raman experiment proved to be very

difficult and was not carried out.

After the multiple scattering correction is applied, the R factor

decreases from 9.72% to 8.62% and the standard deviations for some of

the distances and amplitudes decreased slightly. The smaller R factor

and standard deviation generally reflects the better structural

determination. The influence of a multiple scattering correction upon

the peaks in the radial distribution curve is shown in Fig.III.2. A

comparison of difference curve A (with a multiple scattering

correction ) with difference curve B (without multiple scattering

correction) accounts for the major anomalies observed in curve B.

Curve M gives the correction of multiple scattering to the Ru-C and

Ru0 peaks in the radial distribution curves; it is calculated from

the Fourier transformation of the multiple scattering intensity.

Previous applications of multiple scattering routines have shown that

the internuclear distances are rather insensitive to the multiple

scattering correction. 20 21 '

22 This is also true in our investiga-
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tion on Ru(C0)5, there is a very small change of Ar(Ru-C) after the

multiple scattering correction, which does not affect the observation

that the axial Ru-C bond is shorter.
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INTRODUCTION

The gas-phase structures of the oxytetrahalides of the group VI

B metals molybdenum and tungsten have received considerable attention

in recent years. One of the more interesting questions has been the

symmetries of the molecules.Early spectroscopic work 1 on MoOF4 and

WOF4, for example, led to the suggestion of C2v symmetry for both.

Later, gas-phase IR data2 as well as IR and Raman data in several

phases and in matrix isolation3'4 were interpreted to favor C4v

symmetry. Electron-diffraction results for Mo0F45 and WOF46 are

consistent with C4v symmetry, but very small distortions from that

symmetry could not have been detected by this method.

It is surprising that little is known about the structure of

gaseous CrOF4, the homologous compound of the remaining group VI B

metal, apart from a suggestion that the molecule has C4v symmetry

based on analysis of the IR and uv-visible spectra. 7 The proposal

is interesting because the structure of the corresponding main group

compound, SOF4, is that of a distorted trigonal bipyramid with the

oxygen in an equatorial site (C2v symmetry). 8 Details of the

structure of CrOF4 are obviously also of interest and we decided to

undertake an electron-diffraction investigation of the molecule.
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EXPERIMENTAL SECTION

The sample of CrOF4 were made at the University of Idaho as

follows.

Apparatus. Volatile materials were manipulated in Monel/nickel

vacuum lines equipped with Whitey stainless steel valves and

Swagelock fittings. A Hoke monel container (159 mL) and Kel-F tube

(Zeus) fitted with Whitey valves were used as reaction vessels. The

vacuum lines and other hardware employed were passivated with C1F.

Nonvolatile hygroscopic solids were handled in an inert-atmosphere

box. Infrared spectra were recorded on a Perkin-Elmer Model 1710

Fourier transform spectrometer. Spectra of solids were obtained with

samples passed between AgBr discs. Spectra of gases were obtained by

using a metal cell of 6 cm path length equipped with AgCl windows.

Materials. CrO2F2 was prepared according to a literature

method. 9
COF2 (PCR) and F2 (Matheson) were used as received. CsF

(Aldrich) was dried in an oven maintained at 160°C.

Preparation of CrOF4. About 1.0 mg of dry, powdered CsF was

introduced into a passivated 150 mL Monel vessel in the dry box. The

vessel was connected to a metal vacuum line and evacuated. 10 mmol of

CrO2F2 and 54 mmol of F2 were introduced at -196°C. The vessel

was allowed to warm to ambient temperature and then heated at 200°C

for 62 h in a tube furnace with the valve end of the vessel cooled by

circulating cold tap water. After the reaction the vessel was cooled

to ambient temperature and finally to -196°C where the excess F2 was

removed under dynamic vacuum via a soda-lime trap. All the other
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volatile compounds were removed at -60°C. The yield of CrOF4 was

1.3 g (9.0 mmol, 90%). The dark red CrOF4 was characterized by its

vibrational spectrum, its melting point and its vapor pressure. 10

Diffraction Experiments. Electron-diffraction photographs were

made in the Oregon State apparatus under the following operating

conditions. Nominal nozzle-to-plate distances, 750 mm and 300 mm

(long and middle camera); nozzle-tip temperature, 42-45°C; r3

sector; exposure times, 100-110 s (long camera) and 120 s (middle

camera); nominal electron wavelength, 0.057 A (calibrated against

gaseous CO2 (Ka(C-0) 1.1646 A, ra(00) = 2.3244 A); beam

current, 0.42-0.49 pA; ambient pressure in the diffraction chamber

during run, 1.2x10-6 torr (long camera), 1.4x10-6 torr (middle

camera); 8x10 in Kodak lantern slide (medium contrast) plates;

development with nitrogen burst agitation, 11 min in D-19 developer

diluted 1:1.

Three plates made at the long distance were selected for

analysis, but due to shortage of sample only one could be made at the

middle camera distance. This plate was of excellent quality, however,

and was traced repeatedly to minimize random photometric errors.

Procedures by which the total scattered intensities (s4It) were

obtained and the backgrounds removed to obtain the molecular

intensities (sIm) were as previously described.
8b 11

Elastic and

inelastic electron scattering amplitudes for all calculations were

obtained from tables. 12
The data ranges were 2.00 -s 2/A -1 < 13.75

(long camera distance) and 7.00 A/A-1 5_33.50 (middle camera dis-

tance) with a data interval As equal to 0.25 A-1 (s = 4rA-lsin0; 20 is
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the scattering angle). Curves of the total scattered intensity data

are shown in Figure IV.l; these data, the final backgrounds, and the

molecular intensity averages are available as supplementary material.



56

C 0 F 4

LONG

CAMERA

EXPERIMENTAL

M I DOLE CAMERA

A AiIF V IF Ir

AVERAGE CURVES

THEORETICAL

DIFFERENCE

10 20 30S

Figure IV.1. Intensity curves. The s4I
t curves from each

plate are shown superimposed on the final backgrounds and are

magnified 4 times relative to the backgrounds. The average curves

are ALI4It - Bkgd]. The difference curves are experimental

minus theoretical for model A.
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STRUCTURE ANALYSIS

The experimental radial distribution curve shown in Figure IV.2

was calculated in the usual way from a composite of the two average

molecular intensity curves multiplied by
1Cr4(ACrAF) -lexp(-0.00252).

Theoretical intensity data were used for the unobserved or uncertain

region s < 2.00 A-1. The three peaks were found to be consistent with

a molecule of C4v symmetry having LOCrF = 105°.

Shrinkage corrections. It was thought best to specify models of

the CrOF4 molecule in terms of the geometrically consistent Ice set

of distances in order to remove the effects of vibrational averaging

("shrinkage"). Calculation of the corrections 13 necessary for

conversion of these distances to the ra type compatible with the

diffraction data requires a suitable quadratic force field. For

C4v-symmetry CrOF4, nine vibrational modes (3A1 and 3E) are IR

and Raman active and three (2B1 and 1B2) are only Raman active.

The IR active modes have been assigned, 7
'

14 but the Raman spectrum

has apparently not been investigated. Any force field is accordingly

highly arbitrary, and although one has been reported,14 we preferred

to deduce a force field based in part on more extensive data7 from

several isotopes of chromium. Our force field was adjusted to fit

the observed frequencies to within 1 cm-1 , after which values con-

sistent with these were adopted for the force constants of the and

B
2
blocks. Tests showed that the desired distance corrections and

mean amplitudes of vibration were not very sensitive to reasonable

variation in the values of the force constants. The force field and
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Figure IV.2. Radial distribution curves. The experimental curve

was calculated from a composite of the average curves of Figure 11/.1

with addition of theoretical data from model A for s < 2.00 A-1

and with the convergence factor B equal to 0.0025 A2. The

difference curves are the experimental minus the theoretical.

The diagram shows the distortion of the g4v model to form the

C2v model.
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symmetry coordinates are given in the supplementary material.

Refinement of trial structures. The refinements were carried out

by least squares based on intensity functions.15 Theoretical

Ilm(s) values calculated from models of the molecule were fit to two

data sets: the average of the data obtained from all plates made at

the long camera distance and the average of the data made from four

traces of the single plate made at the middle camera distance.

Although the preliminary results were completely consistent with C4v

symmetry for the molecule, we decided to establish the extent to which

the molecule could deviate from C4v symmetry without worsening the

quality of fit to the diffraction data; accordingly models of C2v

symmetry were also investigated. For 4v symmetry the parameters

(r space) were r(Cr-0), r(CrF), L(0CrF), and the vibrational

amplitudes / corresponding to the five different interatomic

distances. For C2v symmetry they were r(Cr*0), <r(CrF)>, A(CrF )

1.(CrF3) - r(CrF4), <L(0CrF)>, AL(0CrF) = L(O= Cr F3) -

L(0CrF4), and eight amplitudes .2. Refinement of all geometrical

and vibrational parameters for the C4v model converged quickly.

Because of the good fit provided by this model, it was expected that

the C2v models would lead to little or no improvement and, further,

that the resulting parameter values with their estimated

uncertainties would encompass the results for the C4v model. This

turned out to be the case: although refinement of the C2v structure

was achieved (the shrinkage corrections were assumed to be equal to

those calculated for the C4v model and some of the /'s had to be

refined in groups), the uncertainties associated with the parameter
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values were very large. In an attempt to meet better the objectives

set for tests of the c.2v model, we next carried out a series of

refinements in which the the parameter AL(0...CrF) was not allowed to

refine, but instead was stepped through the range 0-8° at 2°

intervals. It was found that this parameter could be as large as 6°

without significantly worsening the fit.

Results. The final results of our refinements are summarized in

Tables IV.1 and IV.2. Model A represents the best fit obtained for a

molecule of C4v symmetry, and model B the best for a molecule of

C2v symmetry in which all geometrical parameters were allowed to

refine independently. Model C is similar to B, but shows more

directly the extent to which deviation from C4v is tolerable. It

was found that all models similar to C with IALOCrFl < 8° gave

about equally good fits, but the fits for those with IALOCrFl 8°

were unacceptably poor. We take model A as the best representation of

our results, but deviations from C4v symmetry as large as those

found in model C cannot be ruled out. The correlation matrix for

model A is given in Table IV.3. The intensity curve and intensity-

difference curves for model A are seen in Figure IV.1; differences of

radial distribution curves for models A and B are seen in Figure IV.2.
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Table IV.1. Parameter Values for Models of CrOF4 (m/A, La/deg)I

Model A (C4v) Model B
(C217)

Model C
(Q2v)

r ,La a
r ,Z
a a ,La

Parameters used to define geometry

Cr=0b ' c 1.543(4) 1.544(5) 1.543(4)

<Cr-F>12'c,§1 1.725(2) 1.724(3) 1.725(2)

Ar(Cr-F)-C"A [0] -0.034(169) -0.009(35)

<LOCr F>b '
c

'

d
104.0(3) 104.1(3) 104.2(3)

ALOCrF-11 [0] 3.7(71) [6.0]

Other parameters

LOCrF
3

105.9(37) 107.2(3)
104.0(3)

LOCrF
4 102.2(34) 101.2(3)

LF3 Cr F4 86.7(1) 86.7(2) 86.7(1)

LF
3
CrF

5
148.2(74) 145.6(6)

152.1(5)
Li..

4
CrF

6
155.5(69) 157.6(6)

RI 0.0632 0.0637 0.0638

Quantities in parentheses are estimated 2a. 12Parameters for

Model A. Parameters for Models B and C. See text for defini-

tions. IR = [EiwiAi2/Eiwi(siIi(obsd))2]1/2 where A. = s.I.(obsd)

aiIi(calcd).



Table IV.2 Interatomic Distances and Vibrational Amplitudes for Models of CrOF4 (r/A, /ALcieg)1

Model A
(f4v) Model B

(f2v)
Model C

(f2v)

-a g -a 1obsd Icalcd ra 1obsd ra -obsd

Cr-0 1.543(4) 1.547 1.546 0.041(4) 0.037 1.544(5) 0.043(7) 1.543(5) 0.041(5)

Cr -F3 1.741(9) 0.053 1.721(7) 0.056
1.725(2) 1.730 1.728 0.056(3) 0.044 (41) (3)

Cr -F4 1.707(8) 0.053 1.729(7) 0.056

0F 2.625(37) 0.083 2.648(9) 0.0663
2.578(6) 2.581 2.577 0.095(8) 0.089 (31) (15)

0.F
4 2.533(31) 0.083 2.516(8) 0.066

F
3
F

4
2.367(4) 2.375 2.373 0.084(6) 0.087 2.366(4) 0.085(7) 2.369(4) 0.083(7)

F
3
F

5 3.35(22) 0.088 3.266(13) 0.072
3.348(5) 3.350 3.347 0.087(12) 0.071 (44) (27)

F
4
F

6 3.34(20) 0.088 3.402(14) 0.072

0- 0.0632 0.0637 0.0729

4Quantitiesin parentheses are estimated 2o. hrg - ra + 451 + E; ra - rg - 2/1.

4SK and K are respectively centrifugal distortion and perpendicular amplitude corrections.

- [EiwiAi2/Zils (IiIi(obsd))2)4 where Ai - gili(obsd) - s111(calcd).
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Table IV.3. Correlation Matrix (x100) for Parameters of CrOF4

parameter
a

'Es

1 r(Cr-0) 0.14

2 r(Cr-F) 0.040

3 r(O.F) 0.17

4 r(FF) 0.11

5 r(FF) 0.15

6 1(Cr-0) 0.13

7 /(CRF) 0.06

8 /(0F) 0.24

9 l(FF) 0.17

10 /(FF) 0.42

11 LO =Cr F 9.7

12 LFCrF 4.5

rl r2 r3 r4 r5 /6 /7
/8 19 110 L11 L12

100 28

100

29

46

100

50

41

-45

100

50

41

-45

100

100

1

32

14

10

10

100

-57

-8

-5

-35

-35

9

100

7

2

-10

6

6

<1

13

100

-13

5

-7

3

3

4

21

53

100

-6

3

5

-6

-6

3

11

7

4

100

-40

11

75

-87

-87

7

34

-6

<1

8

100

40

-11

-75

87

87

-7

-34

6

<1

-8

-100

100

Standard deviations from least squares. Units: distances (r) and

amplitudes (/) in A,; angle (L) in degrees.
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DISCUSSION

Although our diffraction data do not rule out C2v-type structures

for CrOF4, there is no reason to believe that the equilibrium symmetry

is not C4v; acceptable models of the former comprise relatively small

distortions of the latter, as is seen in the similar values of the

defining parameters (Table IV.l). The model differences are marked by

distance splittings of only a few hundredths of an angstrdm (Table

IV.2), usually accompanied by decreases in the values of the

corresponding vibrational amplitudes. The well known consequence of

such a combination of parameter changes is a similar intensity

distribution for the resulting models.

There are some interesting comparisons to be made between the

structures of CrOF4 and CrO2F2, both d° complexes. The CrF bond

length in CrOF4 is about the same as in CrO2F216 (rg 1.720(2) A),

but the Cr-0 distance is 0.03 A shorter. These observations may be

rationalized as follows. The greater number of strongly electro-

negative atoms in CrOF4 are expected to shorten all distances

slightly relative to those in CrO2F2. However, because the

nonbond FF distance is much smaller (about 0.48 A) in CrOF4, the

fluorine atoms experience greater mutual repulsion that is partially

relieved by elongation of the CrF bonds. The two effects tend to

cancel and result in a CrF bond length similar to that in

CrO2F2. (The still shorter bond length in CrF4, a molecule of

Td symmetry, r = 1.706(2) A17, is consistent with these

arguments.)

The bonding by the chromium atoms in CrOF4 and CrO2F2 is also
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similar, judged by the similar empirical total bond orders in the two

molecules. These may be estimated from the formula18 D(1) - D(n)

0.711og n. With use of Pauling's single bond radii (Cr 1.26

A19,0 ,0 0.74 A, F 0.72 A), n(Cr -O), n(CrF), and n(total) are

respectively calculated to be 3.4, 1.7, and 10.2 in CrOF4; the

corresponding values in CrO2F2 are 3.1, 1.8, and 9.6. 20
It is

noteworthy that the angle YMX in five-coordinate transition metal

compounds is remarkably constant irrespective of ligand size or metal

identity. Thus, in W0F46
, W0C1421 , WSF422 , WSC14 23 , WSeF424 ,

WSeC1423, Mo0F425 , and Mo0C1421 this angle has an average value of 104.0'

with a standard deviation of 0.8°. Our measurement of this angle in

CrOF4 is exactly the average for the other compounds.
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Introduction

It is an interesting fact that the gauche form of 1,2-difluoro-

ethane is more stable than the anti, 1 whereas in the corresponding

chloro and bromo compounds the reverse is found.2 This result,

which violates intuition drawn from the electrostatics of the polar

CF bonds, arises from a phenomenon known as the "gauche effect".3

The gauche effect finds explanation for the most part in a subtle

interplay of several components of the torsional potential that

individually reflect repulsion between nuclei, repulsion between

electron charge distributions, and attraction beween nuclei and the

charge distributions. A description of the operation of the gauche

effect is contained in the statement that there is "a tendency to

adopt that structure which has the maximum number of gauche inter-

actions between the adjacent electron pairs and/or polar bonds".3

This description, however, seems better suited to interpretation than

prediction: both 1,2-difluoroethane and 1,2-dichloroethane have polar

CX bonds but different conformations as their more stable forms, and

a prediction for their hybrid 1-chloro-2-fluoroethane could hardly be

reliable.

In this laboratory, interest in the substituted ethanes has

centered on the roles played by internal hydrogen bonding and the

gauche effect in establishing the conformational and thermodynamic

properties of the molecules. Many of these systems, such as 2-fluoro-

ethanol4 and ethylene glycol, 5
are characterized by geminally

situated polar groups in which each effect may operate; in others
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(1,2-difluoroethane is an example) only the gauche effect is present.

In order to evaluate the relative contributions of these effects, a

knowledge of the structures and conformational equilibria of the polar

molecules 1-chloro-2-fluoroethane (CFE), 1-bromo-2-fluoroethane (BFE),

and 1-bromo-2-chloroethane (BCE) (Figure V.1) would seem to be

important. There has been a substantial amount of work on some of

these compounds: for CFE there are results from dipole-moment

measurements 6'7 10-1° and Raman8'9 spectroscopy, molecular

mechanics, 11 and microwave spectroscopy;12 for BFE from IR, 8,10

Raman, 8
and microwave spectroscopy; 13 and for BCE from IR, 14-18

Raman, 19 and photoelectron20-22 spectroscopy. It is found that in

the gas phase the anti form of each substance is more stable than the

gauche, and that the energy difference of the two forms is least for

CFE and greatest for BCE. Bond-length and bond-angle values (derived

with some assumptions about the hydrogen-atom parameters) are

available from the microwave work for the gauche form of CFE, 12c and

for BFE a rough value for the gauche torsion angle has been

obtained. 13
There remain structural and conformational questions

about the group, and we decided to carry out electron-diffraction

investigations of each member. The work reported here was intended to

permit reliable comparisons among members by using similar models for

each of the interesting properties.
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GAUCHE

Figure V.1. Atom numbering for conformers of 1,2-dihaloethanes.

is atom of lower atomic number.
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Experimental Section

The sample of CFE was prepared from thionyl chloride and 2-fluoro

ethanol by a literature method. 23 Examination by GC mass spectro-

metry indicated the purity to be greater than 98%. The BFE (Fairfield

Chemical) had an 4% impurity determined by GC to be acetone; the low

scattering of acetone relative to BFE was judged to be insignificant

at this level and the sample was used as received. The BCE (Aldrich

Chemical; 98%) was distilled under reduced pressure (40 Torr) through

a 30 cm column packed with glass helices and a middle fraction col-

lected for the diffraction experiments.

All diffraction experiments were carried out in the Oregon State

apparatus fitted with an r 3 sector. Nominal nozzle-to-plate dis-

tances were 700 mm (long camera) and 300 mm (intermediate camera).

The diffraction patterns on 8x10 in Kodak projector slide plates,

medium contrast, were developed with N2 burst stirring for 10 min in

D-19 developer diluted 2:1. Conditions set for each substance in the

order CFE, BFE, and BCE were as follows: Nominal accelerating

potential (calibrated in separate experiments against CO2 with ra(C-0)

= 1.1646 A and ra(0.0) 2.3244 A), 60 kV, 44 kV, 44 kV. Sample

temperatures, -25, 95, 360°C; 20, 150, 350°C; 17, 125, and 302°C.

Exposure times, 100-210 s; 75-180 s; 75-210 s. Apparatus pressure

during exposure, 1x10 -6 -3x10 -5 Torr; 2-6x10 -6
Torr; 2-8x10-6 Torr.

Plates used in analyses from long and intermediate distances, 10 and

10; 11 and 9; 9 and 8. Ranges of data in s/A-1 from long and

intermediate distances, 3.00-15.00 and 11.00-37.00; 2.00-12.00 and
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7.00-30.00; 2.00-12.00 and 7.00-30.00. Data interval, As 0.25 A-1

Our usual procedures24'25 for obtaining the total intensities

(s4It(s)) and the molecular intensities (sI (s)) were followed.

Electron scattering amplitudes for all calculations were taken from

tables. 26

Figures V.2-4 show the s4It curves obtained at one of the experi-

mental temperatures superimposed on the backgrounds calculated from

the CP models. Similar figures for experiments at the other

temperatures are available in the supplementary material. Radial

distribution (RD) curves are shown in Figures V.5-7. These were

calculated27 from composites of the sIm(s) curves after multi-

plication by factors ZxZy(....s4FxFy)-1)exp(- 0.0025s2) where X and Y

are the relevant halogen atoms and the F's are electron scattering

amplitudes; missing data in the low angle region were taken from

theoretical curves. Each of the curves shows a moderately strong peak

at r = 4.0 A that corresponds to the interhalogen distances in the

anti forms of the molecules. The peaks decrease in area as the

temperature is increased, clear proof that the anti forms are more

stable than the gauche.
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Figure V.2. Intensity curves for 1-chloro-2-fluoroethane at -25°C.
The s4It experimental curves are shown magnified 5 times with

respect to the backgrounds on which they are superimposed. The
average curves are l[s4It - bkgd]. The theoretical curve is for
the final CP model.
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Figure V.3. Intensity curves for 1-bromo-2-fluoroethane at 20°C.
See legend to Figure V.2.
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Figure V.4. Intensity curves for 1-bromo-2-chloroethane at 17°C.
See legend to Figure V.2.
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Structure Analysis

Force Field Calculations. Because it was desirable to include

the groundstate rotational constants that have been measured for

CFE12a,b and BFE13 as data auxiliary to the diffraction data, we set

up the structure refinements for these molecules in r 0 space.

Rotational constants are not available for BCE so the refinements were

designed for in r space. For each of these spaces the appropriate

corrections (on the diffraction side distances to ra values and on the

spectroscopic side Bo to Bz for CFE and BFE) were calculated with use

of the program ASYM2028 from quadratic force fields. Where anharmo-

nicity corrections were needed we assumed the Morse constant a3 to be

2.0 A-1 for all bond distances and zero for nonbond ones. The

internal force constants were taken from similar molecules and

adjusted to fit the observed fundamental wave numbers (15 for the anti

and 18 for gauche forms of CFE8 and BCE16; 18 for each form of

BFE8) to within about 1-2%.

Ab Initio Calculations. Optimization of the structures of both

conformers of CFE was carried out at the HF/3-21G* level and of BFE

and BCE at the HF/STO 3G* level with the program Gaussian 86.29

Although in other torsional problems we have usually made the

assumption that the structures of the conformers differ only in the

value of the torsion angle, we decided to incorporate certain of the

ab initio results in the model descriptions. These structural

assumptions are given in the next section.
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Model Specification. For structural problems of the type

represented by these systems, we have used models designated as 2C,

2S, and CP (see, for example, ref 1). These differ in the way the

effect of large amplitude motion is treated. The 2C (two conformer)

model contains conformers in which the vibrations are regarded as

simple "frame" types. The 2S (two sigma) model represents the effect

of torsional motion of the conformers by a distribution of distances

both determined and weighted by gaussian functions of the torsional

potential centered on the equilibrium torsion angles. The CP model

does not contain the two conformers explicitly; the torsional

potential is represented by a sum of terms, usually three of the form

V.(1 - cosiq), that determines the relative weights of distances

calculated from the torsion angles selected at appropriate intervals

over the range of O. We tested all of these models for each of our

molecules. For the 2S models the spacing was 1/2crA (1/2aG) for the

anti (gauche) conformers over the range -2a0 AO 2a0. For the

CP models the angle interval was 5.5° and 11 (34) pseudoconformers

near the anti (gauche) equilibrium angles were included.

The low symmetry of our molecules leads in principle to numbers

of structural parameters too large to be refined independently. Tests

indicated which of these parameters were amenable to refinement; the

others were given suitable assumed values. The refinable parameters

for CFE and BFE were similar. They were (X is the halogen of lower

atomic number) the distances r(CY), r(CH), <r(CC,X)> [r(CC) +

r(CX)]/2, Ar(CC,X) r(CC) r(CX); and angles <LCCH>G

[LC2C1I-13,G + LC1C2H6,G]/2, <LCCY,X>G s [LC2C1YG + LC1C2XG]/2,
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A<LCCX>A_G = <LCCY,X>A - <LCCY,X>G, and LXCCYG. For the 2C and 2S

models the mole fraction of the anti form, XA, was also refined, and

for thethe CP model the three potential coefficients V1,3. We were also

able to refine A(ALCCY,X)A_G = ALCCY,XA - ALCCY,XG for CFE and

ALCCY,XG LCCYG - LCCXG for BFE. For BCE the parameters <r(CC,X)>

and Ar(CC,X) were replaced by <r(CY,X)> and Ar(CY,X) defined in a

similar way; again, A<LCCX>A_G could be refined. The results of the

test refinements led us to restrict the hydrogen-angle parameters by

the assumption <LHCH>G = [LH3C1H4G H6C2H7,G]/2 110.0° (CFE),

108.3° (BFE), and 108.7° (BCE), values taken from other haloethanes.

The ab initio results mentioned above show slight differences

between values for parameters that, lacking these results, would have

been set equal in the refinements. Although the ab initio values

themselves are less reliable than the corresponding averaged experi-

mental ones, the ab initio differences, particularly for similar types

of bond angles, are arguably better assumptions than those implied by

setting such differences to zero. In any case the calculated

differences are very small and their inclusion or neglect could hardly

lead to different structural results; we decided to include them. Our

assumptions based on the ab initio results are the following: ALCCHG =

LC2C11.13,G - g1C2H6,G 0.5° (CFE), 0.9° (BFE), 0.7° (BCE); ALHCHG =

LH3C1H4,G LH6C2H7,G = 0.3° (CFE), 0.5° (BFE), -0.2° (BCE); ALCCY,XG

LCCYG - ZCCXG 0.3° (CFE), 0.4 (BCE); A<LCCH>A_G = <LCCHA> -

<LCCHG> = 0.0° (CFE), 0.4° (BFE), 0.7° (BCE); A<ZHCH>A_G = <ZHCH>A -

<LHCH>G = 0.0° (CFE), -0.1° (BFE), 0.3° (BCE); A(ALCCH)A_G ALCCHA -

ALCCHG = -0.3 (CFE), 0.2 (BFE), 0.0 (BCE); A(ALCCY,X)A_G = ALCCY,XA -
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ALCCY,XG = 0.3 (BFE), -0.1 (BCE); A(AZHCH)A_G ALHCHA - ALFICHG -0.3

(CFE), -0.1 (BFE), 0.0 (BCE).

The many amplitude-of-vibration parameters were handled in the

usual way. Members of the amplitude groups formed and handled as

single parameters were given values consistent with results from the

force-field calculations.

Refinement Conditions. The refinements were done by least

squares fitting the electron-diffraction (ED) intensity data in the

usual way30 and, in the cases of CFE and BFE, simultaneously these

data and Bz rotational constants for the gauche conformers

obtained31 from the microwave (MW) work. A unit weight matrix was

used for the ED data, and for the rotational constants relative

weights Az:Bz:Cz 0.15:1.0:1.0 (CFE) and 1:1:1 (BFE). The

effect of different weighting of the MW data relative to the ED was

studied and the results found to be quite insensitive to it. For our

final refinement of CFE the ratio of the weights MW/ED was 500/1 and

for BFE 400/1.

Results. Although the parameters used to describe the models

were convenient in view of the complexity of the models, these

parameters are less satisfactory for conveyance of the sense of the

structures. We have chosen instead to report the refined values for a

more easily visualized set of parameters. These are given in Table

V.1 for each of the models of CFE at each of the experimental

temperatures. About the same quality of fit to experiment is provided

by each model, as may be seen in the R-factors of the table as well as

in the difference curves of Figure V.5. It is evident from the table



Table V.1. Results for 1-chloro-2-fluoroethaneA

parameters-

-25°C 95°C 360°C
t1V theorS.

2C 2S CP 2C 2S CP 2C 2S CP

r(C-H) 1.091(7) 1.092(7) 1.092(7) 1.089(7) 1.089(6) 1.090(6) 1.095(7) 1.096(7) 1.096(7) (1.0951 1.078
<r(C-C,F)>1 1.447(4) 1.447(4) 1.447(4) 1.449(4) 1.449(4) 1.449(4) 1.446(4) 1.447(4) 1.447(4) (1.44811 (1.46111
Ar(C-C,F)2 0.116(5) o.112(5) 0.112(5) 0.123(6) 0.120(6) 0.120(6) 0.108(7) 0.106(7) 0.106(7) 10.1651-

f
(0.1041

f

r(C -C) 1.505(5) 1.503(5) 1.503(5) 1.510(6) 1.509(6) 1.509(6) 1.501(6) 1.499(6) 1.500(6) 1.530(3) 1.518
r(C-F) 1.389(3) 1.391(3) 1.390(3) 1.387(3) 1.389(3) 1.389(3) 1.392(3) 1.394(3) 1.394(3) 1.365(2) 1.404
r(C-C1) 1.783(3) 1.783(3) 1.783(3) 1.782(3) 1.783(3) 1.783(3) 1.785(4) 1.786(3) 1.786(3) 1.787(3) 1.803
</CCH>12 110.0(19) 110.2(19) 109.7(20) 110.4(19) 110.5(19) 110.3(19) 111.2(20) 111.4(15) 111.7(19) 1111.41 110.5
LCCFA 107.6(10) 108.0(10) 107.8(10) 107.4(13) 108.0(13) 107.8(13) 108.3(18) 109.6(15) 109.5(18) 107.0
LCCFG 111.2(5) 111.1(5) 111.0(5) 111.0(5) 110.9(4) 110.8(4) 111.1(5) 111.0(4) 111.0(4) 109.7(4) 109.3
LCCCIA 109.0(8) 109.3(8) 109.4(8) 108.5(10) 109.1(11) 109.1(10) 109.3(16) 110.1(15) 109.7(16) - 109.3
/CCC1G 111.7(5) 111.6(5) 111.5(5) 111.5(4) 111.4(4) 111.4(4) 111.6(5) 111.5(4) 111.5(4) 111.1(3) 111.0
6</CCX>i_0 -3.1(5) -2.8(5) -2.7(5) -3.3(6) -2.6(6) -2.7(6) -2.6(10) -1.4(16) -1.7(9) _ -2.4
/FCCC1G 112.6(16) 112.3(16) 112.0(16) 112.4(15) 111.9(15) 111.7(15) 112.3(16) 111.9(14) 112.1(16) 111.7(4) 114.4
% anti 57.7(61) 58.0(79) 57.8(70) 47.2(66) 47.1(85) 46.2(48) 43.3(117) 46.2(158) 43.5(45)

°Al (10.01 115.01 22.4(151)

(jG1 11.0(23) 13.6(25) 20.2(55)

VI 1.67(82) 1.66(85) 1.64(159) 2.09(19)/1

Y2 -0.94(67) -1.06(68) -0.68(134) -1.75(16)t

Y3 3.85(140) 3.61(107) 3.15(137) 3.43(291t
RI 0.113 0.111 0.108 0.119 0.117 0.112 0.132 0.125 0.123

(Continued..)



Footnotes to Table V.I

A Distances (I2) in angstroms, angles (La; a) in degrees, potential constants (V) in

kcal/mol. Quantities in parentheses are estimated 2a. 2C, 2S, and CP refer to "two-conformer"

"two-sigma", and "cosine potential" models; see ref 1. 12 Gauche form from microwave spec-

troscopy, ref 11. Quantities in square brackets were assumed. c
Ab initio HF/3-21* level,

Gaussian 86. 11 Letter subscripts refer to anti and gauche conformers. A Equal to (r(CC) +

r(CF)]/2. f Calculated from the distances. g Equal to r(CC) - r(CF). h Average LCCH.

I Equal to <CCX>A - <CCX>G. I Root-mean-square amplitude of torsional motion. Re-

calculated to fit our form of the potential function. IR [EiwiAi2/Ziwi(siIi(obsd))211/2

where Ai IiIi(obsd) - siIi(calcd).
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Figure V.5. Radial distribution curves for 1-chloro-2-fluoro-
ethane. The experimental curve was calculated from a composite of the
average intensities with use of theoretical data for the region 0
1/11-s 3.00 and 1/A2 - 0.0025. The vertical lines have lengths

proportional to weights of the indicated distances.
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Figure V.7. Radial distribution curves for 1-bromo-2-chloroethane.

See legend to Figure V.S. Theoretical data was used for the intensity
region 0 5 1/A-15. 2.00.
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that the parameter values for the molecular frame are essentially

independent of model. A similar result was found for the other

molecules, as may be inferred from the difference curves of Figures

V.6 and V.7. There is therefore little point in listing structural

details from all the models and, somewhat arbitrarily, we have

selected the CP model for this purpose. Both it and the 2S model have

the advantage of an explicit representation of the amplitude of the

torsional motion for both conformers, but unfortunately in the latter

case it was not always possible to refine aA. There is a dis-

advantage to the CP model also in that it is difficult to incorporate

the rotational constant data. That is, it is difficult to refine the

V's subject to a constraint that they lead to a gauche potential

minimum at a torsion angle consistent with both the MW (for CFE and

BFE) and the ED data. In the end this constraint was relaxed; the

result is that the gauche minima calculated from the potential

functions for CFE and BFE are respectively about 3° larger and 3°

smaller than those obtained in the refinement of the torsion angle.

Parameter values for the CP model of BFE and BCE are found in Table

V.2 and detailed distance and amplitude data for all the molecules in

Tables V.3-5. A correlation matrix for the CFE results at -25°C is

given in Table V.6; matrices for the results at the higher

temperatures are similar. Correlation matrices for the lowest

temperature results of the other compounds are available in the

supplementary material.



88

DISCUSSION

Structures. As Table V.1 shows, the agreement between parameter

values for CFE obtained from the MW work and those from the present

study is generally quite good. There are significant differences,

however, in the values for r(CC) and r(CF) from the two investi-

gations: the difference between these distances is substantially

greater from the MW work. The reason for the difference is not

obvious, but it is likely due to slightly different assumptions about

hydrogen parameters. For instance, in the MW work the projections of

the bonds to carbon on a plane perpendicular to CC were assumed to

lie at angles of 120°, whereas our model leads to an average projected

HCF angle of 121.6°. We believe our values for r(CC) and r(CF) to

be the more accurate. Our structure provides a fit to within about 4

MHz of the azobsd values31 at all temperatures, and although we used

only the 79
Br data in the refinements, our BFE structure agrees with

the 81
Br constants to within less than 1 MHz. The MW structure,

which was adjusted to Bo values, fits somewhat more poorly: the

differences B0obsd - Bo calc for A, A, C are respectively 72, 5, and 7

MHz for the 35C1 isotope and -132, -74, and -70 MHz for the 37C1 one.

For BFE the MW estimate of the FCCBr angle is too small (Table

V.2), presumably because some of the numerous assumptions were a bit

wide of the mark.

Most of the bond lengths (Tables V.1-2) of the same type are

nearly the same from molecule to molecule. Notable among these is the

value of r(CC), which at 1.51 A in all the compounds is considerably
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Table V.2. Results for CP Models of 1-bromo-2-fluoroethane and 1-bromo-2-chloroethane

parameters

1-bromo-2-fluoroethane
1-bromo-2-chloroethane

20°C 150°C 350"C Mlo42 17°C 125' 302°C
r(C-H) 1.093(7) 1.072(8) 1.084(9) 11.0871 1.104(10) 1.097(7) 1.079(6)
<r(C-C,F)> 1.449(4) 1.456(4) 1.451(4) 11.4641
Ar(C-C,F) 0.114(10) 0.112(11) 0.117(7) (0.1411
<r(C- C1,Br)>

1.873(5) 1.872(5) 1.862(4)
Ar(C-CI,Br)

0.160(5) 0.157(5) 0.159(5)
r(C-C) 1.506(6) 1.512(8) 1.510(6) (1.5351 1.514(6) 1.516(6) 1.515(4)
r(C-F) 1.392(4) 1.400(5) 1.392(3) (1.394)
r(C-C1)

1.793(5) 1.793(5) 1.783(4)
r(C-Br) 1.936(4) 1.936(4) 1.939(5) (1.9501 1.952(6) 1.950(6) 1.942(5)
</CCH> 110.0(17) 110.0(19) 110.1(21) (108.31 111.7(19) 110.9(17) 111.2(13)
/CCBrA 110.0(5) 109.8(6) 110.0(9) 109.6(5) 109.6(5) 110.2(4)
/CCBrG 112.0(4) 112.1(5) 111.9(6) 1110.0) 112.4(36) 112.5(22) 112.7(14)
/CCF,C1A 107.9(6) 107.0(8) 107.8(10) 109.1(5) 109.2(5) 109.7(4)
/CCF,C1G 110.4(5) 109.7(6) 110.2(8) 1107.8) 111.7(36) 111.8(22) 112.0(14)
A</CCX>A_G -2.3(4) -2.5(5) -2.1(6) -2.7(37) -2.7(23) -2.4(15)
/XCCBrG 112.2(32) 112.1(67) 112.4(60) 106.63 (107.01 (108.01 (111.01
anti 63.8(62) 57.3(64) 51.3(46) 82.0(70) 72.6(107) 59.4(42)

V1 1.5(8) 2.3(13) 1.5(14) 5.1(16) 4.2(27) 3.1(14)V2 -0.5(7) -1.0(12) -0.2(15) -2.6(12) -1.9(21) -1.1(12)
Y3 3.3(13) 3.1(13) 2.7(14) 3.8(8) 3.6(15) 3.5(9)
R 0.104 0.124 0.113 0.106 0.099 0.086

See footnotes a, d-i, and 1 from Table 1. Ref 12. Gauche form. Except for /BrCCF
all values were assumed.
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Table V.3. Interatomic Distances
(r/A) and vibrational amplitudes (1/A) for CP model of

1-chloro-2-fluoroethane.

-25'C

1g

C -H
3

1.092(7) 1.106

C
I
-C

2 1.503(5) 1.506

C
2
-F

8 1.390(3) 1.392

C
1
-C15 1.783(3) 1.785

(C
2
.H

3
)
G 2.138(28) 2.146

(C2.H3)A 2.135(28) 2.142

(CI.H6)G 2.132(28) 2.140

(C 1.H
6
)
A 2.135(28) 2.142

(H
6'

F
8

)
G 2.023(27) 2.031

(H
6
.F

8
)
A 2.038(29) 2.045

(H
3
.C1

5
)
G

2.354(32) 2.361

(H
3
.C1

5
)
A 2.374(26) 2.380

(C 1.F
8

)

A 2.338(16) 2.340

(C
1
.F

8
)
G 2.386(6) 2.388

(G2.C15)A 2.688(13) 2.689

(C2.C15)G 2.721(6) 2.723

(H
3
.H

6
)
G 2.420(86) 2.432

(H
6
.C1

5
)
G 3.682(21) 3.687

(H
7
.C1

5
)
G 2.839(37) 2.845

(H3.F8)G 3.320(23) 3.325

(H4.F8)G 2.590(37) 2.596

(F8.C15)G 3.144(6) 3.146

(H6.C15)A 2.874(35) 2.878

(H3.F8)A 2.596(58) 2.601

(F8.C15)A 3.923(8) 3.924

lobs lcalc

(0.079] 0.079

1

0.056 0.049
(5)

0.055 0.047

0.057(4) 0.048

0.111' 0.107

0.112 0.108

0.111 0.107

0.112 0.108

0.109 0.105
(8)

0.109 0.105

0.116 0.112

0.115 0.111

0.073 0.069

0.070 0.066

1

0.078) 0.071
(7)

0.075 0.068

0.163

0.106

0.159

0.106

0.149

0.054

0.143

0.138

0.067

0.159

0.103

0.156

0.102

(10)0.145

0.050

0.139

0.134

0.063

95*C 360*C

8 lobs lcalc Lg L obs lcalc

1.104(6) (0.0791 0.079 1.111(7) (0.079] 0.079

1.513(5) 0.064 0.050 1.505(6) 0.061 0.053
(5) (6)

1.391(3) 0.063 0.049 1.397(3) 0.060 0.052

1.785(3) 0.061(4) 0.050 1.791(3) 0.066(4) 0.056

2.154(26) 0.111' 0.108 2.171(27) 0.112' 0.114

2.149(26) 0.112 0.109 2.167(27) 0.114 0.116

2.148(26) 0.111 0.108 2.166(27) 0.113 0.114

2.149(26) 0.112 0.109 2.167(27) 0.114 0.115

2.025(25) 0.109 0.106 2.011(27) 0.111 0.112
'(9) '(9)

2.038(29) 0.109 0.106 2.015(34) 0.110 0.112

2.356(30) 0.117 0.114 2.337(32) 0.122 0.123

2.377(24) 0.116 0.113 2.356(25) 0.120 0.122

2.345(21) 0.078 0.076 2.366(28) 0.090 0.092

2.389(6) 0.074 0.072 2.389(6) 0.085 0.086

2.688(16) 0.088 0.081 2.693(26) 0.106 0.100
(7) '(10)

2.725(6) 0.083 0.076 2.725(6) 0.099 0.093

2.446(82) 0.162' 0.161 2.511(85) 0.176 0.171

3.689(20) 0.108 0.107 3.708(20) 0.123 0.118

2.847(34) 0.171 0.169 2.869(35) 0.206 0.201

3.326(22) 0.106 0.105 3.347(22) 0.119 0.114

2.598(34) 0.156 (12)0.155 2.621(34) 0.185 (23) 0.18

3.145(6) 0.059 0.058 3.146(7) 0.078 0.072

2.881(32) 0.150 0.149 2.925(37) 0.177 0.172

2.611(59) 0.143 0.142 2.673(67) 0.167 0.161

3.923(10) 0.072 0.071 3.947(17) 0.093 0.088
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Table V.4. Interatomic Distances (ZJA) and vibrational amplitudes (VA) for CP model of
1-bromo-2-fluoroethone.

20'C 150"C 350'C

La rg
lobs Icalc Zg

lobs Lc.,c Zg lobs Alcac
C
I
-H

3
1.093(7) 1.108 0.069(8) 0.079 1.086(8) 0.070(9) 0.079 1.099(9) 0.088(10) 0.079

C
I
-C

2 1.506(7) 1.511 0.064 0.051 1.517(8) 0.062 0.053 1.514(6) 0.054 0.056
(9)

1

(11)

/
(9)C

2
-F

8 1.392(5) 1.3960.061 0.047 1.404(5) 0.056 0.048 1.396(4) 0.049 0.051
(C2.H3)c 2.146(22) 2.154 0.113 0.108 2.142(24) 0.107' 0.111 2.163(25) 0.114 0.116
(C

2
.H

3
)
A 2.149(22) 2.155 0.112 0.107 2.144(24) 0.105 0.109 2.165(25) 0.112 0.114

(C
I
.H

6
) 2.134(22) 2.143 0.114 0.109 2.132(24) 0.108 0.111 2.152(26) 0.115 0.117

C
I
-Br

5
1.936(4) 1.941 0.056 (8) 0.051 1.939(4) 0.051 (9) 0.055 1.947(5) 0.060 (8) 0.062

(C1.H6)A 2.142(22) 2.148 0.112 0.107 2.136(24) 0.106 0.109 2.157(25) 0.112 0.115
(H6.F8)c 2.041(23) 2.049 0.106 0.101 2.044(25) 0.099 0.102 2.032(31) 0.104 0.106
(H6.F8)A 2.050(22) 2.056 0.106 0.101 2.053(25) 0.099 0.101 2.039(30) 0.104 0.106
(H

3
.Br

5
) 2.498(22) 2.504 0.098' 0.110 2.491(24) 0.087' 0.113 2.488(27) 0.101' 0.119

(H
3
.Br

5
)
A 2.510(21) 2.515 0.096 0.108 2.504(23) 0.085 0.111 2.498(26) 0.099 0.117

(8)
(9) (9)(C

1
.F

8
)
A 2.344(8) 2.346 0.060 0.071 2.343(10) 0.054 0.079 2.349(12) 0.073 0.091

(CI.Ftpc 2.381(6) 2.383 0.057 0.068 2.384(8) 0.049, 0.075 2.384(9) 0.068 0.086
(C

2
.Br

5
) 2.830(8) 2.831 0.071 0.073 2.833(11) 0.083 0.084 2.838(15) 0.098 0.099A

(II)

/
(II) (II)

/
(C

2
.Br

5
)
G 2.864(7) 2.865 0.072 0.074 2.871(8) 0.085 0.085 2.870(11) 0.100 0.100

(H3.H6)c 2.416(67) 2.429 0.166 0.164 2.411(73) 0.160 0.168 2.463(80) 0.181' 0.177
(H

6
.8r )

G
3.830(16) 3.836 0.109 0.107 3.821(18) 0.106 0.113 3.841(18) 0.127 0.123

(H
7
.8r

5
)
C 2.965(20) 2.971 0.169 0.167 2.970(22) 0.181 0.188 2.985(21) 0.219 0.216

(H
3
.F

8
)
C 3.320(18) 3.325 0.106 0.103 3.309(21) 0.100 0.107 3.327(23) 0.118 0.115

(H
4
.F

8
)
G 2.596(25) 2.601 0.153 (13)0.151 2.588(28) 0.156 (17)0.163 2.610(31) 0.187 (22)0.183

(F
8
.Br

5
)
C 3.246(5) 3.247 0.055 0.053 3.246(6) 0.054 0.061 3.245(6) 0.076 0.073

(H
6
.Br

5
)
A 2.986(33) 2.990 0.148 0.146 2.983(36) 0.152 0.159 3.014(39) 0.183 0.179

(H
3
.F

8
)
A 2.610(38) 2.616 0.142 0.140 2.598(43) 0.143 0.150 2.635(50) 0.171 0.167

(F
8
.8r )

A 4.077(8) 4.078 0.067 0.065 4.079(10) 0.067 0.075 4.085(13) 0.091 0.088
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Table V.6. Correlation Matrix (x100) for Parameters of CP Model of 1-Chloro-2-fluoroethane at -25°C.

parameter
r3 E4 L5 L6 L7 L8 L9 L10 L11 V12 V13 V14 115 116 117 118 119

1 r(C-C1) 0.08 100 < 1 -29 -22 -15 -11 -15 <1 -15 2 -19 5 -4 8 -9 -11 -21 -12 -3

2 r(C-H) 0.23 100 -31 -21 5 17 -3 8 -3 27 -14 -3 <1 -7 -9 <1 <1 1 -9

3 r(C-C) 0.18 100 23 21 -5 -59 -32 17 25 -33 -7 5 -4 -2 16 31 20 4

4 r(C-F) 0.09 100 30 -7 3 -12 -30 12 -20 -6 4 -19 11 2 -3 6 -8

5 <(/CCH)> 71.8 100 62 26 -65 26 -8 56 -4 3 1 -7 15 32 16 8

6 /CCFA 36.0 100 37 -61 37 24 52 13 -13 -23 -8 23 -11 -22 -9

7 /CCFG 16.0 100 -8 100 -61 92 18 -16 5 -6 -10 -26 -25 1

8 /CCC1A 26.5 100 -8 21 -32 -11 14 7 8 -7 1 14 7

9 /CCC1 16.6 100 -61 92 18 -16 5 -6 -10 -26 -25 1

10 A<LCCX> 48.8 100 -56 23 -22 1 -12 -6 -25 -25 -3

11 iC1CCFG 158. 100 -13 13 -23 3 29 14 12 -5

12 V
1

29.0 100 -97 65 -20 -22 -22 4 27

13 Y
2

23.8 100 -61 18 19 19 -8 -14

14 Y3 49.6 100 -11 -31 -10 11 42

15 4(C1-C2) 0.16 100 20 42 31 11

16 t(C2.H3) 0.23 100 26 7 4

17 1(C1-C15) 0.11 100 36 13

18 i(C2.C15) 0.20 100 9

19 1(H3.H6)A 0.29 100

A Distances (r) and amplitudes (4) in angstroms; angles (L) in degrees. For numbering of atoms see Fig.V.1. For

explanation about grouping of amplitudes see text. 12 Standard deviations from least squares.
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shorter than the value 1.54 A taken to be representative of sp3sp3

CC bonds. Although a "fluorine effect" an increased shortening of

adjacent bonds that accompanies progressive substitution of hydrogens

by fluorine has long been known and rationalized in terms of rehybri-

dization and electronegativity effects, 32 such shortenings are less

well documented for the other halogens. The following accounts

qualitatively for the observations. The CC bond length in CFE is

nearly the same as in 1,2-difluoroethane 1 and in BFE and BCE it is

slightly longer. In terms of the effects mentioned, this bond in

1,2-difluoroethane is shorter than in ethane (1.533(2) A33) because

electron flow to the electronegative fluorine atoms confers more s

character to the bonds formed by carbon; hybrid sp2 bonds, for

example, are shorter than sp3. Repulsion of the positively charged

carbon atoms arising from the polar CX bonds 34 tends to elongate

the bond, but the effect is overwhelmed by the effect of rehybri-

dization. In CFE both effects are smaller than in 1,2-difluoroethane

and the distance is unchanged. From CFE through BFE to BCE the

rehybridization becomes progressively less while the carbon atom

charges remain similar and the distance increases.

The bond angles in our molecules are also similar when compared

for the same conformations; however, the CCX angles for each molecule

are appreciably larger in the gauche than in the anti forms. It is

likely that the larger gauche CCX angles are a consequence of steric

repulsion that operates more strongly in this form than in the anti.

Molecular mechanics results are in agreement with this idea: in the

gauche forms of CFE and BFE the CCF angles are calculated to be the
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larger by 1.0° and 1.2°, in CFE and BCE the CCC1 by 0.8° and 2.1°, and

in BFE and BCE the CCBr by 0.7° and 1.8°. Our ab initio results

(reasonably reliable only for CFE) also predict larger angles for the

gauche form. Although steric interactions of the type X..Y and X..H

are in balance in each of the gauche forms, the balance is expected to

be obtained at different gauche torsion angles in the different

molecules. A qualitative indication of the relative values of these

angles may be had from a comparison of the X..Y and X..H gauche

distances with the van der Waals contacts. In CFE and BFE the

measured and vdW distances for X..Y are about equal, but in BCE the

measured Br..C1 is smaller than the vdW value by about 0.2 A.

Although the data of Table V.2 do not contain a refined value for

LFCCBrG for BCE, refinements of our 2C and 2S models of the three

molecules lead to a slightly smaller torsion angle for BCE.

Thermodynamic Properties of the Systems. The gauche form of each

molecule is found to be present in smaller amount than the anti, and

the gauche amounts are increased at the expense of the anti with

increased temperature. Familiar methods were used to interpret the

rotameric compositions of the systems as functions of temperature.

Figure V.8 shows plots of the function RlnK - R1n2 -AE°/T + AS° that

were fitted by least squares to the observations weighted by their

uncertainties. The values of AE° = E°G E°A and VG - S°A (note that

the statistical degeneracy of the gauche form has been removed from

the latter) are given in Table V.7. The internal energy difference of

the two forms is seen to be greatest for BCE and least for CFE. These

results have interest in connection with the gauche effect which, as
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Figure V.8. Temperature dependence of the conformational
composition of 1-chloro-2-fluoroethane

(CFE), 1-bromo-2-fluoroethane
(BFE) and 1-bromo-2chloroethane (BCE). The error bars are estimated
2o.
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described in the introduction, is an all-or-nothing affair (gauche

forms have greater stability when geminally situated bonds of suf-

ficient polarity are present). If the product of the atom electro-

negativities is taken as a measure of the tendency for stabilization

of gauche forms at the expense of anti, the increase in the value of

these products is found to be nicely correlated with a decrease in AE°

throughout the following series of 1,2-dihaloethanes: 1,2-dibromo-

ethane2b (7.8, 2.20(14) kcal/mol), BCE (8.4, 1.34(28) kcal/mol),

1,2-dichloroethane2a (9.0, 1.05(10) kcal/mol), BFE (11.2, 0.57(26)

kcal/mol), CFE (12.0, 0.44(27) kcal/mol), 1,2-difluoroethanel (16.0,

-1.76 kcal/mol).

Potential Functions. Figure V.9 shows curves of the three-term

potential functions V laVi(l - cosi0). The interhalogen distances

at the cis position for the three molecules are smaller than the van

der Waals contacts by 0.83 A (BCE), 0.70 A (BFE), and 0.62 A (CFE),

which suggests that the cis barriers should have relative values in

the order BCE > BFE > CFE. The barrier heights calculated from the

potential functions are given in Table V.7 and are seen to be in fair

agreement with prediction.

Torsional wave numbers for each of the conformers were estimated

from the usual expression w (27c) -1
(iso/G0

-1
)

1/2 where the force

constants were evaluated from 82 3j3o 2
at the minima and G0-1 for the

anti (gauche) forms was equal (in g2mo1-1rad-2) to 11.6 (11.6) for

CFE, 12.7 (13.7) for BFE, and 19.2 (24.9) for BCE. The results, given

in Table V.7, are in good agreement with observation.

Registry Nos. CFE: 762-50-5; BFE: 762-49-2; BCE: 107-04-0.
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Figure V.9. Torsional potentials V - cos i4) for

1-chloro-2-fluoroethane (CFE), 1-bromo-2-fluoroethane (BFE) and

1-bromo-2-chloroethane (BCE).
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Table V.7. Energy and Entropy Differences; Torsional Potential

Constants, Force Constants and Frequencies; and Rotational Barriers

for Conformers of 1-Chloro-2-fluoroethane, 1-Bromo-2-fluoroethane, and

1-Bromo-2-chloroethane.2.

Item CFE BFE BCE

AE° = EG°-EA° 0.44(27) 0.57(36) 1.34(28)

AS° = SG°-SA° R1n2 -0.10(70) -0.58(83) 0.20(58)

V1 1.66(108) 1.68(116) 4.00(190)

V2 -0.96(90) -0.57(114) -1.85(150)

V3 3.55(64) 3.08(134) 3.56(106)

wA
calc

123(19) 112(17) 94(17)

wA
obsd

126 1234

calc
wG 128(36) 109(31) 86(27)

obsd
wG 142-q 126 1074

Barrier(A+A) 5.21(232) 4.76(238) 7.56(272)

-Quantities in parentheses are estimated 2a. - Units: kcal/mol for

iE °, V,and the barriers; calmo1-1K-1 for tiS °; cm-1 for w. -CRef 8.

Ref 17.
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Introduction

At room temperature, 95% of gaseous 1,2-difluoroethane was found

to be in the gauche form from gas-phase electron diffraction;1 this

was explained in terms of the "gauche effect".2 On the other hand, a

similar study3
of 1,1,2,2-tetrafluoroethane found that 84% was in

the anti form at -20°C, even though the numbers of (FF)g distances

in the anti form vs the gauche are two to three. 1,2-Dichloroethane

was also investigated by gas-phase electron diffraction 4,5 and was

found to be 80% anti at 20°C. The energy difference AE Ea°-Eg°

was determined to be -1.05(10) kcal/mol. 1,1,2,2-Tetrachloroethane

(see Figure VI.1, here after TCE) has drawn special attention since

1940's. Various techniques were used to investigate the distribution

of rotational conformers and the energy difference between these

conformers. A dipole-moment measurement 6 of gaseous TCE led to the

conclusion that the energy difference was zero with an uncertainty of

about ±0.2 kcal/mol. Langseth and Berstein,7 from the Raman spectrum

of the liquid and its variation with temperature, concluded that the

two forms differed in energy (Ea°-Eg°) by -1.1 kcal/mol. IR

spectra of diluted TCE in non-polar solvent 8 led to the value AE

-0.28 kcal/mol. Karagise reported AE -0.3 kcal/mole from the IR

spectrum of liquid and crystalline state. 9 Several attempts have

been made, by use of molecular mechanics or by classical energy

calculations, to determine the energy difference; examples are AE

-0.0510 , -0 60 11 and -0.88 kcal/mol. 12
Electron diffraction was

also used to investigate TCE in the early 1940's when this technique



gauche anti

Figure VI.1. Atom numbering for anti- and gauche-1,1,2,2-tetrachloroethane.
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was in its infant state. Schomaker and Stevenson13 suggested that

both conformers were about equally stable, a conclusion consistent

with an energy difference of zero in gaseous phase. 6
'

14 Hassel and

Viervol115 had interpreted their electron-diffraction data as

showing the conformer oscillating about the anti position to be the

only one of importance. A series of studies have been done in this

laboratory to deduce the energy and entropy differences of different

conformers from the measurement of conformational equilibria at

different temperatures by electron diffraction. We felt that it was

time to settle the matter of these two different conclusions from the

two very old electron-diffraction investigations.
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Experimental Section

The sample of TCE with purity of 98% was obtained from Aldrich

Chemical Co. and was distilled under reduced pressure (50 mm-Hg)

through a 30-cm column packed glass helices. A middle fraction was

collected (bp 64°C) for the diffraction experiments. The boiling

temperature was essentially unchanged throughout the distillation.

The diffraction experiments were carried out in Oregon State

University apparatus at nozzle temperature of 45, 120 and 200°C. Other

experimental conditions were r3 sector; 8x10 in. Kodak projector

slide plates (medium contrast) developed for 10 min in D-19 developer

diluted 1:1; 0.27-0.42 pA beam currents; 20-50 seconds and 60-180

seconds exposure times for the long and "middle" camera distances

respectively; 0.05701-0.05722 A electron wavelength calibrated in

separate experiments against CO2 (ra(C-0) 1.1646 A, ra(00)

2.3244 A]; 750.49-mm and 300.53-mm nozzle-to-plate distances at 45°C,

750.40-mm and 300.40-mm at 120°C, and 749.95-mm and 300.26-mm at

200°C; 1.4-2.1 x 10-6 Torr ambient apparatus pressure during exposure.

Eight plates from the long camera distance and seven from the

middle camera were selected for analysis. The ranges of intensity data

were 2.0 s/A-1 12.00 (long) and 9.00 7.5 s/A-1 5 31 (middle); the

data interval was 0.25 A-1. Procedures for obtaining the total

intensities s4I
t (s) and the molecular intensities sIm(s) have been

described. 16,17 Figure VI.2 shows the s41t(s) curves and the

calculated background for the preferred model at 200°C experiment.

Similar figures for the preferred model at different temperatures as
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well as the intensity and background data are available as supplementary

material.
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Figure VI.2. Intensity
curves. Experimental total intensity

curves,s 4It(s), from individual plates are shown superimposed on

the final calculated backgrounds. The average curves, sIm(s),are

from the total intensities minus backgrounds times s. The theoretical

curve corresponds to 2C model at 200°C of Table VI.1. The difference

curves are experimental minus theoretical.
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Structure Analysis

Fig.VI.3 shows the final radial distribution curves, which were

calculated from intensity curves by Fourier transformation of function

I' (s) sImZciZc(AciAc) lexp(-0.0025s 2) . Data in the unobserved or

uncertain region 0 5 s/A-1 < 2 were taken from theoretical

calculations. Amplitudes and phases for all calculations were taken from

tables. 18

The numbering of atoms both for the anti and gauche conformers are

given in Figure VI.1. The structure of the anti conformer (C2h

symmetry) can be readily defined by six parameters: r(C-C), r(C-H ),

r(C-C1), (LCCH)a, (LCCC1)a, (LC1CC1)a. If we ignore the small

difference of bond length between the anti and gauche conformers while

taking the difference of angle into account, then the structure of the

gauche conformer (C2 symmetry) can be defined by the six parameters

given above and another four parameters: DIF(LCCH) LCCHg - LCCHa,

DIF(LCCCL) LCCCL8 - LCCCLa, DIF(LC1CC1) LC1CC1g - LC1CCla and the

torsional angle Tor(LHCCH).

The 2C, 2S and CP model types, which have been described in

detail in the previous work, 1 were used in the structure analysis.

Geometrical parameters common to the three models were the ten

parameters given in the above section. In addition, for the 2C model

the composition of gauche vs. anti was required; for the 2S model the

composition and the root-mean-square torsional amplitudes of the

gauche and the anti conformers ag and aa, (9 conformers near

gauche and 9 near anti at the interval 0.5 ag and 0.5 as were
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Figure VI.3. Radial distribution curves. The experimental curve

was calculated from a composite of the average curves of Figure VI.2

with addition of theoretical data from each model for s < 2.00 A-1

and with the convergence factor B equal to 0.0025 A2. The

difference curves are the experimental minus the theoretical.

denotes the pairs of anti conformer.
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used); and for the CP model the coefficients V1, V2, and V3 in

the three-term cosine potential functions (45 conformers were used, 15

near the anti and 30 near the gauche with a torsion-angle interval of

5.5°).

The distance conversion from geometrically consistent set of

distances ra to the set of r
a used to calculate the scattering

intensity was calculated according to the equation

raT r 0 + (3/2)a3[(12 )T -
(12)0] st.T KO

-
0(12)T/r

/ a (1)

The calculation of mean square amplitudes 12, perpendicular

amplitude correction le, and centrifugal distortions Sr were carried

with use of the program ASYM20 19 from this laboratory, using

approximate symmetrized quadratic harmonic force fields for anti

(C2h symmetry) and gauche (C2 symmetry) conformers. For the Morse

anharmonicity constant a3 we used the values 2.0 A-1 for all the

bond distances; for nonbond distances a3 was set equal to zero. The

force fields were adjusted to fit the 18 fundamental wavenumbers

observed20 '

21
for each of conformers to an accuracy of at least 98%.

The calculation for the 2S and CP models were based on the force field

of the 2C model with the exclusion of the torsional mode to yield the

frame quantities. The definition of symmetry coordinates, the

calculated force constants, the agreement between observed and

calculated wavenumbers, the calculated values of 1, Sr and le, and

the details of force-fields calculation are given in Appendix 3.

The structure refinement was carried out by least squares 22 in

the usual manner fitting the theoretical intensity curves to the

experimental ones. It was found during the structure analysis that
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the parameter DIF(LCCH) was not reliably refined. Various values of

DIF(LCCH) ranged from -5° to +2° at increment of 1° were tested and at

last fixed at -2°C, the value which gave the best fit. The value from

our ab initio calculation at the HF/4-31 G** level is -2.2°. In the 2S

model, it was found that aa could not be reliably refined and it was

assigned the value estimated from ltor In the CP model the V3

value of 120°C was fixed at the average value of V3 from 45°C and

200°C.

The amplitudes were refined in groups according to the corres-

ponding peaks in the radial distribution curve for the torsion-

insensitive amplitudes. All the torsion-sensitive amplitudes were

combined into two groups, those from 2.8 A to 3.7 A in one group and

those near 4.3 A in the other. The differences among amplitudes of

each group were set at the calculated values. The calculated values

have been used to the nonrefinable groups. The grouping of the

amplitudes and the final results for the 2C model are given in Table

VI.2.
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Results and Discussion

The results of structure refinement are presented in Table VI.l

and Table VI.2. Because of the high potential barrier to torsion in

this molecule, the simple 2C model gave as good a fit as the others

and we chose it as our preferred model. Table VI.3 is the correlation

matrix for the 2C model at 45°C; the others are similar. Our choice of

the 2C model as the final model is rather arbitrary, but the differ-

ences in R values (the quality-of-fit factor) for the different models

at each temperature are so small that they may be considered as

essentially equal. The parameters common to all models are consistent

within the uncertainties at each temperature. It will be clear that

the torsional properties derived from different models are in very

good agreement.

From Table VI.1 and Table VI.2, it is seen that the distances and

amplitudes for the bonds change very little with temperature changes.

However, the amplitudes of the nonbond distances increase slightly

with increasing temperature.

The comparison of C-C and C-F bond lengths in 1,2-difluoroethane

(DFE), 1,1,2,2-tetrafluoroethane (TFE) and hexafluoroethane (HFE)

shows interesting trends: the C-C bond lengths increase while the C-F

bond lengths decrease in the series (see Table VI.5). It was seen from

Table VI.5 that a similar trend also occurs in the series 1,2-di-

chloroethane (DCE), TCE, and hexachloroethane (HCE). The lengthening

of the C-C bond throughout the fluoroethane series was explained in

terms of increasing Coulombic repulsion between the carbon atoms



Table VI.1. Structural Results for 1,1,2,2 -Tetrachloroethanel'tl

parameters

45°C 120°C 200°C ab initio

4-21G**
2C 2S CP 2C 2S CP 2C 2S CP

r(C-C) 1.536(7) 1.532(7) 1.532(7) 1.544(8) 1.543(8) 1.541(6) 1.538(6) 1.536(7) 1.535(6) 1.529
(C -N) 1.096(20) 1.097(20) 1.099(19) 1.096(19) 1.096(20) 1.099(20) 1.088(19) 1.086(18) 1.088(18) 1.076

r(C-Cl) 1.766(2) 1.766(2) 1.766(2) 1.767(2) 1.768(2) 1.767(2) 1.767(2) 1.767(2) 1.767(2) 1.768
(LCCH)a 108.2(21) 107.7(22) 107.9(22) 108.2(25) 107.8(25) 107.8(25) 109.5(26) 108.7(25) 108.6(22) 110.2

108.8(8) 109.4(7) 109.5(7) 108.4(11) 108.9(10) 109.2(8) 108.6(7) 109.2(9) 109.2(8) 110.5
:4LCCI:a), 107.2(10) 107.4(8) 107.3(9) 107.8(19) 107.9(22) 107.5(18) 106.8(13) 106.9(11) 107.1(11)

DIF(LCCH) (-2.0] (-2.01 (-2.01 (-2.0] (-2.01 (-2.01 (-2.01 (-2.0] (-2.01 -2.2
DIF(LCCCO 2.2(10) 1.7(12) 1.6(11) 2.4(14) 1.8(16) 1.5(12) 2.1(12) 1.6(15) 1.7(14) 0.9
01F(LC1CC1) 4.5(11) 4.3(10) 4.4(10) 3.7(23) 3.6(26) 4.2(22) 4.9(13) 4.8(11) 4.7(11)

Tor(LHCCH) 114.7(23) 115.4(51) 115.5(52) 114.2(24) 113.4(41) 115.0(57) 114.2(29) 115.2(57) 115.5(70) 115.5
% anti 30.2(87) 31.1(67) 30.9(80) 28.1(97) 29.4(99) 28.7(63) 31.8(77) 33.1(64) 32.8(63)

(SIGMA)e (7.01 (7.5] (8.51

(SIGMA)9 6.9(14) 6.5(29) 8.4(16)

V1 3.24(218) 3.45(221) 3.25(265)
V2 - 3.17(206) - 3.50(223) - 3.16(249)

V3 10.7(189) (11.01 11.4(184)

Rd 0.0436 0.0420 0.0411 0.0435 0.0429 0.0438 0.0424 0.0397 0.0395



Table VI.2. Interatomic Distances (r) and vibrational amplitudes (1) for 2C model of

1,1,2,2 -tetrachloroethane.

45°C 120°C 200°C

r
0

-a g
1lobs 1

-calc lobs
1
-calc 1g lobs lcalc

C
1
-H

3
1.096(20) 1.110 [0.078] 0.078 1.110(19) [0.078] 0.078 1.101(16) [0.078] 0.078

C
1
-C

2
1.536(6) 1.539 0.055 0.052 1.548(8) 0.057 0.053 1.542(6) 0.055 0.054

1
(3) (4) (4)

C
1
-C1

4
1.766(2) 1.770 0.054 0.051 1.773(2) 0.057 0.053 1.772(2) 0.056 0.055

(H3.C14)a 2.401(16) 2.408 0.095' 0.108 2.411(23) 0.109 0.110 2.398(21) 0.112 0.112
(C1.H6)a 2.148(37) 2.155 0.095 0.108 2.162(41) 0.109 0.109 2.167(36) 0.111 0.111

(18) (22) q19)
(H

3
.C1

4
)
g

2.354(15) 2.361 0.099 0.112 2.367(17) 0.114 0.114 2.351(15) 0.117 0.117
(C

1
.H

6
)
g

2.122(37) 2.129 0.095 0.109 2.136(41) 0.110 0.110 2.141(36) 0.111 0.111
(C14.C15)a2.842(18) 2.845 0.061 0.068 2.853(36) 0.071 0.073 2.839(21) 0.071 0.079

(7)

1
(9) (7)

/
(C1

4
.C1

5
) 83.923(8) 2.925 0.061 0.068 2.925(12) 0.072 0.074 2.927(9) 0.072 0.080

(Continued)



(Table VI.2 continued)

(C1.C18)a 2.688(12) 2.690 0.076 0.078 2.693(27)'0.081 0.084 2.691(21) 0.088 0.090
(5) (7) (6)(C

1
.C1

8
)
g

2.724(7) 2.726 0.071 0.073 2.729(11) 0.075 0.078 2.725(12) 0.081 0.08.4
(H6.H3)a 3.045(64) 3.054 0.130' 0.130 3.060(67) 0.130 0.131 3.064(58) 0.132 0.132
(H6.C14)a 2.835(41) 2.840 0.158 0.158 2.834(59) 0.166 0.166 2.854(53) 0.175 0.175
(C15.C17)a3.201(30) 3.204 0.153 0.153 3.199(66) 0.169 0.170 3,210(45) 0.186 0.186
(H

6
.C1

4
)
g

2.797(39) 2.802 0.152 (18)0.152 2.799(59) 0.158 (21)0.159 2.814(58) 0.167q18)0.167
(H

6
.C1

5
)
g

3.663(30) 3.667 0.104 0.104 3.671(31) 0.105 0.106 3.670(26) 0.109 0.109
(C1

4
.C1

7
)
g
3.318(16) 3.321 0.130 0.130 3.330(44) 0.143 0.144 3.321(49) 0.157 0.157

(C1
5'

Cl
7

)
g
3.242(56) 3.245 0.135, 0.135 3.225(61) 0.148 0.149, 3.227(76) 0.162, 0.162

(C14.C17)a4.281(15) 4.283 0.069 0.071 4.284(33) 0.077 0.077 4.283(26) 0.081 0.084
(6)

1
(9) (8)(C1

4.
Cl

8
)
g
4.316(12) 4.318 0.074 0.076 4.320(24) 0.083 0.083 4.316(25) 0.087 0.090



Table VI.3. Correlation Matrix (x100) for Parameters of 2C Model AT 45°C.

parameter 013
K2 K3 L4 L5 L6 L7 L8 L9 110 111 112 113 114 115 116 '217

1 r(C-C)

2 r(C-H)

3 r(C-C1)

4 (LCCH)a

5 (LCCC1)a

6 (LC1CC1)a

7 ZHCCH

8 DIF(LCCC1)

9 DIF(LC1CC1)

10 1(C-H)

11 1(C-C)

12 1(H3.C14)a

13 1(C14.C15)g

14 1(C1.C18)a

15 l(H6.H3)a

16 1(C14.C17)a

17 a C

0.20

0.61

0.03

67.4

41.8

30.0

198

63.8

34.6

0.58

0.04

0.53

0.22

0.17

0.57

0.28

2.85

100 -13

100

4

-10

100

- 5

45

12

100

27

9

- 9

25

100

- 4

- 8

-14

-41

-28

100

-56

- 5

- 1

-29

-88

36

100

-44

- 6

6

-27

-97

36

95

100

11

10

6

37

53

-88

-49

-56

100

8

- 5

- 2

1

3

- 3

- 5

- 4

2

100

-31

- 5

6

- 7

-12

- 4

15

13

- 8

2

100

16

6

- 5

0

3

21

1

2

-20

- 1

- 3

100

-16

-12

- 5

-27

-61

57

47

58

-87

0

26

14

100

31

- 4

- 2

29

72

-65

-79

-79

66

6

8

-14

-43

100

-57

- 2

- 2

-21

-83

11

94

88

-33

3

23

0

43

-62

100

35

6

- 3

18

91

-15

-80

-88

47

3

-12

- 1

-63

58

-83

100

5

6

2

- 4

45

30

-20

-32

16

- 3

-23

1

-57

-10

-39

62

100

Distances (r) and amplitudes (1) in angstroms; angle (L) in degree. For numbering of
atoms see Fig. 1. For explanation about grouping of amplitudes see text.

12 Standard deviations from least squares.

Composition of anti and gauche conformers.
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arising from the positive charges transfered to them by the highly

polar character of C-F bonds.1 According to this explanation, it is

expected that the lengthening of C-C bond throughout the chloroethane

series will be smaller, because the C-Cl bond is less polar than C-F.

A molecular orbital theory calculation at MNDO level 23 gives the net

charge on carbon atom +0.19, +0.38 and +0.58 (the unit is the absolute

value of an electron charge) in the fluoroethane series cited above,

and +0.09, +0.14, and +0.18 in the chloroethane series. The observed

bond length values given in Table VI.5 agree well with prediction

based on these charges.

If the shortening of the C-F bond in the fluoroethane series is

attributed to the partial double-bond character arising from resonance

structures that are similar to those postulated for the fluoromethane

series, then one expects that the shortening of the C-Cl bond

throughout the chloroethanes will be smaller. In tetra- or hexahalogen

substituted ethanes the effect of induction of double-bond character

between the carbon atom and one halogen atom by the partial ionic

character of another halogen atom is expected to be much more

important for fluorine-substituted ethane than for molecules

containing chlorine for two reasons: first, the C-F bond has a larger

amount of ionic character (43 percent) than C-Cl bond (6 percent), and

second, multiple bonds with first row atoms are more stable than those

with heavier atoms. 26 From Table VI.5, it is clear that the result

for C-Cl bond length in chiororethane series is exactly as expected.

From Table VI.1, it is seen that the composition of the anti form

is almost independent of the temperature. It indicates that the anti
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form and the gauche form have similar energies in the gaseous phase,

as was suggested by Schomaker and Stevenson.13 The AE° = Ea°- E °

value (see Table VI.4) estimated from the slope of van't Hoff plot

(see Figure VI.4) of our preferred model is 0.11 kcal/mol; the results

from the other models are nearly the same. The value of AS° from this

experiment is 0.00(27) calK-1mol-1. As mentioned before, all the

previous spectroscopic studies of this molecule were based on con-

densed states or on solutions, for which it was realized, the relative

stability of anti and gauche conformers would be different from that

in the gas. Our AE° value 0.11(34) kcal/mol agrees well with the value

in the gas obtained from the dipole-moment method. The value from our

ab initio calculation at HF/4-31 G** level is 0.1 kcal/mol.

The potential function of torsion is described by using a three-

term cosine functionl characterized by the three parameters V1,

V2, and V
3'

V(1)) (1/2) E Vi(1 - cosi4). i-1, 2, 3. (2)

For the 2C model, the calculated amplitude of the torsion-sensitive

atomic pair C14C18 in the anti form and C15C18 in the gauche

form with and without inclusion of the torsional mode was used to

estimate the root-mean-square torsional amplitudes aa and ag. The

procedure to get V1, V2, and V3 from aa, ag, AE°, and the

torsional angle Tor(IHCCH) for the 2C and 2S models has been described

in previous work. 27 The final results together with estimated

uncertainties are given in Table VI.4. The Vi values for the CP

model given in Table VI.4 were the average values of Vi from three

different temperatures. From these Vi values the potential curves
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Table VI.4. Energy and Entropy Differences, Torsional Constants and

Frequencies, and Rotational Barriers for Conformers of

1,1,2,2-tetrachloroethane.a'b

model type 2C 2S CP

E
a °-Eg ° kcal/mol

S °-S ° cal mol -1 K-1

V1, kcal/mol

V2, kcal/mol

V3, kcal/mol

-1cmwg,

-1cmwa,

a-g barrier, kcal/mol

g-g barrier, kcal/mol

0.11(32) 0.11(27) 0.14(34)

0.00(84) 0.07(70) 0.12(91)

4.07(64) 3.75(136) 3.32(240)

-3.89(42) -3.60(114) -3.28(220)

10.95(54) 10.52(246) 11.0(186)

85(4) 84(4) 85(8)

82(5) 81(5) 83(5)

9.08(64) 8.78(261) 9.42(250)

15.14(84) 14.38(281) 14.48(304)

a
Parenthesized quantities are estimated 2a.

2C, 2S and CP are respectively two-conformer model, two sigma

model, and cosine potential model.
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Table VI.5. Comparison of Bondlengtha'b

compounds r(C-C) r(C-F) r(C-C1) ref.

1,2-difluoroethane 1.503(ra) 1.389(ra)

1,1,2,2-tetrafluoroethane 1.518(ra) 1.350(ra) 2

hexafluoroethane 1.545(rg) 1.326(rg) 24

1,2-dichloroethane 1.531(ra) 1.790(ra) 6

1,1,2,2-tetrachloroethane 1.537(ra) 1.770(ra)

hexachloroethane 1.564(ra) 1.769(ra) 25a

1.57(1) 1.74±0.01 25b

a
average value from different temperature bondlengths are in

angstroms. this work.
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were calculated according to eq.2 and are plotted in Figure VI.5. The

potential barriers to torsion were estimated from the minimum and the

maximum points on these curves. The barrier value 9.08(64) kcal/mol

for anti to gauche from our preferred model is slightly lower than the

value 10.2 kcal/mol from the IR and Raman21 work and the value of

9.48 kcal/mol from the molecular mechanics calculation. 12 The

barrier for gauche to gauche 15.14(84) kcal/mol is slightly higher

than 12.0 kcal/mol from the IR and Raman work21 and agrees very well

with 15.2 kcal/mol from the molecular mechanics calculation.12 From

Table VI.4 and Figure VI.5 it is clear that the barriers estimated

from the three models are pleasingly consistent.

The torsional frequencies are estimated from the harmonic

approximation w (2wc) -1
(lypi)1/2, where kcD is the force

constant for torsion, and pi is the reduced moment of inertia for

the torsional mode. The k's are estimated from the curvature (second

derivative) of the potential curves at the gauche angle for the gauche

form and at the anti angle for the anti form. The estimated kci,

values for the anti conformer are 49.14 (2C), 42.86 (2S), and 32.62

(CP), and for the gauche 56.39 (2C), 48.26 (2S), and 35.04 (CP)

kcalmol-1 rad2 respectively. The pi values are 75.96 for the

anti conformer and 82.97 gA. 2 mol -1 rad -2 for the gauche. It is

seen from Table VI.4 that the estimated torsional frequencies from

three different models are pleasingly consistent and are in excellent

agreement with the observed values 84 cm-1 (anti) and 88 cm-I

21(gauche) from an IR and Raman spectroscopic study.
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Introduction

Some years ago a gas-phase electron-diffraction investigation of

2-fluoroethanoll (Figure VII.1; hereafter FE) was reported from this

laboratory as one of the earliest in a series of studies of internal

hydrogen bonding in disubstituted ethanes. The gauche form was

expected to predominate over the anti, and in order to increase the

amount of the latter in the conformational mixture the experiment was

done with the sample vapors at 156°C, the higher end of the

temperature range accessible with the nozzle in use at that time.

Even so, the amount of the anti conformer was too small to be detected

with certainty; statistical tests on the diffraction data led us to

conclude that there exists less than 10% of the anti form in FE at

this temperature. This result is quite different from the 15-25% anti

found at a similar sample temperature in 2- chloroethanol2'3 and was

attributed to a stronger gauche-stabilizing internal hydrogen bond in

FE.

Other results cloud this simple picture. For example, in

1,2-difluoroethane4-6 where internal hydrogen bonding cannot exist,

the gauche conformer has also been found to predominate: the

anti-gauche ratio is about 10% at 203°C. 5 This "gauche effect" 7

operates most strongly between vicinally situated, very

electronegative atoms or groups, among which are those that also tend

strongly to form internal hydrogen bonds.

Our studies of the 1,2-disubstituted ethanes are intended to

accumulate data about the anti/gauche ratios with the ultimate object
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gauche ant i

Figure VII.1. Atom numbering for gauche and anti forms of

2-fluoroethanol
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of assessing the relative importance of internal hydrogen bonding and

the gauche effect in the stabilization of gauche forms. A partial

answer to this question in the case of the 0HF bond is obviously

related to the structural and compositional properties of the FE vs.

1,2-difluoroethane systems. The earlier study of FE did not provide

measurements of these properties, particularly the mixture

composition, with sufficient precision for the purpose. Since then a

new nozzle has been built that allows sample gases to be heated to

much higher temperatures, affording the possibility for generation of

the anti form in amounts large enough to be detected. Further,

improvements in our computational techniques for structure analysis,

such as the use of rotational constants and dipole-moment

components8 (both of which have been measured for FE 9 ) together

with the diffraction data as observables, promised to resolve other

ambiguities of the early study. The ambiguities from the earlier

study included some necessary assumptions: the difference between the

nonresolvable C-0 and CF bond lengths, the value of LCOH, and the

value of the CCOH torsion angle that determines the position of the

Ho atom. These considerations have led us to reinvestigate the FE

system.
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EXPERIMENTAL SECTION

Materials. The samples of FE were obtained from Sigma Chemical

(new data) and K. & K. Laboratories (data from the early study). The

purity of the samples was >95%; the likely impurity was water.

Apparatus and Procedure. Mass spectrometric experiments showed

that the sample gas could be safely heated to 240°C without thermal

decomposition. New diffraction experiments were done with the Oregon

State apparatus with the nozzle tip at 20°C and 240°C. Other

experimental conditions were r 3 sector; 8x10 in Kodak projector

slide plates (medium contrast) developed for 10 min in D-19 developer

diluted 1:1; 0.36-0.62 AA beam currents; 90-180 s exposure times;

electron wavelength, 0.05649-0.05654 A calibrated in separate experi-

ments against CO2 (ra(C-0)=1.1646 A, ra(003) - 2.3244 A); nozzle-to-

plate distances, 747.25 mm and 298.08 mm for the 20°C experiments and

747.05 mm and 298.05 mm for the 240°C ones; 5x10 -6 Torr ambient

apparatus pressure during exposure. Data for the 156°C experiments

are found in the earlier article. 1

Five plates from the 20°C experiment and six from the 240°C one

were selected for analysis. Also, five of the plates made at 156°C in

the early experiment were retrieved for reanalysis: improvements in

our microphotometric equipment suggested better quality data might be

obtained from these plates. The scattered intensity distributions

were obtained by procedures previously described. 10 Experimental

backgrounds were calculatedll and subtracted to yield molecular

intensity data. The data range from the longer camera distance was
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2.00 5 s/A-1 5 12.00 and from the shorter distance 7.00 5 s/A-1 5

30.00. The data interval was As 0.25 A-1. Curves of the total

scattered intensities (s 4 It(s)), the final backgrounds, and the aver-

aged molecular intensities (sIm(s)) for the 240°C data are shown in

Figure VII.2. Similar curves for the 20°C data are shown in Figure

VII.4 in the supplementary material. Those for 156°C data are

virtually identical to the curves presented in the first article .1

Radial distribution (RD) curves were calculated in the usual way 10

from the function I'(s) sl ZcZF(AcAF)-lexp(-0.002512). Modified

electron scattering amplitudes Ai = s2Fi and phases for these and

other calculations were generated from tables. 12 The final

experimental RD curves are shown in Figure VII.3. There is a weak

feature, designated 1'-8, in these curves near 3.6 A where the 0...F

distance in the anti conformer of FE is expected. The feature has the

largest area in the curve from the highest temperature, but evidently

the amount of the anti form even at this temperature is very small.
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Figure VII.2. Intensity curves. The experimental total

intensities, s 4It(s), multiplied by 5, are shown superimposed on

the final backgrounds. The averaged curves, slm(s), are in the

form sfs4It(s) - bkgd). The theoretical curve corresponds to the

240°C model of TableVII.2.The difference curve is experimental minus

theoretical.
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STRUCTURE ANALYSIS

Vibrational Corrections. Because we were to make use of the

microwave data for FE in the structure analysis, it was necessary to

harcalculate terms for the conversions Bo B
z

(B
z BO + Ea /2) and

0 0 2 T 2 0r r (r r - / Jr r + (3/2)a[(/ ) - (/ ) ] + SrTa a a g a

+ K° - (/
2

)
T
/r). The Morse anharmonicity constants a were given the

value 2.00 A-1 for all bonds and were set to zero for nonbonds. The

harmonic quantities ahar , amplitudes /, centrifugal distortions Sr,

and perpendicular amplitudes K were calculated with the program

ASYM20. 13
A set of quadratic force constants consisting of

combinations of bond stretching, angle bending, and torsional

constants was constructed from molecules similar to FE and adjusted to

fit, with an accuracy of at least 98%, the 21 fundamental wavenumbers

assigned to the gauche conformer from IR spectroscopy. 14 Since no

vibrational frequencies were available for the anti conformer, the

same force field was used to estimate the corrections for it. The

calculated differences between distance types are seen in Tables VII.1

and VII.2, and those between types of rotational constants in Table

VII.4. Details of the force field may be obtained from the authors.

Refinement Conditions. The parameters used to define the

molecular geometry were the distances and angles listed in the first

column of Table VII.1. The structure was refined by least squares in

the usual way15 to fit simultaneously the electron-diffraction

intensities and, for the normal species of the gauche conformer, the

three rotational constants and the three dipole-moment components.9
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The dipole vector in FE was considered to be the resultant of group

moments for -CH2OH and -CH2F. The moment for CH2OH was assigned

the magnitude (1.70 D)16 and direction (55.6° with respect to the

C-0 bond) 17
found for CH3OH. This group moment was resolved into

two "bond" components, one directed along the C-0 bond comprising an

-CH2OH fragment and the other along the H-0 bond. The group moment

for CH2F was assigned the magnitude found for CH3F (1.90 D)18

and a direction along the C-F bond; it was regarded to be the C-F

"bond" component. The dipole-moment components of FE in the principal

axis system were calculated from these "bond" components and, in

fashion similar to the rotational constants, compared to the observed

values (Aa - 0.38 ± 0.02 D, Ab - 1.47 ± 0.01 D, Ac - 0.0 D)9 used to

aid refinement of the structure. The relative weighting of the three

kinds of observables, always a problem because of differing magnitudes

and uncertainties, was set for the final refinements to the approxi-

mate ratio Zw.1B.
1
2:E(s.I.(s)) 2 :Z1 w.A

i
2 = 1,000,000:300:1. The rotational-1-1

constants were weighted equally, but the weights of the dipole-moment

components were set relatively to pla:pb:Ac - 1:1:5 because Ac was

found to be much more sensitive to LCCOH than the others. These

weightings permitted, primarily, the diffraction data to dominate the

determination of the heavy atom positions, and the rotational

constants and dipole-moment components to dominate the determination

of the torsion angles and the hydrogen atom positions.

Beside the skeletal parameters just mentioned, there is an

anti-gauche composition parameter and a large number of vibrational

parameters corresponding to the many interatomic distances. The
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latter were refined in the usual way, some individually and some in

groups as indicated in Table VII.2. Differences between amplitudes in

a group were taken from calculated values. It was found that the 0H

and CH bond amplitudes did not refine to reasonable values and

accordingly they were set at the calculated values. Because of the

small amounts of anti conformation at the two lower temperatures, the

composition parameter could also not be refined. The values assigned

to this parameter are discussed in the following section.

In the previous study it was not possible to refine

simultaneously the highly correlated distance pair r(C-0) and r(CF),

nor the angles LCOH and LCCOH under any conditions. The angles were

fixed at the values assumed in the microwave work (105.8° and 55.5°)

and r(C-0) was assigned the value 1.418 A. In our present study,

despite the additional spectroscopic data, it was found that LCOH

could still not be refined, but with the assumption LCOH = 105.8°

(the value reported for CH30H 17 ), all other structural parameters

could be refined simultaneously.
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Figure VII.3. Radial distribution curves. The experimental curves

were calculated with use of theoretical data from the final models

for the unobserved region s < 1.75 A-1. The damping coefficient B

was equal to 0.0025 A 2.
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Table VII.1. Parameter Values of 2-Fluoroethanol for Experiments at

Different Temperatures.1

Parameter
Best model

20°C 156°C 240°C
r
a
o

Laa
r-

r(C -0) 1.426(16) 1.432 1.431(12) 1.419(27) 1.427(10)

r(C-C) 1.513(6) 1.518 1.510(4) 1.515(5) 1.513(4)

r(C-F) 1.393(24) 1.398 1.389(12) 1.403(25) 1.386(10)

<r(C-H2O-H)> 1.074(18) 1.091 1.068(4) 1.073(4) 1.082(4)

Ar(C-H2O-H)il 0.148(36) 0.137 0.138(11) 0.143(11) 0.164(8)

LCCO 112.3(14) 112.0(10) 111.9(21) 112.9(7)

LCCF 108.5(8) 108.9(10) 108.8(21) 108.3(7)

LCOH [105.8] [105.8] [105.8] [105.8]

LHCH 111.7(50) 109.6(20) 113.4(23) 112.0(19)

LOCCF 64.0(8) 64.2(4) 64.1(4) 63.6(4)

LCCOR -54.6(78) -58.1(54) -53.1(60) -52.7(50)

Z(anti)A [0.01] [0.05] 0.098(67)

Rf 0.047 0.050 0.042

A Distances (r °) in Angstroms, angles (42) in degrees.

Quantities in parentheses are estimated 2a uncertainties; quantities

in square brackets were assumed. Uncertainties estimated to be

equal to those for r °. Equal to [4r(C-H) + r(0-H)]/5.

LI Equal to r(C-H) - r(0-H). A Mol fraction of anti

form. f R = [EwiAi2/Ewi(siIi(obsd))211/2 where Ai = siIi(obsd)

siIi(calcd).
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RESULTS AND DISCUSSION

Parameter values obtained from refinement of the structure are

contained in Tables VII.1 and VII.2. The correlation matrix for the

240°C experiment is given in Table VII.3. Those for the remaining

experiments are similar; details may be had from the authors.

We note first that, largely because of the augmentation of the

diffraction data with the spectroscopic observations, our results are

much more complete than the earlier ones based on the 156°C data. 1

The two sets of parameter values are otherwise in excellent

agreement. Table VII.4 shows the good agreement with the results of

the spectroscopic measurements 9 provided by our structures; the

similarly good fits to the diffraction data are seen in the curves of

Figures VII.2 and VII.3.

The r
cc structure of FE is affected by temperature to the extent

of the temperature dependence of centrifugal distortions br and the

anharmonicity corrections <Az>. These changes are predicted to be

much smaller than the experimental uncertainties for the parameter

values. The good agreement of the measurements at the three

temperatures is consistent with this prediction and allows calculation

of a "best model" comprising weighted averages of the three sets of

ra bond-distance and angle values. The model appears in Table VII.1

together with values for the corresponding rg bond-length parameters

that we judge will be of comparable reliability for molecules at

25°C. One notes that the bond lengths and bond angles involving the

heavy atoms in FE show little if any effect of the existence of an



Table VII.2. Distances (r) and Vibrational Amplitudes (2) for 2-Fluoroethanol.A

20°C

a 2

156°C

g a

240°C

g

For both conformers

C-0 1.436(12) 1.434 0.054 1.424(27) 1.422 0.055 1.434(10) 1.431

C-C 1.514(4) 1.512 0.056 (8) 1.519(5) 1.517 0.057 (6) 1.520(4) 1.517

C-F 1.393(12) 1.391 0.052 1.407(25) 1.405 0.053

C-H 1.110(4) 1.105 [0.078] 1.116(5) 1.110 [0.078]

0-H 0.985(10) 0.980 [0.070] 0.986(11) 0.981 [0.070]

C
4
.0 2.441(16) 2.439 0.069 2.434(28) 2.432 0.076

C5 °F 2.361(15) 2.359 0.067 (12) 2.375(26) 2.373 0.074 (12)

C4.419 2.567(44) 2.557 0.164 2.523(57) 2.510 0.178

}

C5.119 1.940(13) 1.933 0.119 1.931(26) 1.923 0.119

6
2.141(6) 2.135 0.112 2.138(9) 2.132 0.112

7

F.11
2

2.055(15) 2.049 0.109
(8)

2.060(33) 2.054 0.108

0 11 2.073(14) 2.067 0.110 2.055(29) 2.049 0.110

C
4

.1i

0.060

0.062 (6)

2.352 0.074 (10)

2.530 0.183

1.392(10) 1.390 0.058

1.129(4) 1.123 [0.0781

[070)0.978(9) 0.973

2.454(10) 2.452 0.077

2.354(10)

2.543(36)

1.932(12) 1.923

2.147(5) 2.140

2.065(13) 2.058

2.073(12) 2.066

0.131

0.123

0.119

0.120

(8)



( Table V11.2 continued)
For gauche conformer

F.0 2.866(4) 2.860 2.867(4) 2.860

0..H
3

2.663(19) 2.649 0.194
(10)

2.635(25) 2.620

F.H
7

2.581(27) 2.572 0.148 2.568(50) 2.557

F.H
9

2.489(39) 2.477 0.176
(14)

2.450(38) 2.434

0.H
2

3.373(13) 3.368
(35)

3.362(21) 3.358

FH
6

3.302(15) 3.297 0.127 3.316(26) 3.312

For anti conformer

2.866(3) 2.856 0.175
(12)

0.204 2.673(15) 2.652 0.237
(14)

0.161 2.565(20)
(14)

0.1941 2.462(29)

3.391(9)

0.116
(32)

3.307(9)

2.554
(12)

2.445 0.201

3.384
(51)

3.300 0.155

F'0 3.635(4) 3.633 (0.0681 3.638(5) 3.637 (0.0761 3.634(4) 3.632 (0.081)
F'.H

6
2.609(22) 2.602 2.622(41) 2.613 2.605(14) 2.595

0.H2' 2.690(14) 2.684 0.131
(13)

2.689(25) 2.679 0.156
(13)

2,711(9) 2.701 0.159
(11)

F'.H9 3.826(28) 3.822 (0.130) 3.807(35) 3.800 (0.163) 3,806(22) 3.798 (0.170)

AValues in angstroms. Quantities in parentheses are estimated 2o, those in square

brackets were adopted from force field calculations, those in curly brackets were refined as
groups. -Refined in same group with C4.0, C5F, and C4H9.



Table VII.3. Correlation Matrix (x 100) for 2-Fluoroethanol at 240°C.

a

rl 12 13 14 15 L6 .L7
L8 L9 Z10 L11 112 113 114 115 X16

1. r(C-0) 0.37 100

2. r(C-C) 0.12 -10 100

3. r(C-F) 0.36 -99 10 100

4. <r(C,O-H)> 0.13 9 4 - 9 100

5. Ax(C,0-11) 0.29 -10 6 10 -34 100

6. L(C-C-F) 25.8 53 -26 -54 7 - 8 100

7. L(C-C-0) 26.0 -53 < 1 53 - 1 7 -93 100

8. L(0-C-C-F) 12.8 -15 -10 16 - 9 -13 -26 6 100

9. L(C-C-0-H) 176. -21 -16 20 -18 7 -21 14 26 100

10. BH-C-H) 68.5 -11 60 18 56 < 1 -23 11 -27 9 100

11. /(C-0) 0.21 -95 - 1 96 -12 12 :48 51 14 24 10 100

12. /(C0) 0.33 -36 3 37 < 1 2 51 -52 - 8 - 2 6 39 100

13. /(C11) 0.22 -21 15 23 10 1 15 -17 -19 6 29 24 51 100
14. /(F0) 0.435 - 4 -26 1 - 5 - 4 10 - 7 17 13 -25 5 10 -13 100
15. /(0.H) 1.79 - 1 6 1- 1 1 6- 8 - 5 4 6< 1 11 3 20 100
16. A(anti) 2.37 2 10 - 2 2 1 4 - 6 -10 2 11 - 3 6 2 21 61 100

4Standard deviation (x 100) from least- squares refinement. Distances (x) and ampli-

tudes (1) in Angstroms; angles (L) in degrees.



144

Table VII.4. Experimental and Calculated Rotational Constants,

Dipole moment Components and Hydroxyl Hydrogen

atom Coordinates

Experimental-
Calc'd from final models

20°C 156°C 240°C

Az 15,859.97 15,860.17 15,860.17 15,860.16

5,400.26 5,401.22 5,400.59 5,400.87

z 4,522.18 4,521.35 4,522.44 4,521.58

0.38 0.55 0.59 0.63

1.47 1.40 1.42 1.41

0.0 0.22 0.11 0.10

aH 0.9304 0.997 0.944 0.975

bH 1.3168 1.288 1.282 1.274

cH 0.0 ± 0.1 -0.074 -0.006 0.002

ARotational constants are in megahertz, dipole moments in debye,

coordinates in angstroms. - Reference 9. so values are A 15,875.18

Mhz, B = 5,409.26 Mhz, C = 4,525.83 Mhz. Bo - Bz differences calc-

ulated from the force field. Bz = 505379/I
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internal hydrogen bond; their values are similar to those in related

molecules such as fluoroethane (MW:19 CC = 1.505(5) A, CF

1.398(7) A, LCCF = 109.7(5)°; ED:2° CC = 1.502(5) A, CF = 1.397(4)

A, LCCF - 110.4(2) A), 1,2-difluoroethane4-6 (ED: CC 1.503(3) A,

CF 1.389(2) A, LCCF = 110.3(1)°, and 2- chloroethanol21 (ED: CC =

1.516(5) A, C-0 - 1.421(5) A, LCCO 111.5(6)°). The FH0

distance is about equal to the van der Waals value (2.55 A).

In other work on similar (gauche = anti) systems of conformers we

have determined the internal energy- and entropy differences from a

van't Hoff plot of the function -RlnK(T) m AU0/T - AS° [K = Xa/(X8)].

This method cannot be applied to FE because the mole fraction of the

anti form at the two lower temperatures was too small to measure.

However, a rough estimate of the energy difference may be obtained as

follows. There is a two-fold skeletal degeneracy of the gauche form

relative to the anti. The Ho atom may be assumed to be fixed in one

position in the gauche form due to the internal hydrogen bonding, but

in the anti there are three potential minima derived from rotation

about the C-0 bond. Since the calculated vibrational and rotational

contributions to the entropies of each conformer are very nearly

equal, their entropy difference will arise only from these statistical

factors. With la0
- Sgt R(1n3 - 1n2) 0.81 calmo1-1K-1 and

K(240°C) (0.098/0.902), AU° = -RT1nK + TAS° is found to be 2.7(+1.8,

- 1.0) kcal/mol, where the uncertainty includes the effect of

uncertainty in the measurements of mole fraction, and of uncertainty

in AS° as implied by the assumed arbitrary range 0.0

AS°/calmo1-1K-1 2.0. The value agrees (rather fortuitously)
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with our earlier guess of AU° > 2.8 kcal/mol).1 It also agrees

with the result from spectroscopic measurements 22 of band

intensities in CC14 solution (DUO 2.07 ± 0.53 kcal/mol).

However, the spectroscopic results also include AS° = 3.6

calmol -1
1(

-1
, which, assuming negligible temperature dependence of

AU° over our temperature range, leads to the prediction of a

substantially greater amount (28%) of the anti form at 240°C than we

observe. The discrepancy may be attributed to entropy effects in

solution that are quite different from those in our gaseous mixture.

There remains the question of the energy of the 0-11...F hydrogen

bond. As we have pointed out, both the gauche effect and the internal

hydrogen bond are expected to contribute to the greater stability of

the gauche form of FE, and the relative importance of these effects is

not known. The importance of the gauche effect increases as the

polarity of the two bonds in question increases, i.e., in the

1,2-disubstituted ethanes as the electronegativites of the bonded

groups increases. Since the electronegativity of the fluorine atom

(4.0) is slightly greater than that of the hydroxyl group (3.7), the

gauche effect is expected to operate more strongly in 1,2-difluoro-

ethane than in FE. Based on the the energy difference of the two

forms in 1,2-difluoroethane (1.76(51) kcal/mol), 5 a crude estimate

of the magnitude of the gauche effect in FE is 1.0 kcal/mol. If

internal hydrogen bonding and the gauche effect contribute additively

to the stabilization of the gauche conformer in FE, our estimated

conformational energy difference leads to an internal hydrogen-bond

energy no greater than about 2.2 kcal/mol. Such a value is rather
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small. For example, one expects the energy of an 0-11C1 internal

hydrogen bond to be smaller than 0HF; however, we estimate the

value in 2-chloroethanol to be about 2.4(2) kcal/mo1.23 We are

inclined to be skeptical of our FE result which is dependent on a

number of arbitrary assumptions. Unfortunately, sample decomposition

at higher nozzle temperatures prevented us from carrying out

experiments that would have given a more reliable results for the

conformational energy difference.
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Appendix 1: Theory and Experiment of Molecular Structure

Determination by Gaseous Electron Diffraction

This appendix consists of three parts: in the first the theory of

electron diffraction by gaseous molecules is briefly described, in the

second details of the experiment are given, and in the third the data

analysis as done in the OSU laboratory is discussed. Many review

articles about vapor-phase structural studies by electron diffraction

are available:1-3 this appendix is intended to provide the reader

not familiar with electron diffraction the information necessary to

understand the main part of this thesis.

Theoretical Principles.

By solving Schrodinger's equation set up for one electron scat-

tered by a spherically symmetric force field, one can obtain the ex-

pression for the scattered intensities, I(0), by an atom:

1(0) iolf(8)12/R2
(1)

where I0 is the incident beam intensity, 20 is the scattering angle,

and R is the distance from the scattering center. f(9) is called the

atomic scattering factor or scattering amplitude and it is a complex

quantity with magnitude If(0)1 and phase, r(8):

f(0) if(0)1ein") (2)

The scattering factors describe the power of an atom to scatter
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electrons. Instead of using the scattering angle 0, use of a varible s

has turned out to be more convenient. The definition of s is

s = (4r/A)sin(0). (3)

The values of f(s) may be determined by the partial wave method4 in

quantum mechanical analysis. Inelastic scattering factors S(s) have a

meaning which similar to that of the elastic factors f(s). Tabulated

values of f(s), t(s), and S(s) are available.5

The total intensity of electrons scattered by a molecule,

Itot (s), can be represented as the sum of two terms. One is often

called the atomic intensity, Iat(s), and the other is usually called

the molecular intensity, Im(s). Thus,

Itot(s)
s Iat(s) + Im(s).

The atomic intensities depend on the elastic and the inelastic

scattering factors, fi(s) and Si(s), respectively, for atom i.

2 M
1

Iat(s) (Io/R ).1 (If-(s)I
2
+ [4/(a02s

4
)]Si(s))

where a
o is the Bohr radius, M is the number of atoms in the

molecule, and R is the distance from the scattering center. The

molecular intensities for a rigid molecule may be written as

2 M M
Im(s) (I0/R

)i ihij.sin(riis)/(riis)

(4)

(5)

(6)



where r.j is the internuclear distance between atoms i and j, and

hij Ifilifj1 .cos(qi - qi).

164

(7)

To include the interatomic vibration the molecular intensities may be

replaced by

2 M M
Im(s) (Io/R )JjElhij1 [Pii(r)sin(rs)/(rs)]dr (8)

where Pij(r)dr gives the probability that the distance between the

atom i and j lies in the region r and r + dr. If we assume that only

first two terms are used in an expansion of the 1/r factor, and a

distance distribution corresponding to the ground state of the Morse

oscillator is used, then eq(8) becomes

M M
Im(s) (Io/R

2
)i jEihii(s)sin[ (rii - li2i/rii Kiis

2
) ]

.exp(-1/21i2js
2

) /(rijs) (9)

where lij is a root-mean-square amplitude of vibration, and icij

may be called an asymmetry constant which is related to the constant a

in the Morse potential by Kij = (alij 4)/6. Usually x is very

small. If we asuume c = 0 and use another type of distance
rij ..

rij - 1.. 2/r.. (the r
a type distance; see Appendix 2), then

eq(9) becomes

2 M M 2 2 ,Im(s) (Io/R ) 2 hii.sin(riis).exp(-1/21iis
i +j =1

It is an important property that eq(8) resembles a Fourier

(10)

transform. Thus if one defines the modified molecular intensities,
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I'(s), by

I'(s) = sIm(s)/hij(s), (11)

then for a diatomic molecule I'(s) is the Fourier transform of P(r)/r:

I'(s) = const I: [P(r)sin(rs)/r] dr (12)

Consequently, by inversion:

D(r) = P(r)/r = const JO [I'(s)sin(rs)] ds. (13)

Eq(13) is the basis for defining the so-called radial distri-

bution curve (RD-curve) of electron diffraction by Fourier trans-

formation of the modified molecular intensity. In a polyatomic mole-

cule there is more than one function of the type hij and it is no

longer possible to bring about the separation of variables as in the

rearrangement from eq(11) to eq(12). However, it is known that the

function f.(s)/Zi changes relatively slowly in form as one changes

the atomic number Zi. If all of the elements present in a molecule

have very similar atomic numbers, the phases ni(s) will be suffi-

ciently similar so that cos[ni(s) - nj(s)] can be set to unity for

all s. Then one can write

hkl(s) = hij(s)ZkZi/ZiZj. (14)

For a general molecule, one can define the modified molecular

intensity as
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I'(s) = sIm(s)[ZkZ1/(Ifk(s)lifi(s)1)]. (15)

Usually the atoms k and 1 for the most important terms in the

molecular intensity sIm(s) are used. The RD-curve is calculated from

the modified molecular intensity I'(s) according to eq(13) by numeral

integration. Using the approximations mentioned ( eq(14) and ni =

rip and eq(10) for Im(s), we have

D(r)
o

Z..(Z.Z./r..)exp(-1/22.s2).sin(sr)sin(sr..)ds
3 13 L3 13

E(ZiZi/rip(exp[-(r-rii)2/21ii] - exp[-(r+rij)2/21ii]) (16)

D(r) = Z(niiZiZj/rii).exp[-(r-rii)2/21ii]. (17)

The RD-curve is seen to be a sum of Gaussian peaks. If there isn't any

overlap of different interatomic distances, each peak is centered

about ri and has area proportional to n Z.Z./ in whichij j
r.

1 ij

nib is the multiplicity of the distance TheThe root-mean-square

amplitudes can also be estimated from the RD curve with use of

0.5 exp[-Ar 2q(21. 2]n ij (18)

where Ark is the half width of the peak at half height.

Apparatus and Experiment.

A typical electron-diffraction apparatus consists essentially of

a chamber which can be evacuated, equipped with an electron gun, an

electron optical system for aligning and focusing the beam, and an

intensity recording system. The schematic of the main chamber of the

OSU electron diffraction apparatus is shown in Figure A1.1. The
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electron gun at the top (omitted in the figure) is followed by an

aperture (b) for collimating the beam, by a hand-controlled shutter

(c) for exposure control, by a magnetic lens (d) that carries a

diaphragm with an opening serving as a limiting aperture for the

electrons, by two pairs of electrostatic deflector plates (e) for

centering the beam, by the nozzle (g) that introduces the gas stream,

by the rotating sector (1), and finally by the photographic plate (m).

The nozzle-to-plate distance can be set at about 75 cm (long

camera), 30 cm (middle camera), and 12 cm (short camera) which

corresponds to the 20 range 1.0 to 6.5°, 3.0 to 16.6°, and 11.0 to

30.4° respectively if the 8 x 10 inch plates are used. The exact

distances can be measured to within 0.02 mm with a travelling

microscope. The rate of flow of the gaseous sample through the nozzle,

as judged by the chamber pressure and determined by the scattering

from the alignment screen, can be regulated by the valve on the sample

holder and/or by controlling the sample temperature. The temperature

of the nozzle tip can be adjusted6 by heated gas (usually air) that

flows in a confined annular space surrounding the sample inlet tube,

and can be measured through a thermocouple fixed to it. The gaseous

sample that passes through the nozzle is captured by a liquid-nitrogen

cooled trap. The high energy beam of electrons is scattered by the

molecular beam entering the chamber through the nozzle. The diffrac-

tion pattern consists of a set of concentric rings of varying

intensity.

It is clear from eq(1) that the scattered intensities fall off

sharply with increasing scattering angle. The fall-off factor of the



Figure A1.1. Diffraction Chamber
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total intensities is 1/s 4
, and the variation of intensity will be

roughly 104:1 over an observation range 1 s/A-1 35. Therefore

the photographic plates would be blackened beyond saturation close to

the center of pattern before any intensities can be recorded outside

if the plates were to be directly exposed. To compensate for this

unfavorable experimental feature of photographic recording, a rotating

sector is mounted a few millimeters above the photographic plate. The

center of the sector is concentric with the center of the diffraction

pattern. A cup (beam stop) is located at the center of the sector to

capture and ground out the unscattered portion of the electron beam.

The sector was designed to make the angular opening (6) approximately

proportional to the cube of the radial coordinate (r) measured from

the center of the sector: /3 = cr3
, where c is a constant.

The developed photographic plates are scanned on a modified

Joyce-Loebl microdensitometer 7 that is controlled by a computer. 8

The measured attenuation of a narrow beam of white light as it passes

through the photographic emulsion on the plate is output as a

digitized signal that is scaled within a counting range 0 - 40950

('raw data'). At the same microdensitometer settings a step tablet of

known density is scanned immediately after tracing each plate in order

to calibrate and obtain the "absolute" optical density as a function

of distance across the plate. The counts for two appropriate steps are

written on the 'raw data' file.

Data Analysis

1.Data Reduction.

The counts for the two steps and the standard optical density for
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these two steps are used to calculate a conversion factor g from

counts to absolute optical density:

g = (d2 - di)/(c2 - cl) (19)

where d2, d1 and c2, cl are the standard optical densities and

counts for the two steps respectively. Therefore the absolute optical

density De for each point r of the plate will be

De(r) = g x C(r). (20)

Because the response of the photographic emulsion to electron

exposure is non-linear, it is necessary to make a correction to the

photographic density in order to get a quantity that is directly

proportional to the scattered intensity. This correction is known as

the 'blackness correction' and is found by experimental means.9

D'(r) = De(r) x [1.22762 - 0.47249De(r) + 0.24487De(r)2] (21)

The center of the curve (the trace consists of two halves

symmetric about the plate center) can be found by a least squares

method to minimize the square of the differences between first

derivatives of equivalent points in the two halves of each trace. The

first derivative for each point is estimated from the densities of 11

points near the point in question.

The curve has to be changed from one obtained as a function of
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distance from the center of the plate to one that is a function of s.

The Bragg angle 9 (29 is the scattering angle) in eq(3) is calculated

for each point from the camera parameters. The relativistically cor-

rected wavelength A is calculated from

A = h(2eVmo[1 + eV/(2m0c2)])-1/2 (22)

where e is the charge of an electron, h is the Plank's constant, V is

the accelerlating voltage, m0 is the rest mass of an electron, and c

is the speed of light. A four-term polynomial of third order in

increment of s is used to interpolate the data at increments of As

0.25.

Several additional corrections have to be considered. The sector

function a is calculated according to

a(s) = cr3 + y(s) (23)

where y(s) is the the experimental correction value for the

irregularities in the edge of the sector, r is the distance from the

center of the sector, and the constant c takes the value of 4.93056 x

10-6. Since the photographic plates are flat, a correction term

cos 3
(29) is also needed. It is found more convenient for extraction

of the molecular structure sensitive part of the scattered intensity

to use a function s4 Itot (s) defined by

s
4Icot [Ip (s).s

4
]/[a(s).cos3 29], (24)
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where I is intensity measured on the photographic plate and

Itot (s) is the corrected scattered intensity.

As a final step the s41
tot (s) curves obtained from each half

of the scan are averaged.

2. Modification and Interpolation of Atomic Scattering Factor

The atomic elastic scattering factor has to be corrected by the

relativistic factor R(s) given by

R(s) = moc2/(m0c2 + V) (25)

where m0 is the rest mass of electron, c is the speed of the light,

and V is the accelerating voltage. It is convenient to define a modi-

fied atomic scattering factor as

Ai(s) (a0/2)s21fi(s)1, (26)

where a
o is the Bohr radius. Eq(5) becomes

M
s
4
Iat(s) k. Z

1 1
[I .(s)I

2
+ Si(s)]

Eq(10) can be rewritten as

M M
s
4
Im(s) kEEGii(s)sin(rijs).exp(-1/21i 2

is )/(rijs
itj-1

where k is a constant [ k = 41
o
/(a

o
2R2) from eq(5) and

eq(8)], and

Gij(s) (a0/2)2hii(s)s 4

(27)

(28)
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(ao/2) 2s2Ifi(s)ls2Ifi(s)lcos[ni(s) - ni(s)]

lAi(s)11Aj(s)lcos[ni(s)-ni(s)]. (29)

Most of the tabulated f(s) and n(s) values are given at 1.0 increments

of s, and the voltages are usually different from the experimental

voltage. Tabulated S(s) is given at 0.005 increment of s /4ir. It is

necessary to interpolate these data for use in the structure calcula-

tions. A linear relationship is usually used for the voltage inter-

polation. A three- or five-term polynomial is usually used for the

interpolation of scattering and phase factors.

3.Calculation of the Atomic Scattering Intensity and G functions.

The atomic scattering part, eq(27), and the Gij function part,

eq(29), are independent of the molecular structure. They are

calculated by using eq(27) and eq(29) before carrying out the

structure analysis.

4.Subtraction of the Background.

As is indicated by eq(4), the total scattering intensity

theoretically consists of the atomic scattered intensity Iat(s) and

molecular scattered intensity Im(s). Iat(s) is independent of the

molecular structure and often referred to as the theoretical back-

ground. In practice, unavoidable scattering from parts of the appa-

ratus such as apertures also contributes to the total scattered

intensity. Therefore the total scattered intensity from experiment

will be

Itot I at + I app + Im (30)



or

where

s
4
Itot s

4
Ib s

4
Im

Ib a Iat Iapp
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(31)

(32)

(b refers to background). Only the Im term contains molecular

structure information. It is necessary to subtract the background from

the total intensity before the structure analysis. In older times this

was done by plotting the total scattering on a large scale and drawing

a smooth curve through the fluctuations representing the molecular

scattering. A computer program has been written by Lise Hedberg10 to

calculate and subtract the background. In the initial background

subtraction, there isn't any information about the molecular structure

and the program positions the background in a way that leaves equal

areas of the fluctuations from the molecular scattering above and

below it; the process is quite similar to the process of background

subtraction drawn by hand. The resulting experimental molecular

intensity curves can be used to determine the main bond lengths and

bond angles (see section 6). From this structural information a crude

theoretical intensity curve can be calculated according to eq(28).

This theoretical intensity curve is scaled and subtracted from the

total experimental intensity, then the program calculates the back-

ground to fit fluctuations in the difference in a manner similar
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to that for the first step. For the plates obtained at the long camera

distance (low s values case) the program fits the background using the

s
4
Iat calculated from eq(27), plus a polynomial chosen as third or

fourth degree in s; for those obtained at the middle and short cameras

(large s values), the program uses only a polynomial, usually eighth

and tenth degree in s, respectively. The scale factor for the atomic

scattering and the coefficients of the polynomial are determined

simultaneously by a least squares procedure. Such backgrounds are

quite satisfactory and the experimental molecular intensity may be

used to determine the complete structure. The second procedure is

nearly always repeated just before the final structure refinement.

5. Average and Radial Distribution Curves

The experimental molecular intensity curves obtained from each

plate are scaled and often averaged according to camera distance to

form average molecular intensity curves. The averaged curves can then

be scaled and connnected to form a continuous molecular intensity

curve (a composite curve) from the minimum s value to the maximum s

value of the experiment.

To get the RD-curve described by eq(17), the modified molecular

scattering intensity I' is first calculated:

I'(s) ss4Im[ZkZ1/(Ak(s)Al(s))] (33)

(I'(s) here is different from that in eq(15) by a scale factor of

4/a02 because Ak(s) (a0/2),Ifk(s)i.s2 .) The range of the

data must be from s = 0 to infinity according to eq(13). However,
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smin is always greater than 1 A-1 due to interference by the beam

stop and smax is usually smaller than 60 A-1. Data points missing

from 0 s < smin bend the zero line of the Fourier transform.

Theoretical points from the best theoretical models can be added in

this range in order to keep the zero line straight; such an addition

has no effect on the refinements. An exponential damping foctor

exp(-bs2 ) is used to reduce the effect of series-termination errors;

b is a constant which is chosen in such a way that exp(-bsmax2 )

equals some empirically determined value, e.g 0.01 or 0.1. The

integration is done numerically by summation at intervals As 0.25

A-1:

sm ax
D(r)/r (2/r) As E I'(s)exp(-bs2)sin(rs). (34)

s==0

Eq(34) is used to calculate both theoretical and experimental RD-

curves.

6.Structure Analysis

From the RD-curve a preliminary model of the structure can be

constructed. The structure refinements are carried out by least

squares based on adjusting theoretical intensity curves calculated

from eq(28) to fit the experimental average molecular intensity

curves. It has been described in detail. 11
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Appendix 2. Definitions and Relationships of Various

Interatomic Distances

Introduction

The geometry of a molecule can be characterized in a qualitative

way by the shape and symmetry of the molecule. A quantitative charact-

erization consists of the three-dimensional positions of the atoms

that constitute the molecule or, more descriptively, the bond

distances, bond angles and angles of internal rotation, or in a way

that only uses the interatomic distances. These two types of

characterization (qualitative and quantitative) are often called the

two levels of molecular geometry. Among the various physical tech-

niques that can be used only to the first level, are vibrational Raman

and IR spectroscopy, measurement of dipole moment, magnetic measure-

ments, NMR, and mass spectrometry. Microwave spectroscopy (MW), rota-

tional Raman and IR spectroscopy, electron diffraction (ED), X-ray

diffraction (XD), and neutron diffraction (ND) are useful at both

first and second levels. Thanks to the power of the gradient or force

techniquel, it has recently become possible to compute molecular

geometry at the second level by ab initio methods.

For a precise interpretation of molecular structure, it is often

necessary to compare the structural parameters obtained from different

methods, and it is often profitable to make joint use of data from

these methods. However, one must pay attention to the following

aspects when such a comparison or joint use is being made. Firstly,

the state of the sample is obviously important. The molecule in gas

phase will translate, vibrate and rotate, and the intermolecular
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interaction can be neglected under low pressure. However, in the

crystal, the intermolecular interaction is important and it will

affect the distance measurements. Secondly, the differences in the

interactions of sample with type of radiation may result in different

structural parameters. For instance, in crystal structures studied by

XD, ND and ED, it is sometimes observed that the structural parameters

obtained by XD and ND for the same crystalline compounds differ by

more than the limits of experimental error. As X-rays are almost

entirely scattered by the electrons of the atom, XD provides the

electron-density distribution. Accordingly, the interatomic distances

determined correspond to the distances between the centers of gravity

of the electron density distribution. ND, on the other hand, provides

the density distribution of the atomic nuclei. The third diffraction

technique, ED, is capable of determining the charge density

distributions (nuclei and electrons) of atoms and molecules and

yielding primarily the positions of the atomic nuclei. These and other

factors mean that different types of interatomic distances are

observed from different techniques. In this appendix, the different

types of interatomic distances that used in the gas-phase molecular

structure will be discussed. The definitions of different interatomic

distances will be given in the first section. In the second section

the relationship between different types of interatomic distances will

be discussed. In the third section we will briefly describe how to

convert the interatomic distances by using theoretical calculation or

experimental observation. Finally, the comparision between the inter-

atomic distances obtained from different methods will be addressed.
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Definitions of different interatomic distances

Rotational spectroscopy and gas-phase electron diffraction are

the two main techniques to determine gas phase molecular structures.

In MW and rotational Raman and IR spectroscopy, the structural

parameters are derived from the observed rotational constants. The

geometric significance of the rotational constants is somewhat

obscured because of intramolecular motions. When all the

intramolecular vibrations have small amplitudes, the rotational

constant in v-th vibrational stae is given by

Bvi Bel - E a
s
i(v

s
d
s
/2)

where v
s and d

s are the vibrational quantum number and the

(1)

degeneracy of the s-th normal mode, respectively. i a, b, c.

Accordingly, even for the ground vibrational state the rotational

constant Bo is not identical with the equilibrium rotational

constant B
e

Be = h /[8lr2cIb(e)]. (2)

The vibration-rotation constant a
s
B is a complicated function of

harmonic (quadratic) and anharmonic potential constants 2 and depends

slightly on the masses of the component atoms. Since the rotational

constant is inversly proportional to the moment of inertia, aeB

does not simply correspond to averaging the vibrational contributions.

It has, however, been proved 3 that the rotational constant corrected
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for the harmonic part of asB gives a moment of inertia which cor-

responds to the real vibrational average. The corrected ground state

rotational constant is often denoted as B
z,

i.e.,

B
z

B
o +Ea s

hard
s
/2

h/[8w2cIb(z)] (3)

Because of the different types of rotational constants, several

different types of interatomic distances, such as re, rs, rz,

and ry (v is the vibrational quantum number), and re(or rm)

usually appear in the MW and rotational IR and Raman literature. The

interatomic distances obtained from the ground-state rotational

constants B
o are called re distances. It is difficult to assess

the physical meaning of the re distances except for a diatomic

molecule, because the ground-state rotational constants do not

correspond to the moment of inertia averaged over the ground

vibrational state.2 Furthermore, the re distances are usually

obtained from the combination of data from a number of isotopic

species often with assumptions about some of the re, the re

distances, however, derived from different combinations of isotopic

species are often quite different from one another.

Kraitchman4 used isotopic differences in the rotational

constants to get a set of interatomic distances that are more

consistent than the r
o distances. The distances obtained by this

method are called rs distances (representing isotope substitution).

The difficulty to get a complete structure is the difficulty of making
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the complete isotopic substitutions. Moreover, the interatomic dis-

tances between the atoms located near the center of gravity can not be

accurately determined.

The interatomic distances obtained from Bz rotational constants

are called rz (zero-point average) type interatomic distances. The

rz interatomic distances define the average nuclear positions

(vibrational average), consequently sometimes it is denoted as ray.

For the v-th excited vibrational state, ry is used to characterize

this type of interatomic distances.

The complete and unambiguous description of the molecular

geometry would be the equilibrium structure characterized by the re

equilibrium interatomic distances. The parameter re gives the

distance between two hypothetically motionless nuclei in the free

molecule and corresponds to the minimum of the potential energy

function. It is this structure that is calculated by various semi -

emperical methods and the ab initio methods. The re interatomic

distances could be determined experimentally from the rotational

constans Be if all the independant as constants of the molecule

are observed; however, re structures for only some of the simplest

molecules have been reported. 5 Because of this, Watson 6
proposed

the rm (mass-dependence) interatomic distances. He pointed out that

the equilibrium moment of inertia Ie is approximately equal to 2Is

-11/(871-2c80),whereIcouldbecalculatedfrom rs type

interatomic distances. For a number of examples he has shown that the

rm value is indeed very close to the r
e except for some cases

involving hydrogen.
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In gas-phase electron diffraction, the measurements are based on

the mean of interatomic distances in various vibrational states in

thermal equilibrium, and therefore different types of interatomic dis-

tances, such as ra, rg, and ra, depending on the vibrational

correction applied, are used.

ra is the distance between the average positions of the nuclei.

Here average means the average over all vibrations in thermal

equilibrium. An important feature of ra distances for a molecule is

that they are geometrically consistent, i.e., consistent with overal

molecular symmetry.

The r (n) distance was first named by Bartell. 7 It means the

center of gravity of the function P(r)/rn. Therefore, it can be

mathematically defined as

rap -n+1 pc* -nr (n) j
o
r P(r)dr/j

o
r P(r)dr (4)

in which r is the instantaneous interatomic distance, and P(r) is the

probability function of the distance r. For n 0, r (0) is commonly

symbolized by rg, and obviously rg is the center of P(r) and it is

the "average value of an internuclear distance", rg <r> if P(r) is

Gaussian. It is worthwile to point out that the rg distance is a

direct measure of the bond length in thermal equilibrium. On the other

hand the r
v, r

z and ra distances do not precisely correspond to

any real "bond lengths", since they essentially represent the average

projections of the bond lengths onto the line joining the equilibrium

positions of the nuclei in question.

In the electron-diffracton technique, the electron intensities
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scattered by the molecule can be theoretically calculated from the

equation

Im(s) K E E fifjexp(-12ijs2/2)cos(ni-nj)
itj

.sin[ (r3.3 x..)s] /rs (5)

where are atomic scattering factors, ni and arefj n3

phase shift factors, lij is the vibrational amplitude between atom i

and j, s = (4w/A)sin(9) (20 is the scattering angle and A is the

wavelength of the electron beam). When the anharmonicity constant is is

small, the distance derived directly from the electron-diffraction

intensity given in eq (5) is called ra (representing 'argument')

type distance. The ra distance is exactly equal to the center of

gravity of the P(r)/r distribution, 8,9 therefore it is r (1), and

ra = <1/r>-1.

The Relationships of Different Interatomic Distances

The relationship of the interatomic distances depends on the

averaging effect. Consider two atoms i and j. If the z axis of the

Cartesian coordinate system coincides with the equilibrium interatomic

axis and the origin is the equilibrium position of the ith nucleus,

then the positions of ith and jth nuclei are characterized as follows:

Equilibrium Instantaneous Average

i 0 0 0 Axi Ayi Azi <Axi> <Ayi> <Azi>
j 0 0 re Axj Ayj re+ Azj <Axj> <Ayj> re+ <Azj>
Difference 0 0 re Ax Ay re+ Az <ax> <Ay> re + <Az>
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Therefore for a distance between the thermal average positions of ith

and jth atom, i.e., the ra type distance, will be

ra = [<Ax>) + <4>2 + (re+ <Az>) 2
]

1/2

re[l + 2<Az>/re + (Ax>2 + <Ay>2 + <Az>2)/r 2 ]11

and with the application of the binomial expansion

ra re + <Az> + (Ax>2 + <Ay>2 )/2re. (6')

<Ax>, <Ay>, and <Az> are non-zero due to the anharmonic effects; the

order of these linear averages10 is <Ar2>/re. Therefore, the

ratio of the square of a linear average and the quadratic average is

of the order <Ar>2/<Ar2> <Ar2>/r 2
. Since the linear averages are

usually much less than 0.01 A, and re is of the order of 1 A, the

third term is less than 1% of the second term. Consequently ra is

usually approximated by

ra re + <Az>T (6)

where T means thermal average. Similarily, for the vibrational average

distances r
z and rv

rz - re + <Az>o

ry re + <Az>v*

For the instantaneous interatomic distance, we have

(7)

(8)
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r = re[l + 2Az/re + (Ax2 + Ay 2 + Az2)/re2]1/2

= re + Az + (Ax2 + Ay2)/2re.

Note that the r is the average over all instantaneous distance r,

rg <r> = r
e + <Az> + (<Ax2> + <Ay2>)/2re (9)

The last term in eq.(8) is called the perpendicular amplitude of the

vibration K

K (<Ax2> + <Ay2>)/2re

and therefore

r <r> = r
e + <Az> + K.

(10)

If the effect of centrifugal force due to the molecular rotation is

taken into account, for thermal average internuclear distance we have

rg = <r> = r
e + <Az>T + K + Sr

ra + K + Sr.

The ra distance can be easily obtained from the instantaneous

distance

l/r = 1/re[1 + 2Az/re + (Ax2 + Ay2 + Az 2
)/re 2 ]

-II

using the binomial expansion
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1/r = 1/re[l - Az/re - (Ax2 + Ay2 + Az 2
)/2re 2

+ (3/8)(4Az
2
/re2 ]

and on averaging

<1 /r> = 1/re[1 <Az>/re - (Ax2> + <Ay2>)/2re2 <Az2>/re2]

If the binomial expansion is applied again to find <l/r> -1
, then ra is

obtained

ra = <l/r>-1

= re[l + <Az>/re + (Ax 2> + <Ay2>)/2re2 - <Az 2>/re2 ]

If the approximation 12 <(r - r
e )2 = <Az2> is used, then

ra = re + <Az> + K - 12/re

rg - 12/r
e ra + K + Sr - 12/re (12)

Another important concern is the relationship between ra and

rz, because it is of importance to get a reasonable way of cor-

relating electron-diffraction and spectroscopic parameters with each

other. An approximation 11 used is

lim(T 0°K)ra = ra° rz (13)

In principle ra° could be obtained by measuring the ra at different

temperatures and then extrapolating to zero Kelvin. However, no suc-

cessful measurement of this sort has yet been reported because of



limited experimental accuracy. The temperature dependence of the

distance parameters has sometimes been observed, 12-14 however.

Therefore it is necessary to estimate the temperature effect by

theory.15-17 For bonding distances, this may be done by assuming

that the bond is a diatomic system and has

rg - r0g = (3/2)a3(<Az2>T - <Az2>0)

= (3/2)a3(12T - 120)
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(14)

where constant a3 (about 2 A) is assumed to be analogous to the

Morse parameter a for a diatomic molecule. 10
'

18
'

19 We have

ra = rg - 12 /re

r0g + (3/2)a3(12T - 1
2
0) - 1

2
/re

0r + K . + (3/2)a3(12T - 1
20) - 1

2/re + Sr.a

eq (15) is important in the joint analysis of electron-diffraction

data and rotational spectroscopic dadta.

A question raised in the joint analysis of spectroscopic data and

electron diffraction data is a possible isotope effect on the rz

structure. If the rotational constants of different isotopic species

were included in the joint analysis, it was found that systematic

errors were introduced into the derived structure. It was pointed out

later that this uncertainty originated from isotopic differences in

the average structure due to vibrational anharmonicity. 20
The

isotopic differences in the rz structure and its influence on the
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uncertainty in the derived structure have been studied. 20-26

Methods27'28 have been developed to analyze the differences in rz

caused by isotopic substitution and/or vibrational excitation, and

anharmonicity. From the new method, the term (3/2)a3(l2T -

120) in eq(15) can be calculated by use of the formula

E Akl (Az1
2>T - <Azk

2>
0*

The definition for the matrix element Aki will be given in next

section.

Interconversion of rZ, r and rz, g e
The structure data for free molecules are mainly obtained from

rotational spectroscopic work and gaseous electron-diffraction work.

Therefore it is necessary to convert the rz or rg type distances

to the re type in order to compare the experimental structure

results with the theoretical results. It is clear from eq(7) and eq(9)

that the estimatiom of <Az> is the key to this conversion.

In the case of a diatomic molecule, Az is equivalent to a

displacement of the internuclear distance, Ar. The intramolecular

potential for a diatomic molecule is defined in terms of Az as29

V = 1/2f(Az2 - a3Az3 + ) (16)

where f is the quadratic force constant and a3 is a parameter which

represents cubic anharmonicity. The linear average value, <Az>, can be

obtained from the above potential by use of Ehrenfest's theorem3°

<8V/8z> -d<pz>/dt (17)
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where pz represents the momentum conjugate to z. In a steady state,

the right-hand side of Eq(17) vanishes, and the following relation is

obtained

<Az> = 3/2a3<Az2>. (18)

The quadratic average value, <Az 2 >, can be represented without

anharmonicity as

<Az 2> m h(2w) -1 (A/f)-11(v+1/2) (19)

where p, h, and v represent the reduced mass, Plank's constant, and

the vibrational quantum number.

In the general molecule, the conversion of the k-th atomic pair

is given by

N
rz(k) re(k) +

1E1
k

A.
l
<Az

2
> (20)

where the quadratic average values <Az12> can be calculated from

the quadratic force constants. If we use <2, (2)> to represent the

quadratic average matrix, <Q (2) > to represent the square average

matrix of the normal coordinates, and define the C matrix and the LA

matrix28 by using the usual L matrix element, then we can obtain

<2(2)> = C<Q(2)>. (21)



The Akl in Eq(20), the matrix element of effective anharmonic

constants, can be obtained either from experiment or from the

calculation by using the matrix equation

A= LA K C- 1
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(22)

where the K matrix is calculated from the cubic force constants.

The experimental method to get Akl is based on the observed

differences in rz caused by isotopic substitution and/or vibrational

excitation. The differences in rz are related to Akl through

6rz(k) E Akl<Az12>' (23)

The work on phosgene3° gave the detailed procedure. In practice, it

is scarcely possible to determine a complete set of the Aij

constants experimentally. An alternative way is to use the cubic force

constants obtained from the ab initio calculation and the L tensor

from these cubic force constants to calculate the complete set of

A.j constants through Eq(22). The work on methyl fluoride31 is an

good example.

The Comparison of Calculated and Experimental Geometry

From previous section it is obvious that to convert the

experimental rz or rg structure to an re structure is too comp-

licated, and only a few re structures of simple molecules have been

reported. Therefore, if it is intended to judge the accuracy of ab

initio structures by comparing them with experimental results, the
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experimental structure type involved (e.g. rs, ra, rg, ro, etc.)

should always be taken into consideration. A particular bond distance

in a particular molecule can attain numerical values which differ by

several hundredths of an angstrom when the distance is formulated by

different operational definitions. Comparisons of experimental and

theoretical distances are therefore meaningless at this level of

accuracy when unidentified distances are quoted. Similarly, the

overwhelming importance of experimental uncertainties is often

neglected in theoretical studies in a confusing way.
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Appendix 3. Calculation of Root-Mean-Square Amplitudes,

Perpendicular Amplitudes and Centrifugal Distortions

for 1,1,2,2-tetrachloroethane

Introduction

As it was mentioned in Appendix 1, the scattered electron

intensity by molecule is calculated from the ra type distance. 1

However, because of the effect of vibration, it will be much more

convenient to define the molecular geometry in terms of ra. As was

discussed in Appendix 2, the conversion from ra to ra can be

achieved by using the equation:

raT Oa + (3/2)a3[(12 )
T

- (1
2
)
0 ] + orT + K0 - a (1)

where superscripts 0 and T are the temperatures. The root-mean-square

amplitude (1) at T can be obtained either from the experiment or from

the calculation. However the mean square amplitudes at zero Kelven,

the perpendicular amplitude corrections (0) and the centrifugal

distortions (Sr) only can be obtained from the calculations based on

vibrational force fields. In this appendix, 1,1,2,2-tetrachloroethane

(hereafter TCE) is used as an example to describe the details of the

calculation of root-mean-square amplitudes (1), perpendicular

amplitude corrections and the centrifugal distortions. The calculated

root-mean-square amplitudes will be compared with the experimental

values obtained from our electron-diffraction data. 2 Similar

treatments have been used for other molecules in this thesis.
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Calculation of the force fields

The molecular geometry of TCE and the numbering of atoms both for

anti (C2h symmetry) and gauche conformers (C2 symmetry) is given

in Figure VI.1. The molecular geometry parameters were first obtained

from the preliminary structure from electron-diffraction analysis and

the vibrations were defined in terms of the Cartesian displacement

coordinate matrix X in dimension of 3n (24 coordinates). The internal

displacement coordinate matrix R consists of 7 bond strechings, 12

valence angle bendings, and 3 torsions. Therefore, the construction of

the transformation B matrix that transforms the X matrix to the R

matrix, i.e.

R a BX, (2)

is a strightforward process by using the expression for the B matrix

elements derived from the s-vector method of Wilson. 3 Because the

translation and rotation of the molecule are usually not included in

the internal displacement coordinates, the B matrix is usually

non-sqaure.

The symmetrized displacement coordinate matrix S, is obtained

from the internal displacement matrix R by a U matrix,

S UR (3)

and is given in Table A3.1. The symmetrized B-matrix can be obtained

from the equation
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Table A3.1, Symmetry Coordinates of 1,1,2,2- Tetracbloroethane

symmetry coordinates
symmetry vibration

anti gauche mode

SI 1/J7A (r13 + r26)

S2 1/J764 (50213 0214 0215 0513 °415 °314

+50126 0127 0128 0728 0826 °627)
S3 A (r12)

54 I/2A (r14 + r15 r27 + r28)
S5 1/ TA (0214 + 0215 0513 0314 +0127 + 0128' °826 0627)S6 1/46, (-0214 0215 + 4°415 °513 0314

'0127 0128 + 4°728 °826 0627)
S7 - 1/ig3 (0214 0215 0513 + °314 0127 + 0128 + 0826 0627)S8 - 1/24 (r14 r15 r27 + r28)
S9 1/ITA (0214 0215 + °513 °314 '0127 + 0128 0826 + 0627)
S10 1/54 (r3126 + '4127 + '5128)
S11 1/i78 (r13 r26)

S12 14564 (50213 0214 0215 °415 0513 0314

-50126 + 0127 + 0128 + 0728 + 0826 + °627)
1/24 (r14 + r15 r27 r28)

1/1-a-4 (0214+ 0215 °513 0314 0127 0128 + 0826 + Q627)
1/44 ("0214 0215 + 40415 0513 °314

+0127 + 0128 40728 + 0826 + 0627)
S16 1/IT4 (0214 0215 -0513 + 0314 + 0127 0128 0826
S17 - 1/28 (r14

r15 + r26 r27)
S18 1/i74 (0214 0215 + 0513 0314 0315 + 0728 + 0213 0214)

S13

SI4

S15

+ 0627)

Au

au

A

8

C-H ss

LCCH hen

C-C str

C-Cl ss

CC1 2wag

CC12 sci

CC12 roc

C-Cl as

CC12 roc

torsion

C-H as

LCCH hen

C-Cl ss

CC12 wag

CC12 sci

CC12 rwi

C-C1 as

CC12 twi

1. The numbering of atoms see Fig.V1.1 of the text. 1.1. strechtng(str), symmetrical
streching(ss), anti-symmetrical streching (as), scisors (sci), wagging (wag),
twisting,(twi). rockiog(roc),bending(ben).
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B = UB. (4)

Using the symmetrized B matrix and the inverse of the mass matrix (M)

for the molecule, the symmetrized G matrix is calculated:

G B M-1 B t . (5)

The elements of force constant matrix F are completely unknown. In

principle the force constants could be expressed as explicit functions

of the vibrational frequencies and of the elements of the G matrix by

expansion in minors of the secular determinant. In practice this

method is applicable only for very small sizes of the secular

equation. Iterative methods by which a trial set of force constants is

refined to fit the experimental frequencies and other additional data

(Coriolis constants, centrifugal distortion constants,etc.) are much

more powerful and convenient. 4-10

An alternative method was first used in the TCE case, 18 diagonal

force constants for TCE were first carefully selected from the similar

vibrational mode in 1,2-dichloroethane and hexachloroethane as the

starting force constant Fo matrix. The eigenvalues no and the

eigenvectors Lo was obtained through the secular equation

GF L Lo o 0Ao'

Then, (Lt )
-1 and L -1 were found, and a new force constant matrix

F1 formed from

(6)



F
1

(Lt )
-1 A L-1
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(7)

where A is the diagonal matrix of observed frequencies from gas-phase

IR and Raman work. 11,12
The F1 matrix contains diagonal elements

slightly different from the starting Fo matrix and some off-diagonal

elements. A new Fo matrix was obtained by using the diagonal

elements and the larger off-diagonal elements of the F1 matrix while

still setting the other off diagonal elements to zero. This process

was repeated several times until the calculated frequencies were close

to the observed values. Meanwhile the potential energy distribution

matrix was checked to make sure calculated frequency for each

vibrational mode corresponded to the asigned one.

The least-squares method was then used, mainly to refine the

diagonal elements and a few off diagonal elements of the Fo matrix.

(The least-squares process used in this calculation has been thorough-

ly discussed,13 for example for the purpose of refining molecular

structure parameters to fit the theoretical electron-diffraction

intensity to the observed.) In the vibrational problem the solution to

the set of normal equations generated with each cycle of least-squares

was obtained in similar way to that used in electron diffraction:

AO = [(JZ)tP(JZ)] 1
(JZ) tP(A8) (8)

where the AO-matrix are the small force constant changes needed in

order for the calculated frequencies to more closely match the

observed values; the P-matrix is the weight matrix and usually is an
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unit matrix; AO-matrix contains the differences between the observed

frequencies and the calculated values in the previous iteration; the

Z-matrix is used to sort or select elements of Fo-matrix that are to

be refined; the J matrix is the Jacobian matrix whose elements repre-

sent changes in the calculated frequencies relative to the changes in

the force constants. The diagonal elements of the J matrix are given

by

8Av/aFkl (L)ky(L)kv (9)

and the off diagonal elements by

aAy/aFki = 2(L)ky(L)ly (10)

where (L)kv are the elements of the L-matrix obtained from the

calculated values of force constants from the preceeding iteration.

Since the frequencies are usually in wave number units, the conversion

is

317/3F = 0Av/amai7/aA,,). (11)

The values of av/aAy are calculated from the expressions for Ay

Ay 47rKc2V1 (12)

where K is the unit conversion factor.

The calculated force fields based on the primary structure were

used to estimate the root-mean-square amplitudes, perpendicular



202

amplitudes and centrifugal distortions. After these vibrational

corrections were used in the refinement of electron-diffraction data,

an improved structure was used to calculate the force fields again.

This process was repeated to get the consistent results. The final

force constants, the calculated frequencies and the agreement with the

observed frequencies are given in Table A3.2.

Transformation of coordinates axes

To facilitate the calculation of centrifugal distorsion

corrections, the initial molecule-fixed Cartesian coordinates were

transformed to the principal coordinates. To accomplish this

transformation the center of the coordinate system was first

translated to the center of mass of the molecule and then the

eigenvalue problem for the principal moments

was solved, where I is the moment matrix relative to the axis

originating at the center of mass:

(13)

(14)

(15)

In eq(13)-(15) X is the coordinate matrix for the atoms in the center

of mass axis set, Ap is the eigenvalue matrix containing the prin-

cipal moments of inertia A
P'

and V is the eigenvector matrix
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which transforms the original Cartesian displacement coordinates to

displacement coordinates Xp, relative to the principal moment

axes:

VpX = Xp. (16)

The AL matrix that transforms the normal coordinates to displacement

coordinates relative to the principal axes was calculated from

AL trr t \

(Lt)-1 = FLAm-1

where the B matrix has been transformed to the principal axis

coordinates matrix B

(17)

V B = B (19)

Therefore we have the relationship

Xp ALQ (20)

where Q is the normal coordinate matrix.

Calculation of 1, K and Sr

The theory of a new method to calculate root-mean-square amplitudes

and perpendicular amplitudes was suggested by Cyvin. 14 The root-

mean-square amplitude is defined as



204

Table A3.2. Force Constants
and Vibrational Frequencies of 1.1,2,2-

Tetrachloroethanel.k.

anti conformer gauche conformerforce constants calcd.freq. A force constants calcd.freq. A

F11 4.856 2989.1 -0.1 4.876 2989.1 -0.1F22 0.639 1202.1 -0.1 0.767 1279.9 0.1F33 4.815 1046.9 0.1 4.664 1217.0 0.0F44 3.715 766.1 -0.1 3.794 1019.0 0.0F55 0.921 366.9 0.1 1.099 801.2 -0.2F66 1.631 225.0 0.0 1.482 649.1 -0.1F77 0.719 1304.8 -0.8 0.734 353.0 0.0F88 2.819 756.0 0.0 2.708 242.0 0.0F99 0.712 113.4 d 0.731 173.0 0.0F10,10 0.372 84.0 0.0 0.403 89.0 0.0F11,11 4.891 2990.8 0.2 4.878 2990.0 0.0F12.12 0.653 1200.2 -0.2 0.675 1242.4 0.6F13,13 3.438 718.1 -0.1 3.294 1202.2 0.1F14,14 0.921 347.2 d 1.069 794.1 -0.1F15,15 1.187 289.3 d 1.089 739.2 -0.2F16,16 0.727 1307.9 0.1 0.843 546.1 -0.1F1717 3.393 814.0 0.0 4.142 290.0 0.0F18,18 0.922 299.9 0.1 1.014 173.0 0.0F23 0.289
0.230F24 - 0.144

- 0.108F34 1.166
1.084F35 0.518
0.619F36 - 0.359

- 0.287F46 0.556
0.537F56 0.177

- 0.537F13,14 0.146
- 0.170F13.15 0.379
0.226

F16,17 0.491
0.466

F16,18 0.104
0.292

F17,18 0.433
0.353F5.9
0.110

F7 8
0.229F79
0.144F89
0.175

4 Units are aJ /A2 for streching and aJ/rad2
for bending constants.1-1 The

frequency is in cm*
6- ry g no observed values.wobseed wcalculated



1 = <(r - re) 2
> 1/2 <Ar2>
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(21)

where r is the instantaneous interatomic distance and re is the

equilibrium interatomic distance. The Ar can be calculated from

Ar r - re = Az + (Ax2 + Ay2)/2re.

Expanding Ar in a Taylor power series gives

(22)

3N 3N 3N
Ar = E (ar/axi)xi + (1/2) E E (ar 2 /axiaxi)xixi + (23)

i-1 i =1 j-1

Where xi and xj are the elements of the X.10 matrix. For the 1

values, only the first term in eq.(23) was used. If (al)ii and Q1

are the elements of the AL matix and Q matrix, from eq.(20) we have

3N-6 3N
Ar E E (ar/axi)(al)i1Q1

1=1 i =1

Squaring and taking the average of Ar we have

(24)

3N-6 3N-6 3N 3N
<Ar2> EEZE(ar/axi)(ar/axj)(al)ii(al)ki<QkQl>. (25)

1 =1 k=1 i-1 j-1

The (Q1) are orthogonal; therefore eq.(25) simplifies to

3N-6 3N 3N
<Ar2> = E E E ( ar /axi)(ar /axi)(al)i1(al)lj<Q12> (26)

1=1 i-1 j-1

where <Q2> > s calculated by taking the statistically weighted



average of the expectation value of Q2 for all the vibrational

states. It results in the well-known expression15

<Q2> (h/87(2c5)coth(h;C/2kT)
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(27)

in which h is Planck's constant, k is the Boltzman constant, and T is

the absolute temperature. The partial derivatives ar/axi for each

particular distance, for instance the distance between atoms a and b

are calculated by taking the partial derivatives of expressions such

as

2 ,

O
N2 N2 N2

rab cal xbli + `x 2 xb2i Oca3 xb31 (28)

The term "mean-square perpendicular amplitude" (K) was first

given by Morino and Hirota15, and it was defined by the second term

on right side of eq.(22). Following treatments similar to <Er2>

gives

3N-6 3N-6 3N 3N
1/2EEEZ(r/ .ax.)(a1).1(al)Kij

j
1 =1 k =1 i-1 J-1

Using the orthogonality of <Q1>, this simplifies to

3N-6 3N 3N
K. = 1/2 E E E (8r2/8xi3xj)(al)ii(a1)1j<Q12>.

1 =1 i-1 j-1

1Q1c* (29)

(30)

The centrifugal distorsion is caused by the centrifugal forces of

rotation. An equation similar to eq.(24) is used to calculate the



centrifugal distorsion coorection Sr

3N-6 3N
Sr E E (8r/3xi)(al)il<Q1>rot

1 =1 i-1

The expression for <Q
I
>
rot was obtained17 from the first order
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(31)

perturbation theory applied to the vibration-rotation Hamiltonian

using an average rotational energy found from the application of the

law of equipartition of energy:

a,b,c N

<Ql >rot kT/A1 E E mi(al) x e

x i-1

or in matrix form

where

(32)

<Q>rot kT Av- M AL 0 XI) (33)

nx 1/(Ieyy) 1/(Iezz)' (34)

I
e

YY
and I

zz are the equilibrium moments about the y and z axes

which are the principal moments a, b, or c other than x. The xi
e

are the Cartesian coordinates relative to the principal axis x, and

(al)x
ij are elements of the AL matrix in the principal axis frame.

The <Ql >rot are non-zero for the totally symmetric vibrational

motion, therefore leaving only the symmetry of the molecule undis-

turbed by its rotation. In the actual calculation, we didn't know the

equilibrium atomic coordinates so approximate quantities coming from

our electron diffraction were used.
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From eqs.(26), (27), (30), (31), and by using the elements of the

AL matrix, the 1, K°, and Sr values were calculated. The final

results both for anti and gauche forms of TCE at different temper-

atures are given in the Table A3.3. It is clear from eq.(27) that the

absolute values of 1, K, and Sr will increase with increasing

temperature, especially those corresponding to distances that are

affected by vibrations with low frequencies.

The 18 vibrational modes listed in Table A3.1 can be divided into

two parts, frame vibrations and torsion around C-C single bond. The 1,

K°, and Sr from frame vibrations can be estimated by excluding the

torsional coordinate S10. The results for frame vibrations are given

in Table A3.4. In the electron-diffraction study of TCE 2
, three

different models differing in manner of handling the torsional problem

were tested. In the "two conformer" (2C) model only anti and gauche

conformers were considered; therefore the vibrational corrections had

to be calculated from the values of 1, Ko and Sr listed in Table

A3.3. For the "two a" (2S) model and "cosine potential" (CP) model,

the torsion around C-C single bond was represented by using certain

numbers of pseudo-conformers distributed around the anti and gauche

positions. Hence, only those quantities from frame vibrations that are

listed in Table A3.4 were used in calculating the corrections.

The observed amplitudes from our electron diffraction of TCE are

given in Table A3.5. It is clear that the calculated amplitudes are in

good agreement with the experimental values.
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Table A3.3 Results of Force Field Calculation for 1,l,2,2.-Tetrachloroethanea

distances
P.A.k root-wean-suuare amplitudes (1) centrifugal distoral9n (

393"K 473"K318'1( 393"K 473'K 318"K__5211S_

C1-113 0.0137 0.0779 0.0779 0.0779 0.0779 0.0 0.0 0.0

C1 -C2 0.0024 0.0517 0.0523 0.0530 0.0541 0.0001 0.0001 0.0001

C1-C14

anti

0.0025 0.0490 0.0512 0.0530 0.0551 0.0004 0.0005 0.0006

H3.C14 0.0069 0.1062 0.1080 0.1096 0.1118 0.0002 0.0002 0.0002

C14.C15 0.0018 0.0533 0.0676 0.0733 0.0791 0.0005 0.0006 0.0007

CI.C18 0.0015 0.0607 0.0780 0.0841 0.0903 0.0009 0.0011 0.0014

CI.H6 0.0070 0.1069 0.1082 0.1094 0.1111 - 0.0002 - 0.0002 - 0.0002

113.116 0.0090 0.1290 0.1297 0.1306 0.1318 - 0.0003 - 0.0003 - 0.0004

H6.C14 0.0048 0.1339 0.1578 0.1663 0.1753 0.0008 0.0010 0.0012

C15.C17 0.0011 0.0803 0.1533 0.1700 0.1858 0.0015 0.0019 0.0022

C14.C17

gauche

0.0002 0.0546 0.0711 0.0774 0.0836 0.0014 0.0018 0.0022

H3.C14 0.0069 0.1103 0.1124 0.1142 0.1166 0.0001 - 0.0001 - 0.0001

C14.C15 0.0015 0.0535 0.0681 0.0740 0.0797 0.0007 0.0008 0.0010

C1.C1g 0.0014 0.0589 0.0728 0.0781 0.0835 0.0008 0.0011 0.0013

C1.H6 0.0074 0.1073 0.1086 0.1097 0.1113 - 0.0003 - 0.0004 - 0.0004

143.4 0.0105 0.1581 0.1640 0.1669 0.1705 - 0.0006 - 0.0007 - 0.0009

H6.C14 0.0049 0.1321 0.1516 0.1589 0.1666 - 0.0003 - 0.0003 - 0.0004

H6.C15 0.0041 0.0991 0.1035 0.1061 0.1090 0.0006 0.0008 0.0009

C14.C17 0.0009 0.0743 0.1300 0.1439 0.1568 0.0027 0.0034 0.0040

'C15.C17 0.0007 0.0756 0.1346 0.1490 0.1624 0.0024 0.0029 0.0035

C14.C18 0.0003 0.0568 0.0763 0.0832 0.0900 0.0012 0.0015 0.0018

a. The torsional mode is included.

12.The perpendicular amplitudes at absolute zero degree.
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Table A3.4. Results of Force Field Calculation for 1.1,2,2.-Tetrachloroethane

distances root-acan-snuare amalltudes (1) centrifugal distorsion ( rZ

K' SC& 318.K 393"K 473"K 318'K 393'K 473"K

C1 -H3 0.0135 0.0779 0.0779 0.0779 0.0779 0.0 0.0 0.0
C1 -C2 0.0024 0.0517 0.0523 0.0530 0.0541 0.0001 0.0001 0.0001
C1 -C14

anti
0.0020 0.0490 0.0512 0.0529 0.0551 0.0004 0.0005 0.0006

H3.C14 0.0063 0.1061 0.1078 0.1093 0.1114 0.0002 0.0002 0.0002
C14.C15 0.0009 0.0533 0.0676 0.0733 0.0791 0.0005 0.0006 0.0007
C1.C18 0.0012 0.0674 0.0780 0.0841 0.0902 0.0009 0.0011 0.0014
C1.H6 0.0069 0.1069 0.1082 0.1094 0.1111 -0.0002 -0.0002 -0.0002
H3.4 0.0090 0.1290 0.1297 0.1306 0.1318 -0.0003 -0.0003 -0.0004
116.C14 0.0044 0.1320 0.1495 0.1564 0.1640 0.0008 0.0010 0.0012
C15.C17 0.0006 0.0685 0.1212 0.1341 0.1465 0.0015 0.0019 0.0022
C16.C17

gauche

0.0002 0.0546 0.0711 0.0774 0.0836 0.0014 0.0018 0.0022

H3.C14 0.0063 0.1103 0.1122 0.1140 0.1164 -0.0001 -0.0001 -0.0001
C14.C15 0.0006 0.0535 0.0681 0.0740 0.0797 0.0007 0.0008 0.0010
C1.C18 0.0011 0.0589 0.0728 0.0781 0.0834 0.0008 0.0011 0.0013
C1.116 0.0072 0.1073 0.1086 0.1097 0.1113 -0.0003 -0.0004 -0.0004
H3.4 0.0101 0.1572 0.1600 0.1621 0.1648 -0.0006 -0.0007 -0.0009
H6.C14 0.0044 0.1306 0.1447 0.1507 0.1572 -0.0003 -0.0003 -0.0004
H6.C15 0.0041 0.0991 0.1035 0.1061 0.1090 0.0006 0.0008 0.0009
C14.C17 0.0005 0.0662 0.1059 0.1168 0.1271 0.0027 0.0034 0.0040
C15.C17 0.0004 0.0659 0.1058 0.1168 0.1271 0.0024 0.0029 0.0035
C14.C18 0.0002 0.0567 0.0761 0.0831 0.0898 0.0012 0.0015 0.0018

2.1he torsional mode is excluded.

perpendicular amplitudes at absolute zero degree.



Table A3.5. Mean Square Amplitudes for 1,1,2,2,-Tetrachloroethane

distances
45'C

2C

120.0 200*C
2S CP 2C 2S CP 2C 2S CP

C11-13

Cl -C2

CIC14

(H3.C14)a

(C1.4),

(H3.C14)g

(Ci.H6)g

(C14.C15)a

(C14.C15)g

(CI.C18),

(C1.C18)g

0-46 H3),

(H6.C14)a

(Cls.C17)a

(N.C14)s,

(N.C15)/1

(C14.C17)g

(C15.C17)g

(C14.C17)a

(C14.C18)g

0.078(17) 0.078(17) 0.078(18) 0.078(15) 0.078(16) 0.078(16) 0.078(14) 0.078(15) 0.078(14)

(2) (2) (2) (2) (3) (3) (7) (2) (2)0.054 0.054 0.054 0.057 0.057 0.057 0.056 0.056 0.056
0.095 0.099 0.098 0.109 0.109 0.109 0.112
0.095 0.099 0.099 0.109 0.109 0.109 0.111

(18) (22) (23) (22)0.099 0.103 0.103 0.114 0.114 0.114 0.117
0.095 0.099 0.099 0.110 0.110 0,110
0.061

0.061
1(6)

0.062
(6)

0.062
(6)

0.073
(10)

0.073
(8)

0.071
(8)

0.077

0.071
(6)

0.072
(9)

0.0721(6) 0.075 (6)
0,074

(9)
0.075J

0 0.0821(6)

0.130' 0.130' 0.130 0.130' 0.131' 0.131
0.158 0.150 0.150 0.165 0.156 0.156
0.153 0.121 0.121 0.169 0.134 0.134

0,152'(16) 0.145 (31) 0.145 '(25) 0.158 (20) 0.151 q42) 0.151
0.104 0.104 0.104 0.105 0.106
0.130 0.106 0,106 0.143

0.106

0.117 0.117

0.111'

0.111
(20)

0.116
(18)

0.111, 0.111 0.111

0.072
(7)

0.071
(7)

0.072

0.072

)
(7)

0.088 0.088

0.081
(6)

0.081
(9)

0.081
(5)

0.132'

0.175

0,186

(38) 0.167

0.109

0.157

0.132

0.164

0.147

(19) 0.157

0.109

0.127
0.135 0.106, 0.106 0.148, 0.117, 0.117 0.162, 0.127
0.069

(13) (10) (8) (8)
0.0781

(10) (7)
0.082

0.074
(12)

0.076 0.076 0.082 0.084 0.084 0.087 0.088

0.132

0.164

0.147

(32) 0.157 (32)

0.109

0.127

0.127

(7) (9)
0.088
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