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ABSTRACT

The distinctive features of bonding in Saiurated and unsaturated
fluoroearbons are discussed with special attention to their influencew
on the reactions of fluoroolefins. The theory of g2+ {2 cycloadditicn
reactions is reviewed. Using a combination of theoretical and thermo-
chemical methods estimates are made of entropy and enthalpy changes
in cycloaddition reaction of some fluoroqlefins.

The gas phase thermal reactions of pure chlorotrifluoroethene
and hexfluorouropene, and of their mixture at temperatures up to
725 K have been studied by the static method in a Pyrex reactor.

The iﬂvestigations were carried out both by making pressure observa-
tions and by chromatographic analyses. For each reaction, the (main)
products were isolated and were identified by spectroscopic methods.
.These products were 1,2 cyclic dimers, formed as both the cis and
trans isoners by homogeneous second-order reactions. At the upper end
of the temperature range the reverse dissociation of the cyclic com-
pouﬁds was observed.

The order of reactivity of fluoroolefins in respect of cyclo-
butane formation is chlorotrifluoroethene dimerization > hexafluoro-
propene-chlorotrifluoroethene combination > hexafluoropropene dimeri-
zation. The specific rate constants are summarized partly as Arrhenius
equations and also in terms of the transition state theory. For the
dimerization of chlorotrifluoroethene the results cover an exception-
ally wide temperature range and show that the Arrhenius equaticn is

not obeyed. The enthalpy and entropy of the reactions are also given

and are compared with values obtained from theoretical calculations.



The physicochemical properties of the products are discussed in
relation to their structure. The alternative diradical and concerted
mechanisms are considered and the corresponding activated complexes
are discussed. The regioselectivity shown in these reactions suggests

that the reactions proceed via a diradical intermediate.
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Symbols

To avoid confusion the following symbols for compcunds and physico-

chewicel quantities will be used throughout this thesis.

A,a = Hengluoropropene

B,y - = 1,2—Di(trifluoroﬁethyl)—hexafluorocyclobutane

C, M), = Chlorotrifluoroethene

D,d = 1,2—Di¢hloro-heiafluorocyclobutane.

E,e = l—Chloro—a—tfifluorométhyl—hexafluorocyclo—

butane :

R: = Diradical N

Fe, = chromatographic calibration factor

Pi, Pi = Partial pressure of component i (i=a,b,c,d,e)

Pt = Total pressure

Po = “initial pressure

ol = Standard pressure of 101,325 Pa (= 1 atm)
_ R = Gas constant ~ 8.31k IK tmo1™t

é = Gas constant 8.205 x 10_5 mBatm K._lmol_1

k Z Boltzmann constant  1.3806 x 107°0 JK

h - Planck constant  6.626 x 1070¢ Js

T = Thermodynamic temperature

ki, = specific rate constant (i = 1,2,3..)

K = equilibrium constant

c = concentration (mpl m‘B)

H f ; molar enthalpy

.S = molar entropy

Cp = molar heat capacity
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FOREWORD

The present work is part of a programme of kinetic studies
of the thermal reactions of perfluoro-alkanes and -alkenes and their
chloro- derivatives. It is concerned with the themal cycloaddition

of chlorotrifluoroethene, hexafluoroPropene and their mixture, and

(1)

follows on similar studies of tetrafluoroethene by Trenwith

4
2), of chlorotrifluoroethene by Stedman (/), of the

(&)

and Atkinson

cycloadduct of hexafluoropropene by Stockwell and of perfluoro-

cyclopropane by McKeagan.(s)
The thesis is arranged in four chapters. 'Chapter one, Introduction,
in which thermal cycloaddition reactions of perfluoro: and chlorofluoro-
carbons are reviewed together with selected topics of relevance to the
present studies. Chapter two, Experimental, describes apparatus toget-
her with its method of use and application to sample preparation, and
product analysis. Chapter three, Results, describes some physical and
spectroscopic properties of the products, the reaction kinefics, the
mathematical treatment of the experimental measurements and the

application of the reaction rate theories to the results. The last

chavter is a discussion of these results.



Chapter 1
INTRODUCTION

Bonding and Cycloaddition in Fluorocolefins

12
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1.1. Bonding in Fluorocarbons

The unique properties of fluorocarbons are in evidence in the
reactivities and reactions of fluoroalkenes. They behave in a markedly
different manrer from other alkenes and haloalkenes. In terms of
reactivity, fluorinated ethenes undergo rather facile addition to them-
selves and to activated olefines and dienes to give éyclobutane deriv-

(6,7,8)

atives , a type of addition virtually unknown to normal olefines -

vwhich give the normal Diels-Alder products.

Fluorine replaces hydrogen in a wide range of chemical compounds
without gross diétortion of the geometry of the system because it is
univalent, has a size moderately above that of h&drogen and, furthermore,
forms a ctable bond, which is among the strongest single bonds knowm.

The eleétronic properties and size of fluorine relative to hydrogen and

chlorine are set out in table | .1.

Differences between hydrocarbon and fluorocarbon systems are likely
to be influenced by the electronegativity differences, the existence of
three unshared electron pairs on fluorine, the higher bond strength of

C-F than C-H and the larger size of fluorine.

The presence of bulky atoms or groups (ife. -CE;) in a molecule may
influence the reactivity and prevent re.ctions from taking place. The
structure of the group contributes to interactions between non-bonded
atoms or groups. Interactions between two non-bonded fluorine atoms
have beelu considered to be the same as those between two isolated neon
atoms. Although the exact nature of these interactions is very complic-
ated, several effects, such as London dispersion and other van der Waals
forces, may each contribute appreciably to the interzction energy. These

(13,14)

interactions influence the physicocﬁemical properties Viscosities



Table |.1. Electronic Properties
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H F C1
Electron configuration 1s' .28 2p5 . .352 3p5 Za
Internuclear distance ro/nm (X ) 0.0747 | 0.1435 | 0.1988
Electronegativity (Pauling) 2.1 L.o 3.0 (9)
(Dewar) 3.9 6.0 4.2 (10)
Tonisation energy ( kJ mOIil) 1318.0 | 1687.4 1256.5
Electron affinity ( kJ mol ') 72.9 | 327.8* 348.9 (11)
Bond Fnergies of C-X in CH X 416.3 L47.7 326.3 (12)
in CHZ x2 L485.6 325.9
(kJ mol™") in CHX, 479.5 327.6
in CX 485.3 327.2
Bond length of C-X in CH3X 0.1090 | 0.1385 0.1782 (12)
(nm) in CH X 0.1358 0.1772
in CHX 0.1332 0.1767
in CX% 0.1317 0.1766
Average van der Waals radii X (nm) 0.12 | 0.135 0.4180 (9)

of fluorocarbons are higher, by factors up to three, than those of the

corres;)nding hydrocarbon, and deviations from the Principle of the
Corresponding States behaviour between ﬂuorocar‘bons, inert gases and
hydrocarbons were related to the form of the interaction energr(‘]s). For
fluorocarbons the potential energy curve is steeper in the attractive
and repulsive region.

These molecula. forces cause certain fluorine conformers to be pre-

(16,17,18)

ferred over others and are responsible, at least in part, for

the absence (or existence) of some rotational isomers(‘lg). Studies by

(18)

Craig and others on the stabilities of 4,2 dihalogenated ethenes,

revealed that the cis form is more stable (cis effect). Non-bending



orbital interaction between fluorine atoms superficially'would lead to
trans stabilization. In fact these interactions appear to be slightly

bonding.

cis  CFH=CFH c=C 0.1311*  C-F 0.13%2 <FCH 110.5°(1?"

trans CFH=CFH 0.1320 0.1338 <FCH 145.2°
 CF, =CH 0.1315 0.4321 <FCF 109.30(22)
CE, =CF, 0.1313 0.1313 <FCF 114°

*length in nm

’ - / N 4 ~
) N \‘\ / \/ \
! F H | F. Foo\

[

\\ ’ ‘ ]
“ 4 \\ I,
’, [ / \

/ \ \

I ' / \

|

, F , H I F F |

\ \\ ,/ \ VA
\\_—// - \s___// \\\ ,//

1,1-CF =CH CF =CPF
R 2 2 2 2

Fig. 1.1 Geometries and van der Waals radii of some fluoroalkenes
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Hilderbrandt and others(ao) used electron diffraction methods to
study the effects on structure of fluorine-for-hydrogen substitution in
organic molecules. The effect of fluorine on the structure depends also
on the existence and position of other fluorine atoms as can be illus-
trated by difluorosubstituted ethenes(21). The van der Waals radii

of the atoms of these planar molecules were projected to the plane of
symmetry to indicate the comparatively tight structure. The shorter
C-C bond length and the larger size of fluorine mean that tﬂe fluoro-

carbon chain is much stiffer than the hydrocarbon chain.

The stiffer chain, the higher barrier of rotation about a C-C bond
in fluorocarbons(23) and the low polarizability of fluorine indicate
that the carbon atoms are more shielded from chemical ;ttack than those
shielded by hydrogen. A feature of fluorocarbons is their chemical stab-
ility which can be attributed not only to the intrinsic stability of the
C-F bond but also to the difficulty of approach of chemical reagents

(24).

to the carbon atom

The strength, and the length of the carbon-fluorine bond is greatly
influenced by the presence of other fluorine atoms. As fluorine replaces
hydrogen, the C-F bond length shortens and simultaneously the bond strength
increases. This change in bond length and strength with increasing fluo-
rine substitution in methanes (TableId) is in stfiking contrast to the
chlorinated and brominated methanes, in which no significant bond short-

ening and strengthening was observed.

The high electronegativity of fluorine implies that when fluorine
is bonded to another atom (i.e. carbon) by a single electron-pair bond
(c bond) it will exert the greatest attraction for the electron pair,
thus stpongly polarizing the bond (Inductive and Field effect -Ig). As

‘an increasing number of fluorines are bonded to carbon, the positive
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charge density at carbon increasés the positive character. Hence the
amount of ionic character in C-F bonds in fluorinated methanes increases
with increasing fluorine substitution. Increasing ionic attraction in
the C-F bonds should shorten the C-F bond lengths and consequently

strengthen the bonds.

Pauling(g) has discussed the bond shortening and strengthening in
CFL in terms of contribution from resonance structures (so called

"no bond-double bond" resonance).

i i P
+

F—S—F <——>F=('H- F_HF—%-——F -+—— etc.
F- F F

Streitwieser(25) argues against no-bond resonance 'fluorine hyper-
conjugation' from observations on the rate of carbanion formation in tris
(trifluoromethyl)methane and related compounds. In general we expect
the normally strong inductive withdrawal of electrons by fluorine to be
offset, to some extent, by the high electron density of the filled
p-orbitals of fluorines. Klabunde and Burton(26), in order to explain
the acidities of some polyfluorinated hydrocarbons suggested that, although
many minor effects may be operative, the ciders of acidity of those com-
pounds could best be explained in terms of the iﬁdnctive effect and the

(electron donating +R) mesomeric effect.

When hydrogen on an sﬂz carbon is replaced by fluorine, the strong
inductive effect of fluorine would be expected to act as a destabilizer
to a greater extent than any other halogen, if olefin stabilities depended
only on Pauling electronegativities. However, Hine and Flachskam(27)
found that in monosubstituted olefins fluorine contributes more towards

the stabilization of carbon-carbon double bonds than does chlorine or

the -CN.group. They attributed this to electron delocalization arising
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from the overlap of the filled 2p orbitals of the substituent with the
2pm system of the double bond. This contribution to stabilization seems

28
to be less than Hine and otheré )had suggested previously.

Multisubstitution of fluorine on the carbons of the C=C bond
results in significant weakening ¢t the double bond. This effect can
be assessed from heats of addition. The heats of addition ofhalogen
and halogzi acids tc perfluoroolefins are observed to be more exothermic
(by about 17 to 21 kJ/F mol) than in the case of the corresponding

(12)

hydrocarbon systems The heat of polymerization of CF2 =CF2 is

70 kJmol-1 more exothermic than that of ethene(29).

Calculaticas based on Bensqn's(zo) partial bond and group contri-
butions to enthalpy also substantiate the argumeuts thét fluorine sub-~
stitution on the carbons of a C=C bond results in a wegkening of the
double bond. O'Neal and Benson(31) have shown that C-C T bond dissoci-
ation energy in tetrafluorcethene is only 175.5 kdJ mol-1 (85.3 kJ mol‘“1

weaker than in ethene).

HCF -CF H === CF -0F + 2H
2 2 2 2

- O
AH‘} = -912 kJ AH?(R:) = ?+ 2AH,
20H? = 2D(C-H) = 2 x 433 kJ mol™" - 2AHQ(H) = 436 kJ mol™
-1 -1
2AHC = (-866 + 436) kJ mol AHZ(R:) = -482 kJ mol

cF =cF (32) — CF -CF
2 2 2 2
AHD = -657.7 AR = 482  then AH® = +175.7 kJ mol™"
-1
Thus only 175.7 kJ mol is required to convert tetrafluoroethene

-1
to the diradical, compared to 261 kJ mol for ethene. The fluorine sub-

stitution has, therefore, destabilized the olefin by about 21 kJ/F mol.

Various electronic effects may contribute to the weakening of the

double bond by fluorine substitution. The inductive (through o bonds)
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and field effect (through space), resulting in electron withdrawal to
fluorine has been discussed previously. Inductive and . . field effects
also affect the polarization of W electrons (-Iy)

8- &+

>C=('1->F

The influence of the existent unshared electron pairs of fluorine has

been menticned already. A repulsion(33) between electron pairs of fluorine
and 7 electrons is termed Coulombic or Pauli repulsion (+Iﬁ). There is
a dichotomy in behaviour of fluorine because the (-I) inductive effects
lead to electron withdrawal, whereas the Pauli repulsion would lead to
return of electron density from fluorine. The tendency towards deloc-
alization of the '"non bonding' electrons of the fluorine is much enhanced

when fluorine is attached to an unsaturated group.

According to Bernett(zz), the weakening of the double bond is due to
the strain resulting from the change in hybridization. Bernett, on the
basis of localized molecular orbital (MO) calculations relating hybrid-
ization with bond angles, argues that orbitals of carbon atoms used in
forminghthe C-F bonds in gem-difluoro groups remain essentially sﬁ
hybridized, c<ven when the carbon atom is part of a double bond; carbonyl
group, or three membered ring. The observed confraction in bond lehgth,
accounted hy Walsh(Bu) in terms of changes in hybridization at the carbon

centre, is supported by Bernett's calculatioms.

Bernett, on the basis of Bent's proposition(Bs), suggested that the
carbon hybrid atomic orbitals used in forming the C-F bond in the series
CF, , CF}H, CE H , CFH show increasing p character (sp’, sp', sp'8,

5p*25 ).
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Table I.2. Bond angles and carbon hybridization(Z2)

C=C 1_|<FCF C-F,sp | <HCH C-H,sp| C-F 1_
nm : nm
CE 168.3010.1 3.48 | 111.9%+0.8| 2.83 | 0.1358
CE, =CH | 0.1315 | 109.3%0.4 | 3.03 124.8° 1.89 | 0.1321
CH, =CH | 0.1335 117.240.6 | 2.19
CHP=CH, | 0.1333 145.4°" 2.53 0.133k
CE,=CF, | 0.1313 114° 3.00 0.1313
CE, =0 108°10.5 | 3.24 0.1312

Quantitative molecular orbital calculations on fluorocarbons were
undertaken by Pople and others(36’37). They used a semiempirical

(approximate) self-consistent field (SCF) all-valence electron MO theory.

The salient point of their method is the complete neglect of
differential overlap (CNDO/2) i.e. the overlap integrals between different
atomic orbitals that need to be evaluated in normalizing molecular orbitals

\{lj that are linear combinations of valence atomic orbitals ¢i
*j = Xcjjés or (matrix) v=Co 1.1

to which valence electrons are assigned in pairs. The method was used
to calculate charge distribution and dipole moments which are in good

agreement with experimental values.

Some more refined calculations by Pople and coworkers(38) using
ab-initio methods reaffirmed noted trends and features caused by fluorine

substitution.
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These calculations make evident that fluorine, although it strongly
attracts o electrons (fig. 1.2), is also a weak (H< CH3 < F< OHE<
< Iﬂg) 7 electron donor (called p-Tm interéction) and these electrons go
to B positions in large molecules, so that these positions are normally

negavive. In the o framework the charge density alternates, and with-

drawal is more effective at atoms at odd number of positions away from

: 8- &+ 55~ 56+
fluorine. This effect, however, drops off very rapidly ¥F-C-C-C ,

Fig. 1.2 Electron populatior in hydro- and fluorocarbons (107> electror ).

The bond lengths and bond angles used were mean values and not

actual experimental values.
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The alternation in induced charge density is associated with fback
donation" of lone pair electrons of fluorine to molecular orbitals

of T type relative to the C-F bond (that is, with a nodal plane
through the C-F bond) and a ¢ type acceptance. - Thus the B carbon
acquires considerable negative charge leadiﬁg to a relatively small
dipole moment. These dipoles, attributed to m electron donation from
a fluorirnc lone pair into the unsaturated group, result from a struct-
- ure éécfi, as can be seen from calculated Telectron population of

some unsaturated molecules:

0 4000 1,000 0993 0963 1044 4939 4006 4,055
H——CH == CH2 CH3 CH=—= CH2 Ie"--—CH=CH2

"Back donation" occurs even when no m system is directly involved
as can be seen from numerical values of orbital and overlap population
for difluoromethane (¥=F) and fluoromethane (X=H) that are given below

to illustrate the effect. The g withdrawal of electrons from carbon

£\

eags

Population Fluoromethane Difluoromethane
F(zp,) orbital 1.966 1.943
F(2p,,) orbital 1.966 1.964
C(zp ) - F(2p ) overlap 0.003 0.078
C(2p2) - F(2p2) overlap 0.003 0.014

Fige 1.3. Electron donation from fluorine.
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ﬁlong the C-X bond (Fig. 1.3) decreases the occupancy of thercarbon
2p& Qrbital, which 1s then available to accept. more electrons from

the 2py lone pair of fluorine. This corresponds to some double-

bond character in C-F boqd and is reflected in a reduced gross pop-
ulation in the fluorine 2py orbital and an increased ﬂy overlap pop-
ulation between C and F, Pople's calculations make apparent the .
reasons for bond contraction in the carbon—fluorine bond as the number

of fluorine atoms increases.

In the CNDO approximation, it was assumed that the two-centre
repulsion integrals of the type (ii,kk) are independent of the
relative orientations of the AO's P s and(pK and under these con-
ditions all integrals involving differential overlappcan be neglec-
ted. In an improvement known as Intermediate neglect of differential

overlap (INDO) introduced by Pople and others(39’4o)

s, One-centre pro-
ducts q)i(l)cp j(l) involving different AO's Py and cpj are retained
only in one-centre integrals of the type (ij,1ij). Other one-centre
integrals involving orbital overlap vanish through symmetry. This
procedure provides a more realistic description of atoms. Pople and

(39).

others tried to find a simple proceaure that would reproduce the
result that would be given by exact Hartree-Fock calculations, (were
these possible) and the parameters in cheir treatment were chosen

accordingly.

The parameters chosen by Pople in the INDO method failed to
produce, among others, accurate enough heats of formation. This

(41)

prompted Baird and Dewar to use a different approach (Modified
INDO) in order to obtain concordance between theoretical calculations

and experimental data. They chose parameters (see Appendix I) that
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would fit observed properties of suitable reference molecules,

rather than the results of a priori calculations. Second, the one-
centre integrals used in the molecular calculations were derived
from an analysis of the atomic spectra of the first-row elements.
Thirdly the various two-centre integrals were estimated by a scheme
anaiogous to that used in the Pariser-Parr treatment of n systems.

The MINDO method was further improved by Dewar and Haselbaoh(42)

and subséquently extended to fluorine systems by Dewar and Lo(43).
The heatslof formation of fluorine compounds estimated by this
method are in good agreement with experimental data and with the

values determined by Pople and others(36). The computed geometries

D C,

_232 2h

F 1;63 / H“'\L* -8 Ve \33 /5‘202

.91_'_ /C=C\ C=——=C T -305
-236 F
H H F/ \\ e
C"976
AHC = _662 ARC = s0. ARS =-1129
i’ ¥ f '50 4 f ? 286
(-658.6) (52.4) ( ?)
D'o h | Dz d D,'h
-10 ) ) o6 ' ,'21*0
’ ’ \ 1}90 r 4 &
20 \ L80
=235
c-Ch He , c-C, F,
‘\ \\ \\ \\
AHZ = -1570 (-1528) AH?- = -1353

continued
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A. trans-1e,2e-DMC (DMC = Ditrifiuoromethylhexafluorocyclobutane)
-263 ~_ ¥ - =226 C, = 550 F . = -287
AN =955  F, =-284
-2ko =955 F o= -284
AHQ = -2L63
B. cis-1a,2e-DMC
cC = 77 F = -294
2 11
G, = 5k6 F, = ~-278
Fo =-249  F_=-285
FLC = =250 , Faq = =213

AH‘i’. =" -2382

C. trans-1a,2a-DMC

= =296
11

= =284
12
F = -281
13

D. trans-1a,3e-DMC

=299 F =290

-284 F_ =284

12 32

-217
E. cis-1e,3e-DMC

F = -292 F, = -269
11
F, = -285 F_ = -230

Fig. 1.4 Heats of formation (kJ m01‘1) and electron distribution (107° e)
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that minimise the energy are in good agreement with the experiment-
ally determined parameters, thus provided a detailed theoretical
picture of the reasons for C-F bond contraction and FCF angle

deformation,

As part of the work described in this thesis, the MINDO/2
method(44) {see Appendix I) was used to obtain information about
a number of compounds. The geometries of the molecules were the
experimentally determined ones (when available). Molecular co-
ordinates were calculated emplo&ing the MOLTER computer programme(45)
using as input data bond lengths and bond angles. The calculated
heats of formation are, as expected, in excellent agreement with
the experimentally determined ones (Figure 1.4.). ‘It is also
interesting to nofe that these calculations indicate for perfluoro-
cyclobﬁtane a D2d structure rather than a D4h form.
(46)

Epiotis carried out INDO-type calculations for some fluor-
inated olefins to evaluate the importance of lone-pair interactions.
In each fluorine or halogen, there might be two lone-pairs inter-
acting with the lone-pairs of other halogen atoms and the olefinic
bond as well. Interactions bestween pz-pZ orbitals are referred to

.as P interactions, while P -P, OT py—py are denoted as Py inter-
actions. The bond order of Py and 18 interactions is indicative
of their extent. The lone-pair interactions for 1,1 and cis 1,2-
— difluoroethenes are attractive in nature. WINDO/2 and CNINDO
calculations in our laboratory indicate that the magnitude of the
bond orders for these interactions are rather small and the pre-

dictions of attractive or repulsive nature are different for the

various computer programmes mentioned above.
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Compound p, bond order B, bond order Qf'bond order
1,1 Difluoroethene -0.0533 0.0873 0.0102+
cis-1l,2-Difluoroethene 0.0475 -0.0242 0.0066+
Tetrafluoroethene

Geminal fluorines

Ref.(46) -0.0403 0.0978+
MINDO 2 -0.0511 0.1477%

CNINDO -0.0424 0.0566%

Vicinal fluorines

Ref.(46) 0.0403+ -0.0381%
MINDO/2 0.0511% 0.0188+
CNINDUL 0.0424+ ~-0.0503%

g: bond order for P, orbitals with large coefficients

+ bonding, ¥ antibonding

(47)

Liberles and others in order to find a reasonable ex-
planation for the greater stability of some cis disubstituted
ethanes ccmpared to trans, applied the total energy partition

(48)

scheme suggested by Davidson and Allen to quantum mechanical
calculations for these molecules. The total energy E of the
system is partitioned into kinetic energy of the electrons T, the

attraction of the electrons for the nuclei Vne’ the interelectronic

term Veo and the internuclear repulsion term Vnn

-

The difference in energy between cis and trans isomers is

given by AE = AT + AV + AV + AV
ne ee nn

or 2AE = AV + AV + AV
ne ee nn

therefore the relative stability of the isomers depends upon the

magnitude of the above terms. The Avne term favours the cis
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geometry, an attractive steric effect, while the last two compo-
nents favour the trans component. Fluorine, with its few electrons
and small nuclear charge contributes more to the AVne term, which
is larger than the sum AVee + AVnn-This distribution leads to
gauche conformation and cis isomers.

The electror. delocalization and subsequently the large positive
charée on the C = C carbon atoms and the weakening of the double
bond is seea to be the driving force for the dimerization of
fluorinated olefins to cyclobutane derivatives., In the dimeri-
zation the strength of C-F bond remains unchanged and the ¢t ¢t
repulsions decrease because of the much longer bond. The ring

~1(49)

strain in perfiuorocyclobutane is 117 kJ.mol compared with

110¢99) k5.mo17! for cyclobutane.

1.2. Conformation of the cyclobutane ring.

There has been much interest in the molecular structure of

cyclobutane-like four-membered rings and their derivatives, and a

wide variety of methods-have been applied in studying these com-

(51)

pounds. Early investigations suggested a puckered form (D2d)
for cyclobutane and a sufficiently low barrier of ring inversion
such that an appreciable fraction of molecules would exist above

the barrier in a nlanar form,

v

(52)

Recent infra red and Raman specira studies by Stone and Mills:
indicated the value 350 for the dihedral angle of cyclobutane and
these results were confirmed by Miller and Copwell(53). The NMR
spectrum of cyclobutane in a liquid érystal (nematic) solvent(54)

was consistent with D2d symmetry of the molecule. The valuz of the
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dihedral angle ranged between 230 and 270. An interesting
feature is that the C-C-C planes do not bisect the HCH angle,.
The CH2 groups are tilted in a way which brings axial hydrogens

on the same side of the carbon ring together. The tilt of

'rocking' angle is 40.

C-F = 0.1333 mm
C-C = 0.1566 nm
<FCF = 109.9 + 0.3°
<cCC = 89.3 + 0.3°
- =89.3 +0.3°
= 17.4°
B = -5.4° (Tiit)
Symmetryﬁ%d

(56)

Fig, 1.5 Structure of octafluorocyclobutane .

(55)

Bauman and Bulking re-examining the infra red (in gas

and liquid phase), Raman and NMR spectra of octafluorocyclobutane
concluded that the results were consistent with a bent ring of

symmetry D,., but not with a planar ring of D symmetry or any

2d 4h

other form possessing a centre of symmetry. Refined electron

(56)

diffraction studies by Chang, Porter and Bauer were compatible

with a D2d structure. The dihedral angle was found to be 17.40.
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Their results are given in Fig. 1.5 and are in good agreement with .

previous data. The angle of tilt of axial atoms in cyclobutane

(54) L4

wnich was indicated by the results of Meiboom and Snyder

(57)

demanded by the calculations of Wright and Salem s Nelson and

(59)

Frost(Sb) and Pasternak and Meyer is also present in octafluo-

(60)

rocyclobutane (B = -5.4). Miller and Capwell have also deter-

mined and interpreted the Raman and infra red spectra of octafluoro-
and octachlorocyclobutane in terms of a D2d structure. They also

found a D4h structure for octahydrocyclobutane which was attributed

to hydrogen bonding.

The unavoidable conclusion to be drawn from the results men-
tioned above is that cyclobutane and its octasubstituted derivatives
are ndn planar molecules (see also‘ref 61). The D2d structure was
consistent with our calculations (Fig. 1.4). One consequence of the
D2d cyclobutane ring tilted structure is that a trans 1,2-disub-
stituted ccempound may exist in two conformational forms, namely
diequatorial and diaxial, while the cis form would be in the axial-
equatorial conformation. For a symmetrically 1,3 disubstituted
cyclobutane the cis form can possess the diequatorial or diaxial
conformation, while the irans may exist in axial-equatorial con-
formation as it has been confirmed experimentally‘62). It has alsc

been suggested that 1,3 interaction causes flattening of the ring

which is a less stable form.

1.3. Cycloaddition

The propensity of fluoroolefins for forming four-membered

rings'is‘onevof their most intriguing characteristics. The di-

(63) a

merisation of tetrafluorocethene to octafluoroccyclobutane ’
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. ﬁ2 +'n2 reaction” proceeds at a significant rate at 500 K, while
the cyclodimerization of ethene, a similar reaction, has not been
observed yet. Co-dimerisation will occur not only between differ-
ent fluoroolefins but also between fluorooclefins and unsaturated
hydrocarbons and, moreover, some of these co-dimerisations proceed
mére readily than the reaction involving only fluoroolefins ., An
impressive feature of the l t n2 cycloaddition of fluoroolefins -
is that it takes precedence over the Diels-Alder reaction. The
presence of a gem F20= group in the structure of fluoroolefin
greatly facilitates cyclodimerisation. l,2-difluoro—olefihs
-FC=CF- are much less reactive. Replacemenf of halogen with hydro-
gen, alkyl or perfluoroalkyl greatiy reduces reactivity. Hexa-
fluoropropene reacts quite sluzgishly [at 500 K, 10° k(CF,=CFCF, )=
k(CF2=CF2)]. A ccmprehensive review of cycloaddition reactions

has been published by Huisgen and others(64). Untortunately this

review does not include correlation with the reverse reaction of

ring splitting.

_Ehermal cycloaddition can be conceived as proceeding by a
surprising number of distinguishable mechanisms. Each mechanism
implies & certain reaction path and é distinct transition state.
The transition state requiring the minimum activation energy will
dominate the course of the reaction. Ab-initio quantum méchanical
calculation df the potentiai energy reaction surface connecting
reactants and products would provide all the information about the
reaction path, but computations of this magnitude are still un-
attainable. For concerted intermolecular cycloadditions, in which
the paséage from reactants to products occurs in a single step

(65)

without any other species intervening, Woodward and Hoffman
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have given rules which help in the choice of reaction path, In
practice until recently practically all calculations of reaction
route have been based on speculative selection of the transition

state, rather than exploration of the potential energy surface,

Calculation of molecular orbital (MO) energies of reactants
and products of known geometry can provide limited but very usc -
ful information about the reaction path of cycloaddition reactions.
For this class of pericyclic reactions, Woodward and Hoffmann(65)
have established 'selection rules' on the basis of molecular
orbital symmetry. According to these 'rules' reactions occur
readily when there is congruence between orbital symmetry charac-
teristics of reactants and products, and only with difficulty when
that congruence does not obtain. The use of correlation diagrams,
suggested by Longuet-Higgins and Abrahamson(GG) is of high utility

in the treatment of c¢ycloaddition reactions.

A complete correlation diagram for the thermal cycloaddition
of two ethene molecules (symmetry D2h) to form planar cyclobutane
(symmetry D4h) has been drawn (Fig. 1.6). In this suprafacial-
suprafacial addition, denoted n2s + n2s’ two ethene molecules
approach each other with their planes parallel, moving along the
maximum orbital interaction-least motion path. The character
tables used are those of Wilson, Decius and Cross(67). The z
axis was taken perpendicular to planar cyclobutane, with the y

axis bisecting the gem H, C= angle of the ethene and the x axis

2

perpendicular to the nodal plane of the double bond. The energies

of the MO were calculated by the MINDO/2 method.
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The reaction transfers two elecitron pairs from n bonding

orbitals (b3u) to o orbitals. Two of the electrons occupying

VAl =

2

b u erbitals would finish up in (b
- .

3u) antibonding orbitals of
higher energy and the cyclobutane would be formed in a high-energy
excited state, Therefore a significant amount of energy would have
to have been acquired during the concerted éhahge in order to reach
the excited state. The non-crossing rule indicates that the path
actually followed would be that of the full line, which leads to
formation of ground state cyclobutane,.but which indicates the
presence of an energy barrier to the concerted cycloaddition.

The barrier height crudely about half the energy gap between the
highest occupied (HOMO) and the lowest vacant (LVMO) orbitals, is

(66,68) 4 e about 500 kJ.mol™-.

estimated by recent calculations
The reaction is 'forbidden' in the Woodward-Hoffman sense, which
means that this mechanism will not be observed as a fast reaction
at room temperature, while at higher temperature, because of the
high activation energy, other reactions, such as decompositions,

might prevail. There may of course be other mechanisms for cyclo-

addition which have lower barriers.

The approzch in which the two pn carbon orbitals of the react-
ants interact_with each other in an antarafacial-antarafacial mode

o i ] 1 ]
ana + n?a) is also symmetry 'forbidden'.
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Figure 1.8 Modes of approach for cycloaddition of two ethene molecules

The approach in which one of the reactanf molecules exercises
a suprafacial interaction to one of the pn orbitals and an antara-
facial interaction to the other (Fig. 1.8 I, II) is termed a
supra-antara process. It can be seen that in order to achiéve
maximum overlap of the relevant orbitals the reactants must app-
roach one another orthogonally. A correlation diagram may be
constructed for a nzs + nza reaction ﬁsing a two-fold axis of

symmetry which bisects both the ethylenic bonds.

QHH

14+
a .3

I+ I+
Q
1]
Q
)

c_;.:' [J)
]
5

ON

1 aq

Oﬁ@ Cowmnt o
o

Figure 1.9 Orientation of two ethene molecules and orbitals

‘for correlation diagram of a 2. + n2y Dprocess.
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The orbitals of interest are the occupied ol,uz,nl,né and
* * * *
the unoccupied o, Ty ,02 Ty o The symmetry is C2v and these

orbitals may be assigned to representations of the CZV_point group.

Al . 01 » 9, s ﬂ2
*
A2 nl
o Lk
B %
* *
Bz 1[1 ? 1t2 9 (-4 2

The three lowest molecular orbitals are derived from combinations

(three) of the orbitals of the A representation

1

2 g
Y

L k.4
o+ o,tm, o+ o,— o0yt T, m o+,

a b c . d

The total energy of a , b, ¢, will be slightly higher
than the sum of the orbital energies in the separated molecules.
The combination is slightly antibonding as all possible levels are
occupied. The fourth lowest occupied molecular orbital d is
derived from -the orbitals of the B2 representation and will be
close tq pure = .

If the lobe (carbon atom) j turns towards i to make a ring,
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the four lowest orbitals of the cyclobutane ring are produced.

The concerted .reaction is 'permitted' in so far as the correlation

— 4 O

J

1

S
S

NS

d

1o
{g]

of orbitals is concerned, but there is energy requifed to produce
the distorted structures involved in the transition state. The
initial interaction between two orthogonal ethene molecules is
similar to the repulsive irnteractions between two saturated mole-
cules. This repulsion is compensated for only when the molecules

turn to form a puckered ring.

In their treatment of cycloaddition of an m toann electron
system, Woodward and Hoffmann presented selection rules in which
the geometry of addition is‘taken into account (Table 1.3), but
they give no guide concerning the straln energy which may be in-

volved.
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(65)

Table I.3. Selection rules for Cycloaddition reactions,

m+ n Allowed in Ground State Allowed in Excited State
Forbidden in Excited State Forbidden in Ground State
4q' ms + na ms + ns
' m_ +n m +n
a a a
. m + n i m + n
4q 3+ 2 S S S a
y m +n m +n
‘ a a a
(69)

The same conclusion can be reached by following the Dewar
(70)

~Zimmerman representation., A 4q electron cyclocaddition is
allowéd in the ground state if the Mobius topology of interaction
can be achieved, namely, an array with an odd number of sign
inversions.as in the s + a.process. It should bevemphasised that
the principle of conservation of orbital symmetry is valid,
whether or not a formal correlatim diagram can be constructed.
The ﬁiésence of substituents in an ethene molecule can be dealt
with by replacing them with their isocelectronic carbon groupings
or, if their electronic demands are trivial, by hydrogen atoms.
In the concerted cycloaddition of ethene to propene there is no
symmetry in the transition state. The methyl group has reduced
all levels to the same symmétry. One might be tempted to conclude
that methyl substitution has made the thermal cycloéddition

(n?s + ﬂ?s) symmetry allowed. The perturbation caused by the
presence of methyl is a very small one and a bonding level of

reactants has again moved to high energy in the transition state.

The reaction still remains symmetry-forbidden.
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\

Using.cbrrelation diagrams, the energetic behaviour of each
orbital as it transformed from reactant to product was carefully
considered and the importance of the first excited state was

1(72,73) and co-workers evolved the 'Frontier

indicated. Fuku
Orbital' theory which correlated reactivity with properties of the
highest occupied (HOMO) and lowest vacant (TVMO) orbitals of thc
reactanfs since the most significant interactions are considered
to be between the HOMO of one molecule and the LVMO of the other.
The overall energy change resuiting from the mutual perturbing
influence of one molecule upon the other can'be calculated to a

reasonable degrece of accuracy using pefturbation methods(lo).

Mathematical correlations of the frontier orbital concepts(73)
with ﬁerturbation theory (PMO) were demonstrated and the relation-
ship of both PMO theory and the frontier orbital method to the
orbital-symmetry reactivity concepts has also been extensively

(10,70,73) (74)

discussed . Herndon presented the theory of cyclo-

(75)

addition reactions in terms of PMO while Hudson used the same

approach for the whole spectrum of chemical reactivity.

The essential feature of the PMO is thaf, in the incipient
state of the reaction, the wave functions of the perturbed syst~u
is given by appropriate combinations of the wave functions of the
two unperturbed molecules. The magnitude of stabilization will
depend on the nature and the extent of interactions of the MO's of
the two cycloaddends. The result of the interactions will be to
lower the energy of the occupied levels and to raise the energy
of unoccupied levels. The stabilization energy (SE) for two

polyenes A and B, when the doubly occupied MO M of A interacts
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with the vacant MO , N of B and the ioubly occupied MO K of
polyene B interacts with an unfilled MO L of polyene A, is given
by

, 2 2 1
SE = N[Cmi an + cmr Qns) Y E - E ]+

2 2 (76)

1r %ks) v E, - B ]

=

N[(Cli ij + C 1.2

where N is the number of electrons occupying the energy levels EZ'
CZx is the coefficient of the xth p atomic orbital of polyene P,

y is the resonance integral between the two interacting p atomic

orbitals at the union sites and E2 is the energy associated with

the MO Z.

Figure 1.10., Schematic diagram of the effect of MO interaction
upon the energy levels of the cycloaddends. Broken lines depict
the energy levels of the two molecules prior to interaction. Full
lines depict the energy levels of the two molecules after the

interaction. Arrows indicate interacting energy levels.

On the basis of equation 1.2 which incorporates all the features

(76)

of the Woodward-Hoffmann rules, Epiotis argued that the btype of

approach (a + a, s + s, s + a) and, therefore, the selective
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formation of one of the possible stereoisomers can be predicted
as well as the preferential orientation (regioselectivity) of

the reactants to form one particular isomer,

It has been suggested that face compatibility alone of the
MO is a necessary but not sufficient condition for concerted
proccess and the énergy separation of the interacting NO of the
cycloaddends should be taken into account. The latter may be
studied by using interaction diagrams. An interaction diagram
depicts the relevant MO energy levels of the reactants, the dis-
tribution of electrons in these MO and the dominant interactions
of the MO of the two cycloaddends, which can be ascertained by
noting the degree of proximity of the energy levels corresponding
to the interacting. Such an interaction diagram can be construct-

ed using computed figures or experimental data (Fig. 1.11)

-1.02eVv — e
1 }_Q;ﬁ%_ _ -1.66eV
_ LVMO 4
CF,=CF, CF, = CFCF3
HOMO
-9.98eV J_______ e
0.71
7 1 i -10.69eV

Figure 1.11 Interaction diagram for the case of CéF4 + C,F,

cycloaddition. Orbital energies calculated by the MINDO/2 method

(for spectroscopic data see ref. 77).
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Most of cycloaddition reactions can be.described in terms of

donor-acceptor relationships. The &ifference (EHa + ELVa)
(EHd + ELVd) = A>0 indicates that reactant 4@ acts as donor while
cycloaddend a acts as an acceptor in a given cycloaddition. Their
interaction in the transitiop state can be defined as a resonance
hybrid involving no bond (NB) and cuarge transfer (CT) contributing

structures. For cyclcdimerizations or, in

de...a(NB) = » at a7 ()

general, A = 0, the contribution of the CT structure will be
negligible, while for A >0 the contribution of the NB structure

will be negligible. The examination of phase compatibility

88

Figure 1.12. Schematic dizgram of the resonance formations of the
transition state of a cycloaddition reaction. Solid arrows indi-
cate dominant interactions stabilizing the s + a transition ;tate,
while broken arrows indicate dominant interactions stabilizing

the s + s transition state.

(signs ard magnitude of the quantities CZX> of the appropriate

orbitals corresponding to the interacting energy levels indicates
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that the s * n2a path is preferred when the d...a (NB) contribu-
tion to the transition state prevails. The preferred mode of
union of two cycloaddends is determined jointly by steric and elec-
tronic effects. The rotation of a bond demanded by the s + a pro-
cess will preferentially occur within the acceptor moiety. Steric
effects caused by the presence of bulky substituents will dominate
the overlap effects Ys and will influence the stereochemistry as
well as the rate of the reaction. From consideration of steric

effects alone the rate of dimerization of some fluorinated olefines

is expected to decline as bulky substituents replace fluorine.

_ ~ - T = . = ) =
CF, = CF, > CF, = CFC1 > CF, = CC1, > CF = CFCF; >> CF, c(cpa)2

(78)

Epiotis alsc discussed the regioselectivity of concerted
cycloadditions. Rearrangement of equation A for two distinct
regiochemical modes of union, namely, the head-to-head (HH) and
head-to-tail (HT) cycloadditions, gives:

2
)

_ 2
SE(HH) = [4Y°/(E, - Eg)] (c

+ 103

12022
2

11021

SE(HT)

2
Lay /(El - E,] (c 1.4

1122 * €15%01
where El and E2 are the energies of the frontier MO's of the re-

actant w.dergoing cycloaddition and i in Cij denotes the approp-

riate MO and j the appropriate carbon atom. Since 012 = 021 = a

~ ) ) 2 .
and Cll - 022 = b and substituting K = 4Y /(El - E2) equations

1.3 and 1.4 become

SE(HH) K(2ab)2 1.5

SE(HT) K(a? + b°)2 | 1.6

therefore the regioselectivity of a reaction will be determined

from the inequality a2 + b2 > 2ab which holds for all positive
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values of a and b except a = b>0. Epiotis postulated that a re-
action will proceed regiochemically in a manner which involves
union of the two atoms of highest frontier orbital electron density
and union of the two atoms of the lowest frontier orbital electron
density. PFor olefines substituted by electron withdrawing groups
the mode of addition is expected to be head-to-tail. PFurthermore,
the geometry of a “28 + n?a transition state is sterically unfavour-
able and the orbital interactions which stabilize such a transition
state are very weak since, as it is the case, the frontier orbitals
of the cycloaddends have substantially different energies. Also;
it has been fcound that n2 +_n2 cycloaddi’.ions yiel@ mainly head-
to-headi products. The alternative to a concerted reaction is a
stepwise mechanism with one of the new bonds forming first, and
leading to a definite, though short-lived, bifunctional intermed-
iate (diradical or dipolar ion), whose free end then combine to
close the ring. Such a mechanism would explain regioselectivity of
these reactions since 'head' in this context is the most stable

radical formed, as well as the relative absence of stereoselectiv-

ity(6!7!8) .

It has been suggested that a particular requirement for the

stepwise process is the presence of the F_,C= group or 1,1 electro-

(79)

2

negative substituents. Bartlett and Wheiand argued that a
geminal pair of fluorine atoms or highly electronegative substitu-~
ents is neither a necessary nor a sufficient condition for reactiv-
ity in the diradical mechanism of cycloaddition. They suggested,
on the grounds of the sensitivity of this reaction to structure,

the dependence of the reaction on three important factors:

(1) exothermicity of double bond opening.
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. (2) accommodation of the odd electrons on the potential diradical.
(3) ease of approach of reactants in formation of the initial new
bond.

Benson suggested semiempirical methods for estimating thermo-

(30)

dynamic properties of organic compounds. These methods are
based upon additivity schemes in whizch the basic units are the
atoms or bonds, or groups which comprise the molecule. Group
gdditivity methods proved to be the most successful schemes devel-

oped. Por simple molecules it is poszible by these methods to

estimate the heats of formation (Aﬂek), heat capacities (Cﬁe) and

entropies (363(30’80) to a high degree of accuracy. Error limits
- - - -o-
of the order of + 4 kJ.mol 1 in AH;'and + 4J.K l.mol 1 in AS can be

easily achieved. . Known correction factors for ring strain steric
factors and resonance effects can be introduced with a similar
degree of accuracy. So, heats of reaction can be calculated to a

reasonable degree of accuracy (+ 8kJ.mol—1).

Within the fransition—state theory framework, a chemical re-
action involves the passage of reactanis along a reaction surface
into products via a transition complex. The thermodynamic prof—
erties of reactants and products can be calculated as well as those
of model intermediates and possible transition complexes including
strain, resonance, and relative stability parameters for unstable

"
species(UI).

The main disadvantage of this method is the a priori selection
of a model for the activated complex, Though thermochemical
evaluations may match experimental data, any aspecis of gquantum-
mechanical restrictions which might pertain to the reaction cannot

be revealed, and such coincidence caniot be interpreted without
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further proof as evidence for the accuracy of the model in repres-
enting the details of the actual chemical entity under consider-
ation. Selection of a number of possibie intermediates would make
the choice less arbitrary, without increésing unduly the amount

of calculation.

(30,49)

0'Neal and Benson applied the thermochemical method in

their analysis of cyclobutane rirng-cleavage reactions with consid-
erable success. They assumed that the ring opening proceeds via
a putative, non-interacting, l,4-diradical. Summarizing the

(82)

Salem-Rowland definition, diradicals are molecules with two

(weakly interacting) odd electrons in degenerate or nearly de-
generate molecular orbitals. For thermochemical evaluations the
electronic properties of these short-chain-length diradicals are
nct considered in detail. They may be important in discussing
stereoselectivity-and estimation of bond rotation barriers(83)
influenced by through space overlap and through bond interactions,

(83)

Stephenson and Gibson found that this omission did not affect

the validity of Benson's method and suggested the same rotational
barrier for singlet and triplet species. For corrections in the
entropy nf the system, only the spin degeneracy of the singlet

' (30b,31)

(gi = 1) is taken into account

According to 0'Neal and Benson, the diradical is an inter-
mediate and not the transition state. The heats of formation of
these non-interacting diradicals are 25-42 kJ.mol_l less than that
of the corresponding activated complex. The failure to intercept
‘any such diradical by radical scavengers could be accounted by

10

its short life-time (10 s), These free radicals would correspond
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to shallow potential energy minima near the transition state

region along the reaction surface. Extezxded HMO calculations by

(84)

Hoffmann and others on the tetramethylene diradical yielded a

smooth surface with only one maximum between cyclobutane and
ethylene decomposition products. No secondary minimum was found
in the many dimensional potential energy surface but only a very
flat region, where the system -~ named twixtyl - spends a relatively
long time exploring its way out. Calculations for the trimethyl-
(85)

ene diradical by Goddard's generalized valence bond method did

not indicate a secondary minimum.. A priori SCF celculations with

Slater type orbitals(BB)

(86)

favour a minimur on the triplet state
surface. Pople has shown that the lowest energy route
for ring closure through an orbital crossing region is via the

triplet state., Stephenson and others(87)

suggested two possible
reasons for observed discrepanciez between thermochemical and MO
calculations. The first reason, calculation of the heat of forma-

vion of the diradical by employing the same C-H vond dissociatioa
energy in removing the second hydrogen as when removing the hydro-

(31) asgign the value 410 kJ

gen, can be debated., Benson and 0'Neal
as dissociation energy for one C-H bond and an average value

433 kJ per C-H bond for the diradical. The second reason is the
approximations employed in MO calculations. Doering and Sachdeu(BB)
from kinetic data of thermal isomerization studies, sugzested that
1,3 diradicals constituted the transition state while 1,4 diradi-
cals might exist as an intermediate. With the present understand-
ing of these short-chain-length diradicals, thermochemical calcu-

lations remain very useful and facilitate evaluation of Arrhenius

parameters and m»hes of reaction.
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1.4 Energetics of cycloaddition reactions.

(31), the enthalpy and the entropy

Using Benéon's procedure
of activation of certain reactions of special intersst in this work
have been calculated. The figures relate to ring formation in the
biradical mechanism. The thermodynamic path from reactants to the
transition state employed for pre-exnonential factor calculations

that follow, involves estimates of changes in entropy, enthalpy

and heat capacities in the manner described.

(2) association of reactants to the corresponding
diradical (nonresonance form) -t room temperature
(298 K): R N

(b) incorporation of resonance to the diradical (if
resonance exists)e

(c) correction of the thermodynamics of the reaction to
the diradical from 298K to the reaction temperature
by using the estimated average reaction heat capacity

over this temperature range (ACT ):
Pp_298

(d4) formation of the transition state from the diradical:
(e) incerporation of the reaction path degeneracy of
the reaction.

Detailed calculation for a few compounds are given below. The
(30,31) =

notation is that of Benson . PFor sake of brevity X 298 is
written as X°
A Ethene—>cyclobutane
(a). 1. Ethene
2(C, - (H),]
o _ -1
MH, = 2 x 26.2 = 52.4 kJ.mol ~(1lkJ = 0.239kcal)

£
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s% = 2 x 115.52-R1n4 = 231.04- 11.52 = 219.50 J K ‘mol~
.. - - _ - = —1 —
6P700-300 = (2x0.5)(21f34 + 38.91) = 60.25 J K "mol
2. Diradical (R:) CHZCHZ\JH‘?CH2
H(CH,) H —="(CH,), + 28
Aﬁg_(R:) = 2D(C-H) + AH; (n-butane) - 2AH; (H")
303.1 = 866.1 - 127.03 - 435.97 = 303.1 kik™* mo1™"
Ri =2 [& - (C)(H),] + [C - (C),(H),]
o= oiht ext = 4 Rln4 = 11.52
§% = 2[130.54 + 39.41] - Rln4 = 328.4 JK ' mo1~t
CP-00-300 = (2 x 0.5)(25.051+ 41.00 + 23.01 + 42.68) =
= 131,75 kJ.mol~
3 Reaction 2CH, = CH, —> (R:)
o~ - S .
MM = AH. (R:) - 22H] (Cd, = CH,)
303.1 - 2 x 52.4 = 198.3 kJ mol '
As¥ = 328.4 - 2 x 219.50 = 110.6 J K mo1™t
ACP = 131.75 - 2 x 60.25 = 11.25 J K ‘mo1™t
-0~ o
(b,c)ai, ) = M + ACp(T, - T,) = 198.3 + 11.25 x 402 = 202.86
A59}OO - aS5% Aapde/T - 110.6 + 11.25 x 0.847 = -101.07
J KL mo17t
A CH_=CH 198.34 \ 4,52 N
2 2 — — \/\
AS CH.=CH ~110.6 . $.53 .
2= 2
298 X 700K
(d)1 Ring closure
+ . . . —
A ring closure = (Et —_>Et)27.6 27.6 kJ mol 1
+ a7 _ S |
AS S (Et >EE)27.6 = =10 J K mol

1

1
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—_— - -1
AC; = 0.5(8.79 + 9.62) = 9.20 4J.X 1 mol
+ + =+ _ _ : o -
BHL, = BH | 309 + AC) (700-30) = 27.6 + 9.2 x 0.4 = 31.28.)Jmol
AS;OO = ast o+ AC 1n (700/300) = = 10 + 9.2 1n 2.33 = 17.79
J K‘l mo].’1
oM \}C\ 7.6 ‘—--7*' 3.68 an
———— ——
As » _10 : —7179 .
298 K 700K

(d)3 Cyclic activated complex
[t
2CH, = CH, —> ( )

¥ -
AH = 202.86 + 31.28 = 234.14 kJ. mol”t (-55.96 kcal)
o ] R |
AS = -101.07 - 17,79 = -118.86 J.K " mol
int
(e) "
Symmetry (D2d) correction - Rlno = -11.52 (0=4)AS =—130.38JK—1
s88Y = 213004 3 K7L
(d)2 Diradical formation process - 'Open' activated complex

AThe concerted process for formation of the 1,4 butanyl

diradical from ethene is depicted as
2CH. = CH L (/’\ 7 "—’: _2& /\/
2 2 -1 o~ ) =2 4

Thus, proceeding from the diradical to the activated complex as

suggested previously (path -2),

c
-0 o 7
AT = X [—2(CH2 SN n—Pr)25 -2(c 0)420 - (¢ - c)900

Ce
Py )y + (Byedy + 2(C7 7 C)yg, + (S, - 5),

1
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ASq0g 457 + AC ) dAT/T = [-2(9.20) - 2(3.8) - 0.8 + 4.0 + 0.8 +

+ 2 x12.0 + 0.8] + [-(2 x 0.5)(7.5 + 8.8) - (2 x 0.5)(12.0)
-0.5(4 + 4.4) + 0.5(6.3 + 7.9) + 0.5(2.9 x 7.1)+C+0]x0.847 = -18.1kJ

AS = -101.07 - 18.1 = -=119.2 JK‘l

5 Cyclobutane

4[C;(C)2(H)2] + ring correction

ive = 4(-20.71) + 109.62 = 26.78 kJ mol T
S = 4(39.41) + 124.68 - 8.3141n8 = 265.03 JK ' mol~t
Aﬁé = 2(23.0L + 42.68) + 0.5(=19.21 - 9.45) = 117.0 J K tmo1 Tt
6 Reaction 20H, = CH — o-C,H
MY = 26.78 - 2 x 52.4 = -8 kJ mol ™t
1 -1
AS = 265.03 - 2 x 219.5= -164 J KT mol
- 1 -1
G, = 117 - 2 x 60.25 = -3.5J K™ mol

3

-78 - 3.5x400x10"

-0 o
at 700K AHR7OO_ AHRBCO+ ACpf&T %
=-79.4 kJ mol

Using the quantities obtained in this mcnner, a reaction co-
ordinate diagram is constructed (Fig. 1.13). The values of the
thermochemical quantities are in good agreement with the experiment-
al data of Beadle and others(9o) obtained from the pyrolysis of
cyclobutane. The difference in the heat of formation of the di-

radical between these calculations and the value of Beadley is

eliminated if the calculation is based on heats of formation of
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b A:" +
N , ai® (©9)

— o > - Gw > e s e ww wn - o

Reaction Coordinate

Figure 1.13 Reaction coordinate diagram for (g2 + w2) cyclo-

addition and cycloisomerization reactions. The structure ( [__J)
represents the transition state for cis - trans (geometric)

isomerizations. The structure (/“/) represents the transition

state for structural decomposition (formation of substituted

ethenes) of cyclobutane derivatives.
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radicals( 49,81)
B. Tetrafluoroethene ———= Nctafiuorocyclobutane
(a).1 Tetrafluoroethene -2 )
MEY = -658.56 kJ mo1™t, s° = 300, T =95.81 J K1 mo1™t
P200-300
. . * e _ OF é
2 Diradical (Rf) C 2 CF2 CF2 F2
H(CF2)4 H ——— (CF‘2)4 + 2H
AEY (R:) = 2DH(C-H) + AHY(n=CPF.HCF .CF.CF.H) - aR°(H )=-1297.9
£ : ARl Rl el Al .
= 866.1 : -=1728 - 435.97
s (R:) =$%, (n-C.FP.H.) - 3RIn R: | 28%(c-n)
47872 e P 3100
47872
C .
7N Ir(R:)
-4(p H)1450 - 0.5Rln Ir(RH2) + Rlng, + Srotor(n—but—rad)
= 476.,14-0.25-0.25-0.5+0+0+0 = 475.14 J K'l mol—l
] = 224,26 - 0 - 0.63 - 4 x 2.26 + 0 = 214.6 J K% mo1™+
p700-300
3 Reaction 2CF2 = CF2 —_— (ﬁf)
AH*: = 19.22, AS° = -124.86 , AEp = 22.98
6~ ' O~ -1
AH - . = - .
(b,c) o0 28.4 kI AS. = -105.4 J K
(d) Ring closure
+ ~ —_—
MH' = AH(CF,CF) —>®)¢, = (4-Bu —> @)y = AcpS ar

60 + 9 x 0.4 = 63.6 kJ
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(81)

The assignment of 60 kJ-barrier to internal rotation is Jjustified

by the tightness of the C-C bond and the mass of fluorine atoms.

(d3) Cyclic activated complex

- -1
MY - 28.44 63.6 = 92 kd.moi~l (93 k7 mo1~Y) (63)
-1 -1.
As* = -105.4-34.3 - Rln = -157 (156.9 JK ~ mol ™)
5  Octafluorocyclobutane
- - - - -1
Aﬁg' - 1528 kJ mol™ T §% = 400 JK L mo1t ACp = 207.4 JK “mol
T3
et o= _
6. Reaction 2CF, = CF, > C C4F8
AHE‘ = 210.9 kJ. , A§§_= —200JK™%, ACp = 15.8 JKt
7 Reaction ¢-C,F, ——> (c-C.F )i
L 478 478
I -1 1
AHp = 92 + 210.9 = 302.9 kJ.mol (3C3.8 kd mol ™)
Asg = =157 + 200 = 43 J.KF mo1™t (44.3 gkt mol"l)

(63)

Agreement between the calculated and the experimental values
is good. Nevertheless, thérmochemi;al calculations for fluorinated
compounds lack the precision that is common in hydrocarbons, mainly
due to rarity of relevent data. Although cycloaddition reactions

(8)

of fluor.inated alkenes dominate the work of Bartlett and his

team, kinetic measurements have rarely been made. Atkinson and

(2—4,63 ,91)

co-worxers have supplied reliable kinetic data for a
number of compounds and this work aims to extend the range of

observations and to include new reactions and compounds.
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1.5. Object of the present work.

The main aim of the present work was to obtain kinetic
parameters and thermochemical quantities for the thermal cyclo-
dimevrization of chlorotrifluoroethene,hexafluoropropene and the.

intermolecular cyclic product of the two compounds.

The literature survey has shown that the general mechanism
of fluoroolefin cycloaddition has not been unambiguously settled
and details still remain to be elucidated. It was expected that
this work would provide information concerning‘the reactivity of
the compounds under investigation and that the geometry of the
products would provide indications about the probable mechanism

of the reaction.
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Introducfion

The purpose and aim of the experimental work was to investigate the
dimerization of chlorotrifluorocethene and perfluoropropene and the inter-
. combination of the two compounds, and to determine the activation energies
and pre—exponentiél factors for these reactions. To achieve this aim, a
vacuum system and an analytical system were needed. Throughout the work
it wes plénned to use gas chromatography azs a means of extending measure-
ments to conditions in which it would ctherwise be impossibie to make

accurate measurements.

The vacuum system was designed so that starting materials and prod-
ucts could be handled and stored free from atmospheric“contamination.
Several storage globes and traps were incorporated into the system. Fac-
ilities were provided for vapour pressure and molecular weight determin-
ation, and for taking samples for examination of infra-red, nuclear
magnetic resonance and mass spectra. For preparative work, a gas chro-

matograph was linked to the system.

S;mples for analysis were drawn from the middle of a specially
designed reaction vessel. Analyses were carried out in a second gas

chromatograph equipped with a flame ionization detector.
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2.1. APPARATUS

2.1.1. The Vacuum System

A vacuum system of conventional design (Fig. 2.1 ), constructed
of Pyrex glass, ccnsisted of a preparation and sampling section, gas
storage section, and gas mixing and reaction section. The system was
pumped out by an Edwards "Speedivac" rotary oil pump, backed by a two
stage mercury diffusion pump. A trap between the vacuum line and the
pumps was kep£ cooled in liquid nitrogen to improve the vacuum and +to

prevent contamination of the system. A side arm of the vacuum line
pumped out by a second mercﬁry diffusion pump was used exclusively to

evacuate quickly and efficiently a gas sampling valve.

The system was normally maintained at a vacuum better than 0.01 Pa.
The degree of vacuum was measured on two Edwards Pirani gauges, model
G5C-2. 1Incorporated into the system were a number of manometer tubes

which indicated roughly the vacuum at any part of the system.

2.1«1ea Freparation and Sampling Section

The Preparation and Sampling Section consisted of three traps (showm
A in Fig. 2.1. ) each of which had a volume of about 50 cm . At the
end of the section there were two standard joints B 10/19. Ordinary

glass taps greased with Apiezon L were used in this section.

Gases were admitted into the system and samples were taken out of
it through the standard joints. The traps were used for trap to trap
distillation, as well as for the collection of fractions of gases puri-
fied by gas chromatography. For this purpose a Pye 'Panchromatograph'
was employed and it was easily connected to the system by the B 10/19

joints.
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.Figure 2.1

The Vacuum System

09



61

Samples were injected directly from the vacuum system into the -
columns, using a modification of the sampling devicer) (Fig. 2.2 )
described by McKeagan( 5). The sample loop was about 50 e total volume.
The 3mm o.d. copper tubing supplying the carrier gas was connected vo
6mm glass tubing of the sampling device and to the packed glass <column

by means of Cajon Ultra Torr reducing unions. The connections were made

leak proof using Viton A washers.

In the usual operation of the Panchromatograph carrier gas would
flow from the 3mm o.d. copper pipe via the Cajon brass connector directly
into the packed glass column in the chromatograph. The-sampling arrange-
ment allows a quantity of gases to be taken (A& and B of Figure 2.2 )
from the vacuum system and then injected into the chromatographic column
(C of Figure 2.2). As the column inlet pressure was about 200 kPa,
spring loaded stopcocks were used; rather frequent regreasing was

required in order to avoid leaks.

A thermal conductivity detector was connected to the outlet of the
chromatographic column. The detector was a Gow-Mac hot wire device
Type 9é85-D with a four filament bridge, each arm being a code W2 tungsten
filament. This was used in conjunction with a Gow-Mac regulated D.C.
power supgply, Model 9999-CS. A Honeywell Electronik 194 recorder was

used to measure detector output.

The Panchromatograph is provided with a theimostated oven with place
for two columns. TFach column is surrounded by an aluminium cylinder. A
length of metal tubing wound spirally around both aluminium cylinders
allows cooling water or other fluid to be circulated for cooling the
columns to below ambient temperature. A separate oven holds the thermal
conductivity detector, and can be thermostated at a different temperature.

The operating range in both ovens, when heated, is 325-525 K.



Gas Chromatograph

Figure

2.2

&

1 Cajon Ultra Torr Reducing Union

2 Spring Loaded Stopcocks

A Sampling‘Position
B Sample Ready Position

C Sample Injection Position

Sampling Device

9
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Nitrogen was ﬁsed exclusively as the carrier gas. The flow to the
columns and to the column simulator used in conjuction with the thermal
conductivity detector was controlled with Edwards vacuum needle valves.
Four rotameters in the chromatograph monitored inlet flow ; bubble flow
meters vere used to measure the flow directly and to calibrate the
rotameters. The outlet of the thermal conductivity detector was connected
via >mm o.d. metal piping, a brass reducing union and a B 10/19 standard
joint to the vacuum system (A in Fig. 2.1 ). The stream of gases
emerging from the detector was diverted into the traps which were kept
in liquid nitrogen. A single fraction could be separated and collected

using the three way stopcocks of this section.

2.1.1.b Storage and Handling Section

Ten globes of about two litres total capacity each (shown B in
‘Fig. 2.1) provided space for storing the gases. Each storage globe was
attached to a bulb in which the gases could be condensed by using liquid
nitrogen, thereby permitting complete transfer of the gas to be stored
to the storage globe. ZEach globe could be sealed off by a 'Rotaflo’

TF6/13 tap.

2+.1.1.c Mixing and Reaction Section

The principal parts of this section (C in Fig. 2,1 )were two globes
of about 560 o’ each, two wide bore mercury manometers, a reaction

vessel and two pressure transducers.

Each globehad a condensing nipple 10mm o.d., 70mm long, and contained
a small magnet sealed in glass, tc facilitate thorough mixing of the
gases. Sovirel '"Torion' valves were used extensively in this part of

the system. The pressure measurements were effected by means of a pressure
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transducer (Bell and Howell, type No. 4-366, range 0-10C kPa) attached
to the tubing connecting the two globes.
(93)

The main limbs of the manometers were of 14mm i.d. tube, 100 cm long
The mercury reservoir was common. The difference in levels was measured

by a cathetometer.

The reaction vessel was cylindrically shaped and had a thermoconple
well in the céntre. The reactor’'s external dimensions were length
11.9 cm and diameter 7.5 cm. Its capacity was 458.7 em . The length of
the thermocouple well was 70 mm. The reaction vessel was connected to
the vacuum line via a 7 mm o.d., 11 cm long tube. A 'Rotaflo’ TF6/13

greaseless valve was used on the reactor inlet.

An extension, consisting of 6 mm i.d. kovar-glass graded seal, was
provided in the connecting tube and a suitable socket was brazed to the
kovar side to accommodate a pressure transducer (Bell and Howell, type

L-3226 L4101 range 0-70 k Pa).

For experiments in which samples were to bé taken by the gas chrom-
atography sample valve, another reaction vessel was introduced (Fig. 2.3 ).
Its external dimensions were, length 12.2 cm and diameter 7.4 cm. The
L mm i.d. 7;5 cm long thermocouple well, starting from the centre of the
base of the cylindrical reactor, and having a slight curvature, ended
10 mm from the walls of the reacto§94{~ The reaction vessel was connected
to the vacuum line by a 7 mm o.d. 12 cm long tube having a 3 mm o.d.
concentric tube along the axis of the cylinder. The narrow tube was
- extended 5 cm inside the reaction vessel. A 'Hone' No. 4310/2 high vacuum
stainless steel valve was attached to the other end of the narrow tubing.
A Sovirel 'Torion' valve was used in the main inlet and a side tube was

provided for the pressure transducer.  The total capacity of the reaction

vessel was 474.6 c® , and the surface-to-volume ratio was‘approximately

~
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0.57 cm-1. The volume was measured by filling one of the adjacent

calibrated globes with pure nitrogen, at known pressure and temperature.
Then the globe was opened to the reaction vessel and the pressure change
was measured. The 'dead’ volume was estimated to be no more than 4 crn? ,

that is approximately 1 per cent of the total volume.

2e1.2. Pressure Transducer Calitration and Measurements

The preséﬁre transducer incorporates a diaphragm which coﬁverts fluid
pressures to a controlled strain in an excited Wheatstone bridge of strain
gauge windings, in which all four arms are activé. Pressure variations
are indicated by the variation in the resistance of the Wheatstone bridge.

The inbzlance can be measured by poterntiometric methods.

The electrical excitation of the bridge was achieved by means of
10 V D.C. provided by an 'Accuron' X 470 twin power supply uhit, taking

240 V A.C. mains supply.

The control circuitry for the transducer is described in Fig.2.4
It has facilities for connection to a potentiometer or recorder, as well
as for 'backing off' a portion of the output signal using a constant
voltage Maliory cell (1.35 Volt). Thus the fullrrange of the recorder,
covering a suitable smail fraction of the transducer range, could be “ised

to indicate pressure changes during runs.

The transducers were calibrated using oxygen-free nitrogen. The
pressured indicated on the 14 mm i.d. wide bore manometers were read with
a cathotometer to 0.03 mm. These figures, corrected to 273.1 K temperature
@3)

and standard gravity were plotted against the transducer output. The
best line for the whole range is given by the equation

Pa 1498.27 + 0.01 x mV, for transducer A

Pa 2622.84 + 0.03% x mV, for transducer B

I
~
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which are in excellent agreement with the manufacturers calibration records.

The transducer output was rezd on a Universal Precision Potentiometer
{Pye Cat.No. 7565) combined with a galvanometer modulator (Pye Cat.No.
11353 'S'), amplifier-indicator (Pye Cat. No. 11343 'S') and Standard

(Cadmium) Wesion cell (E. Tinsley, type 1149).

The 'backing off' output of the Mallory cell was controlled with a
100 ohm helical potentiometer having 10 main divisions, each with 100
sub-divisions. The sensitivity of this arrangement was 1.4 mV per main

division and was checked frequently.

The output of the 'Accuron' transformer-rectifier was measured
pericdically using either a D.C. Microvoltmeter ('Philips' type PM
2435/03) or the Precision Potentiometer and a voltage division arrange-

ment as follows.

Potentiometer

MQ kO

Accuron
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2.1.3. Temperature Measurement and Control.

The furnace (Fig.2.3 ) consisted of a 12.8 cm long aluminium
cylinder having 8.5 cm internal diameter. A groove was cut on the inside
of the cylinder to accommodate a 10 platinum resistance thermometer
for use with the temperature controller. A L4 cm thick aluminium block
formed the front end of the furnace. It was cut in half so that the
reaction vessel could be easily and safely placed. A hole was provided
in the middle for the reactor inlet. The block at the back end had the
same thickness. Tt had a hole aligned to the groove to pass the Pt
resistance thermometer and another in the centre as a thermocouple inlet.
The three parts were held together by four 27 cm long §tainless steel

bolts.

The outside of the main part was covered with asbestos paper and
about 44 ohm of 2.75 ohm per metre nichrome wire was wound on. A thick
layer of alumina cement was applied on top of it. In the end blocks
four horizontal holes were cut and about 20 ohm of heating wire was
placed in each end. The heating wire from each section was connected
to separate terminals on the box containing the furnace. The furnace

was placed in a metal frame in the middle of the furnace box.

The furnace box constructed of sindanyo board was 30.5 cm wide,
20.5 cm high, and 38 cm long. A piece of sindanyo just behind the front
end block of the furnace divided the box into twc parts. A block of
'"Marinite' 2.5 cm thick was placed in each side of the furnaée. Five
blocks were placed behind the back end of the furnace. A hole was
cut in them to pass the thermocouple. The remaining cavities were filled
with mica. In the front end a divided block of Marinite was inserted.
The rest of the space was packed with asbestos wool. These arrangements

gave good insulation.
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The heating current was supplied by means of a Philips type EL4LO1/8A
variable transformer. The controller was an A.E.I. type RT3 platinum
resistance thermometer device. A LO ohm, 3A rheostat was connected in

series (shown 1 in Fig. 2.3 ).

Control is effected by the RT3 coutroller periodically bypassing
the suitably adjusted rheostat and increasing the load power. The
on-off cycle of the controller corresponded to a 7.75:10.00 current

variation.

A Chromel-Alumel thermocouple was used to measure the temperature
of the reaction vessel. It was calibrated against the melting points of
' Analar! grade tin, lead, and zinc keeping the cold junction in melting
ice. The thermal e.m.f. were measured with the precision potentiometer
and a calibration graph was drawn. The agreement with the thermal e.m.f.

(99

given in the literature was excellent,

The control arrangement was found to give gcod temperature stability
even over the longest experiments (72 hours). The combined uncertainty
from the calibrations of the thermocouple and the measurement of the
temperature should not be greater than 0.5 K and there were no thermal

gradients present in the reaction vessel to this accuracy.

The temperature profile (Fig. 2.5 ) was obtained using a thermo-
éouple that could easily probe the interior of the reaction vessel. An
asbestos wool plug filling the empty space between the inlet and the

thermocouple prevented heat losses due to free air circulation.

A 'KENT' Mark 3 recorder was used during kinetic experiments for
continuous recording of the temperature. The input range of this instru-
ment is 10 mV and it was necessary to 'back off' a portion of the

thermocouple output. The circuitry of the 'backing off' device is shown
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in Figure 2.6

The-sensitivity of the recorder is 0.1 mV or 2.5 K per division for
the Chromel-Alumel thermocouple, therefore a high impedance thermocouple
amplifier was used to increase the sensitivify to 0.1 K per division. The
amplifier circuit is shown in Figure 2.7-

A catuse of uncertainty in the measured initial temperature of reaction
was cooling by gases entering the reaction vessel. McKegan( 5) using

the same furnace observed a drop of 0.3 K at 587.1 K and indicated that
the extent of the temperature variation depends both on the pressure of
the reactants and on their temperature and that of the reaction vessel.
The temperature teing observed is actually that of the thérmocouple within
its well. Because of the poor conduction through the glass the indicated
temperature undoubtedly lags behind the gas phase temperature. In this
work, a temperature change of 4.5 K was observed at 633 K, 12 seconds
after thie moment of admission of the reactant (24,754 Pa). It was found
that the time taken for the admission of the reactant (from 1 to 10
seconds) affected the size of the temperature change and the time at which
its lowest point was reached. Also the position of the thermocouple well
had a critical effect. In the first reactor, the well was close to and

in line with the inlet. In the modified reaction vessel with the well off

axis the transient temperature drop was significant (0.5 K) only at temp-

eratures higher than 675 K.

In a detailed study of temperature changes at the time of admission
of gases into a reaction vessel, using built-in silica coated thermocouples,
(96)

Fine et al found that the duration of the cooling period was no more

than 5 seconds.,
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2.2, ANALYTICAT, METHODS

2.2.1. Gas Chromatography

The gas chromatégraphy equipment served two main functions; as a
mode for purifying materials and as an analytical tool. A Pye
' Panchromatograph', having a Gow-Mac katharometer as a detector, was
used for preparative work. The purity of the compounds as well as the
composition of mixtures of gases were determined using a Pye series

104 chromatograph equipped with a dual flame ionisation detector (F.I.D.).

Analysis by gas chromatography was the only source of kinetic
observations whenever the product yield was as low as 0.1 to 0.01 per
cent of the reaction mixture. This method aiso extended the range of
kinetic measurements to fairly low percentage yields at low initial
pressures, another circumstance that was beyond the limit of resolution
of the pressure transducer. The method also allowed individual obser#—

ations on concurrent reactions.

The response of the flame ionisation detector to compounds such as
perfluoropropane and chlorotrifluorcethene and even some of their dichloro-

derivatives are 10 to 1CF times greater than their electron capture
reSponses(97). Since sensitivity was the major éonsideration the greater
response of the flame ionisation detectrr and its extremely wide linear
dynamic range over which major components of a mixture could be analysed

at the same time as minor, or trace, components favoured its selection

as the dztaction system.

To achieve a satisfactory performance from the F.I.D. it was import-
ant to ersure that air and hydrogen supplies were free from dust, moisture,
and organic impurities. For this purpose Pye gas purifying bottles
containing molecular sieve 13X were placed in all gas lines to the equip-

ment. The packing was re-activated every six months. The gas supplies
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were taken from cylinders fitted with dual gauge head regulators. Adjust-
able flow indicators mounted on the analyser unit controlled the flow

rate of the gases.

The effects of increased standing current in a detector with increased
temperature are largely overcome by the use of two similar column/detector
systems. The currents from the two flame ionisation detectors are svrmed

%A to 2 x 1077 A) is applied to the input

and the summation current (10
of the Tonization Amplifier (Pye cat No. 12304). Appropriate adjustment
could be made to the amplifier attenuation by an 18 steps switch, thus
allowing a suitable on-scale deflection in the récorder for each component

in a mixture. The recorder used was an eight chart speed 1 mv Honeywell

FElectronic.

2.2.%1.a Selection of Chromatography Columns

The extreme sensitivity required in this work imposes stringent
limitations on the choice of liquid phase and the temperature at which
it can be used. For temperature control, the columns were housed in a

high performance forced air circulation temperature programmed oven.

The high sensitivity allows very small (~1p§) samples to be separated and
cm

so the column can be prepared with a low amount of liquid phase on the

support (~4%). This allows comparatively low temperatures to be used
which reduces the amount of stationary phase bleed considerably. The
column requirements can be easily met by using solid adsorbents as

stationary phase.

A very wide range of liquid phases has been suggested for the analysis
of highly fluorinated compounds. The compounds suggested include chloro-

fluoro-compounds, esters of phthalic acid, fluoro-compounds, polymers,

(98)

silicones, and thiourea. It has been found that hydrocarbons such
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as squalane and hexadecane give excellent separations, provided that the
Ioading of the column is kept low. Exceptionally good separations of low
molecular weight fluorocerbons were achieved(gg) using Poropak, a porous
hydrocarbon polymer, as stationary phzse. Poropak Q was used(loo)success-

fully to ceparate mixtures of C, and q! halocarbons.

Several stationary phases were tested, packed in stainless steel,
glass, copperland nylon columns. The air flow rate was 8 cms/s and that
of hydrogen and nitrogen 3.5 cn?/s, unless otherwise stated. The oven of
the chromatograph was held at room temperature (298-302 K). A gas mixture
consisting of hexafluoropropene, its cyclic dimef, and chlorotrifluoro-
ethylene was injected. The following columns did not achieve significant

separation or any separation at all.

Column: mé6 mm o.d. Stainless steel
Packing: 5% w/w Carbowax 20 M on Chromosorb P
Flow-rate: 0.3 cm’/s

Separation: Rather poor

Column: >m 6 mm o.d. stainless steel
Packing: 15% w/w Fluorosilicone oil D.E. 30% on Siliconised Diatomire C

- : 3
Flow-rate: 0.2 e /s N

Separation: Very poor

Column: 8m 3 mm o.d. nylon
Packing: 20% w/w Di-butyl-tetrachlorophthalate on Chromosorb W
Flow-rate: 0.5 cm’ /s %

Separation: None

Column: L' m 3 mm o.d. nylon
Packing: 20% Bis-methoxy-ethyl-adipate on Chromosorb P
Flow-rate: 0.5 cms/s %

Separation: Poor
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Column: 1.5m 6 mm c.d. glass
Packing: 10% methyl silicone gum E-30 on Siliconised Diatomite C
Flow-rate: 0.5 cm /s N

Separation: Unsatisfactory

Column: 3m6mm o.d. stainless steel

 Packing: 10% w/w Fluorolube o0il No 3 on Celite
3 B

Flow-rate: 0.5 cm /s N,

Separation: Rather poor

Satisfactory separation of chlorotrifluoroethene from its cyclic
dimer was achieved (Fig. 3.3 ) using a cclumn having squalane as station-

ary liquid. The supporting material was Chiomosorb W..

Column: 8 m long, 3 mm o.d. nylon€101)

Packing: 20% w/w squalane on 60-80 mesh Chromosorb W

Packing density: 0.75 g/m

Flow-rates: 0.14 cn?/s nitrogen, 0.33 cm’/s hydrogen, 8 cn?/s air

Retention times: c, F301 228 s , c-C"FsClz 1764 s

3.8 min 29.4 min
Column efficiency: CZFBCl ~ 2200, c-C4F6012 ~ 500
: -C 1.
H.E.T.P.: CZFBCI O.4cm , ¢ 406012 6cm
Resolution: 12

(This column will be referred to as column A).

Solid adsorbents as stationary phase gave still better results.
Trials using a 1.1¢C m 1§ng, 6 mm o.d. glass column packed with Poropak R
at various temperatures indicated complete separation, though the retention
times were too long (4 hours for the dimer) and some tailing was present.
The operation at elevated temperatures (150-180 K)and higher carrier gas

3 . .
flow rates (1 cm /s) shortened the retention time for the dimer but was
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_unsuitable for the monomer.

It was estimated that a rather short column 28-40 cm should give

good separation. Highly satisfactory performance was achieved with such

a column,
Column: 32 cm long, 6 mm o.d. I-shaped glass column
Packing: Poropak @

Packing density: 5.5 g/m

Flow-rates: 0.35 cm3/s nitrogen, 0.4 cms/s hydrogen, 8 cn?/s air
Temperature: 357 K
Sample size: 0.01 cm’
L3 - . = - - “- -
Retention times: 03F6 1.75min, c C4F6(CF3)2 35 min

Column efficiency: 03F6 ~ 133, c-C4F6(CF3)2 ~70
H.E.T.P.: C3F6 0.24cm, C—C4F6(CF3)2 0.46cm
Resolution: 3.65

The size of the sample was crifically irtportant. ILarge sizes, mainly of
the cyclic dimers, affected the shape of the peak indicating that the
mechanism of the sorption followed the Langmuir isotherm. In all the
analytical samples the size was kept well below saturation of the adsorb-

ing surface.

2.2.1.b Sampling

Samples could be injected into the gas chromatograph either using a
gas microsyringe or by connecting a gas sampling valve in the carrier gas

stream,

A 5.G.E. 500 microlitre gas syringe with repeating adaptor was used

in conjunction with a sampling tube (Fig. 2.8 ). The sampling tube was
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constructed from a 6 mm kovar-glass graded seal. The metal part was
fitted with a septum holder and a magnet-in-gilass was inserted into the
glass tube for mixing purposes. A "Torion" valve forming a side arm

of the tube secured the admission and trapping of gases. The sampling
tube could be attached to the vacuom system by means of a standard

joint at the end ef the torion valve.

Gas mixtures were admitted into the gas sampling valve by means of
a sampling bottle (Fig. 2.8 ). Mixtures that had been condensed into
the bottle were left to evaporate and were brought to room temperature
by immersing the bottle into a water bath. Thorough mixing was ensured
using a magnet’c stirrer. By opening the bottle tap tye gas mixture was

allowed to fill the evacuated sample loop of the sample injector.

Thé sample injector was an eight-part piston valve (Fig. 2.9 )
supplied by Mechanism Ltd. (Negretti and Zambra). It was found that the
Viton A rings were outgassing and spurious peaks appeared at vital places
in the chromatograms. To remedy this, the rings were replaced and

Nitrile rings outgassed at 355 K for 24 hours under vacuum were fitted.

The sampling valve was connected to the reaction vessel and to the
vacuum line by means of two 'Hone' high vacuum miniature valves and a
stainless steel flexible tubing. Cajon "Ultra-torr'" unions were used for

glass-to-metal connections.

Samples were taken after carefully evacuating the sample injector and
the connections to the reaction vessel. Then, the injector was cut-off
from the vacuum line, the valve in the capillary tube was opened and the
reaction mixture was allowed to fill the evacuated sample loop. The
sampling sequence was timed, and under very similar conditions various

modifications were tried in order to establish the best technique. As
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part of the procedure for flushing the capillary tube the first and second
sample were discarded and a third sample was taken so drawing gases from
the middle of the reaction vessel. The most consistent réSults were
obtained when the whole operation was ccmpleted within 60 to 80 seconds
and the time elapsed between the second and the third sample did not

exceed 40 seconds.

A number of interchangable loops ranging in capacity from 0.03 to

0.25 o’ were constructed to provide for suitable sample size.

2.2.1.c Chromatographic Calibrations

The apparatus was calibrated by injecting into it samples of known
concentrations of pure compounds in prepared mixtures. Calibration
factors were calculated from the respective peak areas and these were
used to calculate the concentrations of these compounds present in the

unknown pyrolysis sample.

The precision of Gas Chromatographic analysis depends on the precision
with which the critical variables (temperature, flow rate) are controlled,
and on the precision of the techniques of sample handling, injection and

the measurement of peaks.
1 Sample preparation

Several test mixtures were prepared, each containing the relevant
pure compounds in concentrations covering the ranges necessary for the

subsequent analysis of the unknown sample.

For this purpose, the precalibrated globes of the mixing section
(Fig. 2.1 ) and two specially constructed bottles were used. The cap-
acity of the bottles was 57.658 cm and 9.603 e respectively. Samples

were prepared by measuring the pressure (2.5 - 30 kPa) of each pure
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constituent in a calibrated flask; with the pressure transducer.
Occasionally, these readings were checked against the catheto-
meter readings. Then the calibrated globe and bottle were opened
and tne pressures of the constituents were allowed to equilibrate.
The gascs were transferred into one flask by condensation. The
mixture was brought to room temperature and homogeneity was en-

sured by magnetic stirring.
2 Injection

The gas sampling valve was used-invariaﬁly for the injection
of the sample. OSamples were admitted to the gas injector via_
the reaction vessel. There were certain advantages in using the
reaction vessel since the sampling conditions were similar to
those of the actual kinetic experiments. This method required
significant amounts of mixtures to achieve the desgired pressure,
and it was not ertirely reliable at higher temperatures when the
mixture reacts.

The limitations of this method were largely bvercome by
empléying the sampling bottle, provided that due care was taken
in transferring the mixture to the sampling bottle. The results
obtained using the sampling bottle were less consistent than
those of the »revious method. Nevertheless differences by either
method did not exceed the error (+ 3%) associated with the use of
this type of injection(lo2).

To inject the sample the by-pass ports of the gas sampling
valve (c in Fig. 2.9) were connected to the carrier gas stream

at the column entrance. The carrier gas was diverted into the
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sample loop for 25 seconds to sweep up the gases.
3. Measurement of Peak areas

The peak area is, over a wide range, directly proportional
to the mass of substance chromatographed. In order to establish
whether or not a linear relationship existed betweern the various
componernits of a mixture, calibration mi%tures were prepared
covering theAcomposition range likely to be encountered in
kinetic measurements. Since the accuracy of the calibration
depends largely on the accuracy with which the peak area is

measured, the following methods were used
a DPeak height - times- width at half height (h x w/h)

b Triangulation

Planimetric

o

Selection of a particular method for application in kinetic
measurements was based on the consistency and accuracy achieved
in mesasuring calibration mixtures. All measurements were dupli-
. cated and those using the planimetier were made in triplicate.
Measurements for calibration purposes were compared with the
results of a second set of measurements made after a week's time

and were repeated until concordance was achieved.
4 Calibration factors

The change in the integrated detector signal which is pro-
duced for a unit change in concentration of a compound being

chromatographed, is known as the response factor. The relative
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response factor is defined simply as the ratio of the detector
response factor to any amount of selected standard component.
It is calculated for each component from the peak areas, obtained
on chromatographing the calibration mixtures, and the weighfs of
components in the mixture. The compound having the highest
concentration in a set of mixtures was taken as the standard.
Relative response factors are calculated from
A, x W
i =
£ - A x W,
s i
&
where Rf is the relative response factor, As and A, are the peak
areas of standard and component, and Ws and Wi are their masses
in the calibravion mixture., DPeak arez in the calibration is

14

expressed as the equivalent value at 10~ A by multiplying the

area by the ratio of the actual current range to 10_14A.

Another expression for the relative response factor Rf is
derived as fcllows:

Let Vs be the volume of the calibrated flask containing the
standard at pressure Ps, ard Vi the volume of the calibrated
bottle containing the component at pressure Pi. At low pressure

(it is essumed that) the gases behave ideally.

Psvs :
Since W = x MW
s RT s
s
Pivi
= i ¥,
and Wl Ro7 < Mwi
i
Wh PSVs MWS
then at TS = Ti, 'VE = PV Wl'
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R - = 2 x =
SO £ = AXPV'MWi
Ai PiV.
therefore T = FQi X3
s s s
_ MWi
where FCi = Rf'%ﬁW;

is the calibration factor and MWS andé MWi are the molecular
weights of standard and component. Calibration factors Fci were
obtained from the slopes of graphs in which ratios of peak areas

A,
-+ were plotted against PiVi/PSVS. These plots were straight

A
lznes passing through the origin,

For a given calibration mixture at least three samples of
different size were chromatographed. One important fact which
was observed for a large number of injections of the same samvple
at ditferent attenuations was that, within the uncertainty of the
calibration figures, the area conversion procedure was found to
give consistent results regardless of attenuation.

The concentration of each component is calculated from

A;/R.(1)

N = —“(K7ﬁ;7 x 100

where Ci is the concentration of any component i and Ai and
Rf(i) represent iis peak area and relative response factor respec-

tively.
4a The systew of chlorotrifluoroethene and iis cyclic dimer

The column used for calibration and analysis of this system
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was the squaiane column (column A) operating under the conditions
given in 2.2.la. Mixtur;s contaiﬁing up to 10% cyclodimer were
prepared and samples were chromatographed as described previously.
The ratio of peak area Ai for the compound to As for the standard
was plotted against the ratio of Pivi/PsVs (Fig. 2.10) giving 2
straight line. The response factor of 1,2-dichloro-hexafluocro-

cyclobutane relative to chlorotriflivroethene was R i = 0.775

£

and the calibration factor for this system was Fci = 1.55+ 0.05.
4b The system of hexafluoropropene and its cyclicdimer

The Poropak Q column operating at 348K was used for this
system. Since the dimer peak was not totally symmetric best
results for area measurement were achieved using a planimeter.
There was a comparatively wide scatfering of the points corres-
ponding to low cyclodimer concentration arising from the diffi-
culty of preparation and the relatively large errors in preparing
these mixtures. Nevertheless, based on the behaviour of small
samplgs, it was assumed that the linearity holds for all the
mixtures of low cyclodimer concentraticn (cyclodimer <1 x 10-3
monomer ). The graph cf Ai/As against Pivi/PsVs gave a straight
line passing through the origin. Ti. response factor of the

cyclodimer relative to hexafluoropropene was R =~ 0.896 and

i

the calibration factor for this system was Fci = 1.99 + 0.06.

4c The system of hexafluoropropene and l=chloro-2-trifluoro-

methyl hexafluorocyclobutane

The column calibrated for this system was the Poropak @
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column (column B) operating.at 358K. At this temrerature though
the relétive re%éntion times were iong; especially that for the
cyclodimer of chlorotrifluoroethene, the separation of the peaks
was quite good and the peaks themselves wéll shaped. No inter-
ference from other peaks was observed and the calibration was
carried out using purified hexafluopropene and 1—ch16ro—2—tri-
fluoromethyl hexéfluorocyclobutane. Peak areas were calculated
by measuring peak heights and the width at half height. The
response factor of l-chloro-2-trifluoromethyl hexafluorocyclo-
butane Rfi = 0.858 relative to hexafluoropropene and the cali-
bration factcr Fc:.L = 1.33 + 0.05 were calculated by plotting
peak area ratios Ai/AS against PiVi/PSVé. The calibration curve,

a stréight line, passed through the origin,
4d The system of hexafluororpropene and chlorotrifluoroethene

The same column B (Poropak Q) operating at 358K was used
for hexafluoropropene-chlorotrifluoroethene mixtures. PFeak
areas were calculated by measuring the peak height and the width
at half height. There was some overlapping of the peaks and
calibration for mixtures contairing 1ess‘than 3% chlorotrifluoro-
ethene was difficult. To offset the effect of peak overlap,
the width from the middle of the peak to the undistorted side
multiplied by two was taken as the true value. Mixtures con-
taining up to 20% chlorotrifluoroethene were prepared (hexa-
fluoropropene as ctandard) and the values for the relative

response factor and the calibration factor were R‘i = 1,07 and

f
Fe, = 0.83 + 0.02 respectively.
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3.2.2. Spectroscopy.

3.2.2a Infrared Spectroscopy

Infrared analysis was used for identificaticn of componunds
and to determine if impurities were present when chromatographic
analysis was not considered sufficient. For rough work a Perkin-
Elmer 457 Infra-red grating spectrophotometer was used, which
covered the range 600-3000 cm-l. For greater sensitivity and
higher resolution in the range 4000-600 cm"l a Grubb-Parsons
spectromaster was used. The scanning speed was set at 1lp per
minute. All.spectra of the compounds were measured in the gas
phase using a gas cell. The path length of the light beam
through the cell was 10cm. The gas cell was fitted with a
B 10 socket so that it could be attached to the vacuum line,
The cell was pumped out and ther filled to a known pressure
equal or less than 1,333 Pa. Pressures usﬁally had to be in
the range cf 250 - 650 Pa because absorbancies caused by the
C-F Qibrations,were very large. The measurements obeyed the

Beer-Lamtert law over the pressure range of Samples used.
3.2.2b Mass Spectroscopy

The low resolution mass spectra of the compounds were
measured on a modified A.E.I. machine model MS9 with a
resolving power of 1000. A Perkin-Elmer 270 instrument was
used wnenever the combination of 8as chromatography and mass

spectroscopy was thought to be advantageous.
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2.2.¢c Nuclear magnetic resonance spectroscopy.

The 1°

F NMR spectra were recorded on a modified Varian
Associates H.A. 100 spectrometer at 94.1 MHz by Nr Stephen Roberts
and Dr. Michael Kinns using the continuous wave technique. The
temperaiure of the sample at which measurements were made was

308 K. All samples were diluted by 'Analar' grade (Hopkin and
Williams) carbon tetrachloride. The concentration of solute rangesd
from 15% to'BO% V/V. The tube (Perkin-Elmer) containing the
sample had 5 mm o.d. and was rotated at about 25 revolutions per

- second. Spectra were internally referenced to hexafluorobenzene
and were calibrated in Hz by the usual side-band technique.
Chemical shifts & are given in ppm and a positive value means that

resonance occurs at a lower field than the reference. Peak areas

were measured using a planimeter.
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25 CHEMICALS

2.%.1. Hexafluorcpropene

The compound was purchased from 'Peninsular Chemical Reagents'. Gas
ghromatography and the infrared spectrum indicated the presence of
impurities such as tetrafluoroethene, perfluorocyclopropane and dimers of
hexafluoropropene. Attempts to remove the impurities using a 3 m long
6 mm é.d. copper column packed with 20% squalane on Chromosorb W did not

give entirely satisfactory results.

A 2mlong 6mmo.d. trombone shaped glass column packed with Poropak R
produced very pure hexafluoropropene. Samples of approximately 0.25 grams
of impure material were trapped into the sample loop (Figure 2,9) and
injected into the column. The column as well as the katharometer were
maintained at 27°C. Nitrogen at a flow rate of 25 cm’/min was used as
carrier gas.

The infra red spectrum of the purified compound was in excellent

104
e(103, )

agreement with that reported in the literatur . Its purity, as

determined by gas chromatography, was found to be better than 99.99%.

2e3.2+. Chlorotrifluoroethene

The material supplied by The Mathecon Co. Inc. was found to contain
a limited amount of impurities. These impurities, mainly tetrafluoroethene
and hexafluoropropeﬁe, were removed by preparative gas chromatogravhy. The
column enpioyed was a 3 m long 6 mm o d. trombone shaped copper column
having 20% squalane on Chromosorb W as stationary phase and it was held
at room temperature (25-27°C). The carrier gas flow rate was 0.3 cms/s.
Trace amounts of impurities that remained in the purified gas were not

present if the Poropak R column was used instead of the squalane one.
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The infra red spectrum of the purified compound agreed with that
reported in the literature. Its purity as determined by gas chromatog-

raphy was found to be 99.98%.

2.3.3. Di-(trifluoromethyl)-hexafluorocyclobutane

A mixture of isomers of 1,2 Di—(trifluoromethyl)-hexafluoroéyclchutane
were obtained‘from the pyrolysis products of hexafluoropropene at temp-
erature of 650 K and pressure about 100 kPa ( 1 standard atmosphere) for
7-9 hours. The non-condensable gases were removed from the reaction mix-
ture by keeping it cooled in liquid nitrogen and'continuous pumping for
10 minutes. The unreacted hexafluoropropene was separated by trap to trap
distillation using melting teluene (173.1 K) and collecting it in a trap

cooled in liquid nitrogen.

Any remaining impurities were removed by preparative gas chromatog-
raphy. The flow-rate of the carrier gas was increased to 1 cm3/s and
the Poropak R glass column was held.at 350 K. Recycling was found necessary
for complete purification. The collected fraction of the sescond cycle
had less than 0.02% total impurities as it was found by analysis by

gas chromatography.

A series of N MR spectra taken at a later stage indicated thatc
the cyclic dimer consisted of approximately L48.5% cis isomer and 50.6%

trans isomer and~ 0.9% cis - trans -1,3 isomers

2.3.4. 1,2-Dichloro-hexafluorocyclobutane

The compound was prepared by pyrolysing chlorotrifluoroethene at
625 K and pressure about 100 kPa for two hours. The unreacted chlorotri-

fluoroethene was separated by trap to trap distillation using a slush bath
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consisting of toluene cooled by carbon dioxide (194.6 K)  and was recov-
ered in a liquid nitrogen trap. Further purification was achieved by
preparative gas chromatography. The column employed was the 6 mm o.d.

3 m long copper column (20% w/w squalane on Chromosorb W) and the flow
rate of the carrier gas was 0.35 cn?/s. ‘Analysis of the collected mat-
erial by gas chromatography indicated that impurities did not exceed

0.02%.

2.3.5. 1-Chloro-2-trifluoromethyl-hexafluorocyclobutane

The compound was prepared by pyrolysing mixtures consisting of 90%
v/v hexafluoropropene and 10% v/v chlorotrifluoroethene at pressures
about 100 kPa (1 standard atmosphere) and at temperature 675-700 K for
3-4 hours. The products of the reaction were separated from the reactants
by trap to trap distillation using melting toluene (178.1 K). The reactants,
which were recycled, were collected in a trap cooled in liquid nitrogen. |
The cyclic dimer of hexafluoropropene and that of chlorotrifluoroethene

as well as other substances were removed by gas chromatography.

At room temperature, the vapour pressure of the cyclic compounds
mentioned above is rather low. To increase the amount of the mixture
injected, the sampling device (Fig. 2,2 ) was heated to about 355 K
using a hair-dryer. The Poropak R glass column was held at 350 K and the

3
flow rate of the carrier gas was 0.75 cm /s.

The efficiency of the column under these corditions had decreased
drestically, mainiy due to non-instant injection of the sample and to
tailing. The collected fraction contained as much as 8% Di-(trifluoromethyl)-
cyclobutane. To minimize these shortcomings and still maintin a compaia-
tively.rapid process, an L shaped, 25 cm long glass column packed with

Poropak Q was connected to the outlet of the sampling device. Although
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the central part of the peak was collected, it was found necessary to
recycle the purified fraction twice to achieve 99.5%'content in Chloro-

trifluoromethyl-hexafluorocyclobutane.

2.6 Pyrolysis procedure

A standard procedure had been adopted in performing kinetic experi-
ments. For each selected temperature, although thermal equilibrium was
reached within 2-5 hours, the furnace was left undisturbed for 24 hours
before commencing experiments. During the experimentsvthe temperature
was either recorded continuously or at suitable time intervals. A certain
amount of reactants was transferred from the stiorage globes into the
calibrated flask adjacent to the reaction vessel and their pressure was
monitored by the pressure transducer. A vacuum below 0.01 Pa was maint-
ained inside the seasoned reactor for at least two hours before admitting
the purified material. Gases entered the evacuated reaction vessel by
opening the inlet tap (Fig. 2,9) to the calibrated flask for about
two seconds. At the end of this period « chronometer was started to time

the reaction.

The distribution of gases between the reaction vessel and the cali-
brated flask was in accordance with the gas laws. The initial pressure
of the starting material inside the reaction vessel could be estimated
(to a good approximation) from the pressure of the gases in the calibrated
flask before the start of the experiment. This speeded up the accurate
measurement of the pressure of the reacting material and facilitated the
selecticon cf suitable pressuresAin the calibrated flask to achieve the

desirable pressure inside the reactor.
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3.1. THE KINETICS OF THE THERMAL CYCLODIMERIZATION OF

CHLOROTRIFLUOROETHENE

The thermal reactions of chlorotrifluoroethene have been

(105)

investigated at a wide range of conditions. Thus, Harmon

performed the pyrolysis under pressure in a steel bomb as did

(106) (107)

Herne and Ruh . Buxton, Stacey et al investigated

the dimerization by flow methods. Flow methods were also used

by Miller(loa). These investigators found that at temperatures

below 825K the main product is cis, trans 1,2-~dichlorohexa-

(109)

fluorocyclobutane. Park, Lacher and Holler s, reported about

50% of each isomer in the product of dimerization at 400K to

(110)

500K. Solomon and Dee studying the relative yield of cis

and trans isomers at 450K to 600K and pressures from below ambient
to 7kPa found that the cycloaddition provides a cis-trans dimer
ratio of 56:44.

The kinetics of the cyclodimerization of chlorotrifluorcethene

k

: 1
— 2CF2—CF01 ¥1 C—C4F6C12 3.1.1.

have been studied by Lacher, Tompkin and Park(lll)

, by the static
method in a Pyrex vessel. They used pressure changes to follow
the reaction at 577 to 782K and at pressures between 13.3kPa and
80.0 kPa., The reaction was found to be homogeneous and second
order, and the rate constant was indeperndent of the initial
pressure and the extent of the reaction (up to 70 to 80%). The
reverse reactiorn was apparently not detected nor was any cis-trans

isomerization reported. The results are summarized in the

equations
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d[CF2=CFC1]

2
- = k; [CF,=CFC1]

3.1-2

D[4

at

1 -1

4 exp(-110,120 /RT) m°mol " Ys

In a more detailed study of the same reaction, Atkinson and

(3)

Stedman also investigated the reverse reaction, as well as
the cis, trans isomerization of the product. ZFor the cyclic
dimerization they covered the same temperature and nrsssure ranges

(570K to 820K,13.5 kPa to 80.0 kPa), also in a static system.

Their results are summarized in the equations

1 -1

4 exp(—lll,BOO/RT)mBmol_ s

2M—»D ¥ ko = 2.,14x10

o]
—
I

5

2.5x101_ exp(~-273,220/RT) s-1

D—+2M k_; k_;

where k1 is defined by equation:3.1-2, M (or Cm) and D re?resent
the chlorotrifluoroethene and 1,2-dichlorohexafluorocyclobutane

respectively and R is expressed in J K—1 mol-l.

" The purpose of the work described here was to extend down-
wards the range of temperature co&ered in measurements of the cyclo-
dimerizations. Initially the reaction was observed by recording
pressure changes and by analysis of the mixture at the end of
the run. The sampling tube fitted with a serum cap (see 2.2.1b)
was connected to the vacuum line and was thoroughly evacuated.

At the end of th:s experiment the reaction vessel was opensd and
the pressure was allowed to equilibriate between the hot and

cold parts of the system including the sample tube. A sample
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was then taken into the gas syringe (section 2.2.1b) for

injection to the chromatograph.

The obvious disadvantagze of this method was inability to
follow the reaction by analysing samples at suitable intervals.
Furthermore part of the gases entering the sampling tube came from
the 'dead space'. The sample was not accurately representative
of reaction mixture. These shortcomings prompted the construction
of the improved reaction vessel described in 2.lc (Figure 2.3)
from which samples could be taken directly to a gas sampling
valve (Figure 2.9). All the analytical results presented later
(sections 3.1.2, 3.1.4) were obtained bv the improved method which

is described in section 2.2.1b.

3.1.1. Characterisation of 1,2-dichlorohexafluorocyclobutane.

Quentities of 1,2-dichlorohexafluorocyclobutane were pre-
pared and purified as described in 2.3.4. Samples of the same
isomeric composition were used to determine the infrared, NMR

and mass spectra.
3.3.1a Infrered spectrum of 1,2-dichlorohexafluorocyclobutane.

The infrared spectra of pure cis and trans isomers have been

(112,113) a (114).

reported s well as that for the isomeric mixture
The spectrum of the mixture served to characterizz the compound.
The agreement between wavenumber absorption values reported in the

literature and the present work was very good. However the

spectrum recorded in a Perkin-Elmer model 325 spectropnotometer
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was better resolved. Differences between literature values and

the present werk are given below

Reference (112) Reference(113) Reference(114) Present work

Raman

cis trans cis  trans cis-trans cis-trans
1246 1245 1239 1236 1243 1243-1238
1188 1188 1183 1181 1190 1185-1180
1122 1122 - - 1111 1123-1118

8§3 - 890 - 910 | 893

- - - 886

- 875

870

The relative absorption intensities of the isomers are not
given in the literature and determination of the composition

from the infra red spectrum alone was not possible.

3.1.1b Mass spectrum of 1,2-dichlorohexafluorocyclobutane

The mass spectrum of 1,2-dichlorohexafluorocyclobutane
appearing in Figure 3.1 was recorded as described in sectiorn 2.2.2b.
The molecular ion (M') peak is not observed. The salient feature
of the spectrum is the symmetrical rupture of the cyclobutane ring
to give chlorotrifluoroethene molecular ions (m/e = 116,118). The
peak height ratio m:m+2 is, as expected, 3:1. Fragmentation
across the other two opposite carbon-carvon tonds, giving tetra-

flvoroethene and 1,2-dichloro-1,2-difluoroethene molecular ions
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Figure 3.

1. Mass spectrum of 1,2-dichlorohexafluorocyclobutane
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is also significant. Only two groups of three peaks were attri-
buted to segéents witn two chlorine atoms at m:m+4. In each group
the peak height ratios m:m+2:m+4 were as expected for two
chlorines(lls) 5.6:3.7:0,6., The first of these fragments corresp-
onding to m/e 132,134,136 (CFC1 x CFCl) was more abundant than the
other group (CF2 = CC1 - EFCl) both in the 70eV ionization
potential (I.P.) spectrum and in the 16eV I.P. spectrum. The
greater abundance of CFC1 £ CPC1 was associated with the simul-~
taneous formation of a stable double bond in CF2=CF2. The group
CF3 although is not present in the molecule gives a relatively
intense peak at m/e 69. This peak, commonrin the spectra of
polyfluorocyclobutanes, might be asscciated with 1 -— 3 fluorine
atomvtransfer. A similar explanation applies for the presence of

the CF_Cl ion which is as intense as CF ; CPr The relative

2 2 2°

abundancies of the Tragments are very close to those reported(124)

for the trans isomer. Figure 3.2 depicts diagrammatically the pro-
posed fragmentation mechanism for 1,2-dichlorohexafluorocyclo-

butane.

3.1.1c The nuclear magnetic resonznce spectrum.

19

The F NMR spectra of pure cis and trans isomers of 1,2-

dichlorohexaflucrocyclobutane have been reported by Atkinson and

(3)

Stedman The spectrum of a mixture consisting of approximately

equal parts of cis and trans isomers diluted in CFCl3 was reported

by Solomon and Dee(llo).

19

The present F NMR spectrum of 1,2-dichlorohexafluoro-
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cyclobutane, recorded as described in 2.3.4, comprised nine well
separated peaks at a = 4270, b = 4052, ¢ = 3912, 4 = 3698,
e = 3479, £ = 3255, g = 3110, h = 2893, i = 2362 Hz. Peak fin

fact is a combination of two separate peaks f1 = 3255 Hz and

£, = 3263 Hz, the main peak £, being a triplet (J ~ 3Hz) with

overlapping bands.

The non planar geometry of the ring in cyclobutane molecule
is well established but vibrations of the ring mezke the average

(116)

structure seen in NMR spectrum planar . . Therefore, both

cis and trans 1,2-dichlorohexaf1uorocydlobutane form an A23202

system, the -CF_ - groups forming two AB pairs. Each pair of these
Z

doublets forms a quartet. The peaks were assigned to doublets

employing the characteristic spin-spin coupling constant

(J ~ 220 Hz) of asymmetric -CF_- groups in cyclobutanes.,
= ¥ 2

The doubleis ab and gh centred(117)

on 3581 Hz were assigned
to the cis quartet by assessing the effect of chlorine substitu-
tion. The usual effect of substituting chlorine into a fluoro-
carbon is for fluorine resonance to be shifted to lower applied
fields. One parameter determining the magnitude of the shift is
the proximity of the resonating nucleus to the substituent and to

the C-Cl bond. Peeney and others(116)

19

have shown that the magni-

tude of the chemical shift of a P nucleus in halogenated

cyclobutanes can be calculated from the calculated electric fields

at the fluorine nucleus. Their results indicate that the F_,F

375

nuclei in the cis isomer, being the most influenced by the

chlorine atoms, would resonate at a lower field, as it has been

(3,110)

. The chemical shift for the a,b

found experimentally .
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4°8

Chemical shifts (6=0.0 for CFClB) J(-CF2-)
Fluorine nucleus -
ref, 1161 ref. 3 ref, 110 | Present work
5 - Q1
:&5 -119.8 -119.0 -119.1 ~-118.8 218 Hz
1 6,4 -130.2 131.,2 -131.1 -130.9 217 Hz
3 .
3,4 10.4 12.2 12.0 1lz.1
4 2 1,2 -138.0 -137.6 | -137.8
5 1 ]
3.6 -120.3 | -123.0 -123.1 | -122.8 214 Hz
3 ¢l 54| -129.6 | -127.1 | -127.2 | -126.8 | 216 Hz
3.4 4.1 4.1 4.0
4 2
]'2 "'12804 —128-9 —12853 ]
]
The chemical shift of CFCl3 relative to hexafluorobenzene was
taken as &= 162.9 and relative to C,F, as 135.2ppm

(F3’F5) doublet relative to hexafluorobenzene is 44.10ppm whilst

that for the g,h doublet, associated with the F

4

,F6 nuclei, is

only 32.00 ppm. The chemical shift between two fluorine nuclei

in the —CF2

- groups is, therefore, 12.1 ppm.

The trans quartet is formed by the remeining doublets

8= 40.13 and ef2

between the two fluorine nueclei in the

There
previousiy are valid,

associated

isomer the

6= 36.12.

is sufficient evidence that
Therefore,
with the =CFCl- of the

=CFPCl- fluorine nuclei are

peak i,

cis

isomer,

the arguments presentec

%!

In this case the chemical shift

-CF2— group is only 4.0 ppm.-

|

8= 25.10, should be

nearer to the

In the trans

two chlorine

atoms and to the C-Cl bonds than in the case of the cis isomer.
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Thus, peak fl at 8= 34.59 was assigned to the trans isomer.

This analysis agrees with the results reported in the

N
literature(B’l*o).

Ty assess the influence of chiorine atoms on the chemical

shift of 19

F of the'—CF2— groups 8 may be taken as the sum of the
chemical shift resulting from the effect of the neighbouring
-CFPCl- group and the same group two carbon atoms away 8= 51 + 82.
The chemical shift amounts to 12.1 ppm for the cis isomer but

is restricted to 40 ppm for the trans isomer. It might be
conicluded that for--CF2- groups adjacent to a single -CFCl-
group would have a value 8.05 ppm. When the -CFCl- group is

two éarbon atoms away from the -CF2- fluorine atoms the value is
only 4.05 ppm. In the case of chloroheptafluorocyclobutane

(112)

(undiluted) Stedman found &, = 7.98 and 82 = 3.95.

The peak areas of the isomers of 1,2-dichlorohexafluorocyclo-—

butane in the mixture exanined were roughly equal.

3.1.2. Preliminary kinetic anzlysis.

The early expsriments were designed to establish the condi-
tions for accurate measurements by gas chromatography and to
compare and correlate pressure changes with results obtained by

chromatographic analysis.

To diminish the possibility of rezction with the walls of
the reactor, it was first 'aged' by performing a series of

pyrolyses of chlorotrifluoroethene covering a total period of
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several days. In fact no evidence of interference by wall

reactions was ever obtained,

In the first experiment Al-1 at 586.1K (Table IIT.1.1) the
initial pressure was 5.978 kPa and pressure changes were followed
for ten hours when there was 17.5% reaction as indicated by the
pressure change. In the next experiment Al-2 (initial pressure
5.723 kPa) pressure measurements were made every 30 minutes for
the first six hours. Measurements were continued intermittently
for a total of 73 hours and the final pressure change indicated

65% reaction.

In the experiment Al-3 the initial precsure was increased
to 8.360 kPa. Since the pressure changes were greater, measure-
ments were made every 10 minutes for the first four hours and every
15 minutes for another two hours, More pressure measuremsnts were
made from time to time until the reaction had proceeded for 24

hours.

—In all these experiments the temperature (586.1 K) was

recorded continuously.

In éxperiments at about 500 X it was easier to follow the
early stages of the reaction both by pressure changes and chroma-
tographic analysis. Rapid changes in composition did not occur and
this minimized the error in defining the reaction time at which
samples were taken. This error results from the. presence of a
cold space in the concentric tube through which samples are taken
(Fig. 2.3). The sequence always involved discarding two samples

to vacuum before taking the sample which was analysed (see 2.2.1b).
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Thus the cold section contained reaction mixture as at the time of
taking the second discarded sample. The :rror amounts to no more
that 30 seconds in the overall reaction time, which cerresponds

to about 0.8% for a period of one hour.

In expériment A2-1 at 523.5K, pressure 39.790 kPa, measure-
ments were made continuously for the first five minutes and then
every 10 to.l5 minutes for a period of 2.55 hours (2k - 33min)
when a sample was taken for chromatographic analysis using a
squalane column (see section 2.2.4&). The dimer to monomer
P q° P m Was in good agreement with fhe concentration ratio
calculated from chromatographic analysis, as showﬁ in the table

below.
Experiment A2-1

Time  Pressure Cm area’ D area’ Area ‘D Conc. D_ Press. P

—d
(t/min) (Pt/Pa) ratio'qm ratio Cm ratio P
- 5 2 -3 -3 -3

153 39,790 14.9x10 70.0x6x10° 23,4x10™° 18.17x10"° 18.2x1C
211 29.1x5x10% 36.1x3x500 37.2x107° 24.0x10™° 23.8x10°2

In order to test the reproducibility of the methods the experi-
ment was duplicated, experiment A2-2. Again, as the table below
shows, the concentration ratio agreed with the pressure ratio. Also
the rate constants derived from A2-2 were in agreement with those
from experiment A2-1 (see Table III 1.2). Good agreement was also
observed in the next experiment A2-2 in which the pressure was

only 25.434 «Pa (see next page).
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Experiment A2—2

Pressure Time C; area D+ area Area D Conc. D Press. Pd

——

ratio C ratio C ratio P
. om m c

43,552 47.5 32.2x5x104 46 .4x3x100 8.64){10_3 '5.58){10_3 5.58){10_3
39,711 135 30.7x5x10% 62.9%3x200 24.6x107° 15.8x10™> 15.9x10™>
38,506 245 30.1x5x20% 44.1x3x500 43.9x107> 23.4x107> 28.1x10"°
Experiment A2-3 _ 7

25,434 63.5 19.0x5x104 48 .6x3x50 7.67x10™°> 4.95x10'3 4.94x10'3
24,939 151 18.8x5x10% 54.3x3x100 17.3x10™°> 11.1x107° 11.2x107>
24,366 3038  18.2x5x10% 3 21.8x1073 21.6x1073

51.8x3x200 33.8x10°

12 2

tArea in 107°° A (=cm® x chart speed x attenuation. )

The chromasographic analysis of the reaction mixture in the
above experiments did not indicate the presence of any other
compounds at detectable levels, even when the Poropak column was
used. All the additional peaks that appeared in chromatoszrams

of material from pyrolysis in more rigorous conditions were

missing.
(112) ) .
Stedman reported that at 689.1 K for 28% reaction
(Pn1: P o = 110:150 t = 10 min) the amount of the only by-

product, 1,4-dichlcrohexafluorobut-2-ene, was about 2% of the
unreacted chlorotrifluoroethene. The following experiments at
higher temperature (622.6 K) were planned to give information

about the factors affecting the formation of side products.
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Figure 3.4. Pyrolysis of chlorotrifluorcethene (672.2 K)

In experiment AlO-1 pressure was recorded continuously for the
first 80 minutes at which point a sample was taken for analysis.
The two peaks (G,F in Figure 3.3) in addition to those already
characterized clearly indicated the presence of new compounds. A
second sample taken after 150 min. total reaction time established
that the compound corresponding to peak F increased as the reaction
proceeded. A replicate experiment (Al0-2) confirmed these obser-
vations. The initial pressure (experiment Al0-3) seems not to have
any effect on the formation of these compounds since the peak sizes
were, by and large, independent of it. The peak area ratios (F area/
D area) were less than 1:103. Figure 3.4 shows the composition

of a reaction mixture as a function of time. It can be seen that

the amounts of side products are insignificant.
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The dependence of reaction rate on the pressure of the re-
actants Pi’ all the other variables being kept constant, can be

expressed thus,

-dPy © oy
reaction rate r=——-=x%k P, 3.1-3
at ) i
1=1
or taking logarithms
: s
log r = log k + z n, log Pi 3.1-4

o i=1

where ni is the order of reaction.

A graph in which the logéfithm of the.réte r is plotted
against the logarithm of the chlorotrifiuoroetheneApressure Pm
should be a straight line if the rate law(3.1-2) is obeyed., The
sloperof this line indicates the order éf the reaction n; . Such
graphs were drawn for all the above experiments and the straight

lines obtained all had a slope close to 2.00 indicating a secund

order reaction.

The data obftained from the above experiments make evident the

following features of the reaction.

a. Invariant stoichiometry

b. The rate is unaffected by the presence of small
amounts of product (reverse reaction negligible).

C. A reaction order of two, independent of

temperature and pressure.

The constant reaction order and the reproducibility of the

results indicate that the surfaces of the reaction vessel,
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conditioned by the production of carbon film, are inert.

The correlation and consistency of results obtained by
making pressure observations and performing chromatographic
analyses suggest that the methods complement each other and can

be used in combination to study the reaction.

3.1.3 Treatment of experimental measurements

The chemical equation for the system is

k1
CF: - -
2 CF:CFC1 . C C4F6012 A 3.1-1
-1
or
k1
2M D
k-l
for the forward second order'reaction, kl is definied by
1 dCm 2
T 3.1-2
. 3 a1l .
and it is expressed in m“.mol s ~, Tiie integrated form is
Kk, =2 ¢t _¢d 3.1-5

where Cm is the concentration of monomer at time + and C0 is the

initial concentration.

The pressure of the reaction mixture P, at any time is equal

t

to the sum of the partial pressures of its constituents. (The

subscripts refer to monomer (m) and dimer (d))'
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3.1-6

Let Po be the initial pressure. By the gtoichiometry of the

reaction ( A?? ]If )

= ol-
oPh Ph+ 2Pd, 3 7
therefore . Ph = cPt - Po 3.1-8
Since I’h = Ch R ’l‘h 3.1-9
RT
. h 1 1
equat; on 3.1-5 becomes kl = o1 ( 2Pt'Po 5 ) 3.1-10

where the gas constant R = 8.3143 J k! mo1~t

Taking into account the 'dead' space, equation 3.1-10

is modified (appendix I, 3I_23) to

_ _ 1+b By ( b 1

1 14+2b t Pt(1+2b) - Po(l+b) Po

Y 3.1-11

Vh T c
where b = 7 Tc = BE—
¢ "h h

=]

3.1-12

It can be easily seen that for high values of b (i.e. B$>500)

equation 3.1-11 is reduced to 3.1-10.

At the upper end of the temperature range (T > 625K) the value

of Po could not be measured accurately because of the rapid changes
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in pressure. Tentative values for Po were assigned and graphs

‘were constructed in which 1/(2P, - fo) values were plobted

t
against time. PO was estimated by extrapolating this graph.
A satisfactory graph gave a straight line having an intercept

close to 1/PO

At iemperatures and pressures where the changes in composi-
tion are not so fast, the value of PO could be measured with an
error not exceeding the experimental error (+ 0.002pV). Pressure
measurements were made at equal time intervals and graphs were

b
constructed in which - = -f(a) was plotted

P, (1+2b)- Po(l+b) -

against time, having an intercept close to f(ao) = - 1 , and
?o
- 1+2b
r _
a slope equal to k' = 1+b kl/RT.

The calculation of the specific rate constant using a

(118)

graphical method is advantagzeous since it is of importance
to evaluate the contribution of each experimental observation to

the averagc value of kl 50 obtained,

_ _ - k! -
Let 8, = f(a,) o) = kiy b 3.1-13

be the deviation of the jth point and kéﬂ the slope of the line
drawn through the experimental points according to the condition

n
that 2 &, = O 3.1-14
j=1"*

and equation 3.1-11 becomes
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n ’ n n
a.) = T - k! % -1
j§1 ,(a'J.) jl;l (%) av 'Zzl ) 2emis
oxr n
ni‘(ao) - }: f(dj)
S .;Fl 3.1-16
Yt
j=1 ¢

Thus with exception to the initial value every other value of
a derived from experimental observation is equally weighted. Most
of the observations were made at equally spaced time intervals.

Writing ¢ for tj = tl, 2t for tj = t2 and so on,

then : -
n n
Z tj —_ z jt = _rg%l - % .xl;(n+l) 3.1_17
j=1 j=1
Therefore r
n
k. = (1+b) RT b/n 1
a, 1 (1+2b) t(n+1)/2 ‘;:1 Pt(l+2a)—Po(1+a) Po

3.1-18

Clearly, the average value of k obtained graphically using a set

of observations made at equally spaced time intervals is determined
by the ratio of the difference between the value of 1/Po and the
unweighted average of the b/[Pt(l+2b) - Po(1l+b)] = 1/Ph

elapsed to exactly midway in the experiment.

Equation 3.1-11(&715&) can be rearranged to

_ {1+1p) RT, Po = By

1 ¥ P
(1+2b) tPo h

3 L] 1_19
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from 3[-9 follows that

1+2b
n, . 1+ - o™n ~ h 3.1-20a
1+2b .
d 1sb 5 " Ph 3.1-20b
Therefore RTh Pa
k, = — , —
1 tfs Ph
I I 3.1-21
vE Gy Py Tes

where A is the chromatographic peak area rstio and fci is the

calibration factor (see section 2.2.1).

The 'dead' space has also an effect on composition of the
reaction mixture whenever samples are taken out of the reaction

vessel.

Lev p = Pd / Pa. as determined by analysis. At time t,
before taking the last sample, the composition was

Pt = Pa(1+p) + dPa(1+p—b),T he term -dPab arises from the

contribution of the 'dead' space, Pa is the pressure of the compound

undergoing dimerization and h [ Let 1-b=a.

b =
T Vh

Obviously d%1(1+p—0) = d]?t = dPa(a+p)

Since p, b and dP, are known then de can be calculated

t

The composition of the mixture before taking the sanmple,



ne

disregarding all other effects, was

= : dp
P P+ dI’a a + p(I{a*' g

P°  dP
a

P (1L +p
%1 a,

By the same reasoning

P ap P dp
Po- b (1epl=2t 8, sp (14 plBr_8) 4
t2 al Pa al Pa
1 1
(Pt 4P\
P, = P_ +8&P °a+(Pa +5Pa'ﬂp.:—7r——“
2 a) bl 1 1 a
(Pa + 4P )
Again &P _ (1-b + p ——2E2' - 5P
a P t
1 ay 2

and Pém can be calculated since all the other quantities are known.
1.

&
*a *%%a)) 2 ap
Py = (Pa + 5Pa -a) (1+p (P +6P .a) ° P )
2 1 1 a a a
— 1 1
_ (Pa + BPa.a) (P + dP_ )
= P (1+P 1 ! a 8 )
az Pa P
2 a1
Before sampling the composition was
Pal ¥ 8Pala: (2, +ap)
’ - [=3
Pt3 = Pa2 (L+p P Pa ) o+
2 1
Pal+ GPal.a Pa dPa |
+ 8P -1- - v
a2( 1-b+P{ 3 m_— )
, , a a

2 1
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For typical values of a = 0,985 and p = 0.001 to 0.1 the

Pb/PaZ ratio does not vary more than 1% which is within the

experimental error.

3.1.4 Quantitative Measurement of tlhie Reaction Rate of

chlorotrifluorcethene cyclodimerization.

It was shown in sections 3.1.1 and 3.1.2 that the main
product of the thermal reaction of chlorotrifluoroethene below

675 K is cis and trans 1,2-dichlorohexafludrocyclobutane. It

was also demonstrated that the course of %the reac?ion can be
followed by either observing pressure changes or analysing samples
of the reaction mixture or both. The reaction was studied by

these methods.

3.1.4a Pressurc measurements

Pressure changes were used almost exclusively to study the
reaction at the upper end of the temperature range. The monomer-
cyclodimer equilibrium is well on the dimer side so that the
reverse reaction is negligible., Treatment of the data as for a
simple second order reaction does nct introduce significant
error, at least in the early stazes of the reaction. The experi-
mental measufements were treated as described in section 3.1.3.
For each expsriment a graph of [Pt(1+2b) - Po(l+b)]~l against
time was plotted. Occasionally, at the higher temperatures, it

was necessary to adjust the value of PO to meet the conditions for



Table III 1.1,

Specific rate constants for the cyclodimerization of Chlorotrifluoroethene.

P

k

k

) kK Correction factor 1 1
Experiment Temperature X T Pressure Pa 1 + b/1 + 2b 3 1 --101g,10 3 T -1
m” mol s m” mol 3
A6 -1 A72.2 1.488 22,512 0.5055 4,55 x 1072 4.342
A9 -1 647.6 1.544 13,095 0.5054 2,27 x 1077 4.645
A9 - 2 647.6 1.544 6,670 0.5054 2.25 x 1077 4.647
AS - 1 633.0 1.580 25,695 0.5052 1.44 x 1072 4.843
AS - 2 633.0 1.580 24,661 0.5052 1.42 x 10°° 4.846
A0 -1 622.6 1.606 13,865 0.5051 1.05 x 1077 4,980
ALO - 2 622.6 1.606 14,094 0.5051 1.06 x 10~° 4,974
AlO0 - 3 622.6 1.606 21,042 0.5051 1.04 x 10‘5 4,984
Al -~ 1 586.1 1,706 5,723 0.5048 2.94 x 10‘6 5.532
Al 586.,1 1.706 5,978 0.5048 3.00 x 10'6 5.523
Al 586.1 1.706 8,960 0.5048 2.93 x 10'6 5.532
A3 550.1 1.818 17,178 0.5045 6.80 x 10”7 6.167
A3 550.0 1.818 14,503 0.5045 6.79 x 10~" 6.168

1zl
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‘Table ITT 1.l. contd.

Experiment Temperature 3 LS Preésure 2 Correction factor 1 -log kl
K T Pa 1 + b/l + 2b m3 mol—ls“'l 10 m3 mol-l S-l
Ad -1 525,3 1.904 24,693 0.5043 2.35 x 107/ 6.629
A4 - 2 525.3 1.904 24,924 0.5043 2.36 x 1077 6.627
A2 - 2 523.5 1.910 40,552 0.5043 2.10 x 10~/ 6.678
A2 -1 523.5 1.910 39,790 0.5043 2.09 x 10~7 6.679
AT - 1 473.4 2.121 20,962 0.5039 1.71 x 1078 7.807
A8 - 1 448.1 2.232 19,839 0.5039 4.50 x 1072 3,347

44}
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a straight line. The rate constant was calculated from equation

3.1-18 and, whenever a chromatogram was taken, from 3.1-21.

Replicate experiments were carried out whenever the accuracy
of the observations was limited by the small extent of the
reacftion, The effect of pressure on the value of the specific
rate constant was found to be insignificant. The initial pressure
ranged from kPa to 40.5 kPa. The results are given in

Table IIT .1.1

3.1.4b Chromatographic measurements.

Chromatogranhic measurements were made to confirm the comp-
osition of pyrolysed material indicated by pressure measurements
and té extend downwards the temperatﬁre range covered, At low
temperatures the pressure changes were too small to be measured
accurately. Samples were taken as described in sections 2.2.1b
and 3.1.2. Chromatographic peak areaé were expressed in cm2 10_12
Specific rate constants were calculated from equation 3.1-21 and

a weighing factor was introduced to allow for pressure changes

due to taking samples.

At the iater stage of the quantitative experiments the
squalane column had shown signs of deterioration. It was replaced
by a slightly shorter column (7.80m). The calibration factor was,
within experimental error, the same. The results of the chromat-

ographic analysez are given in Table IIT 1.2.



Table III 1.2,

Analyses and specific reaction constants for the cyclodimerization of chlorotrifluoroethene

C.C.FCl. x 10°

Experi-  Tempera- Pressure Tine CF2:0F01 Q.Q4F6012 4 4 2 kl -log ki

ment ture T/K P/Pa t/win g ea +Ar1 - 02F301 m3 mol-ls-l IQm Inol-ls-1
: r2

A2 - 523, 5 39.790 153  14.9 x 10 70,0 x 20 18.2 2.16 x 1077 6.665

- 1. 38,024 211 29.1 x5  36.1 x 50 24.0 2.04 x 1077 6.690

A2 - 2.1 523.5  40.552  47.5 32.2 x5  46.4 x 10 5.6 2,10 x 1077 6.677

2.2 39,711 135  30.7x 5  62.9 x 20 15.8 2.13 x 1077 6.658

2.3 38.506 245 30.1 x5  44.1 x 50 8.4 2,08 x 1077 6.681

A2 - 3.1 523.5  25.434  63.5 19.0x 5  48.6 x 5 4.95 2.220 x 107 6,654

3.2 24.939 151 18.8 x 5  54.3 x 10 11.1 2.0t x 1077 6.688

3.3 24,366 308 18.2 x5  5L.3 x 20 01.8 2,100 x 1077 6.678

Al6 - 1.1  498.2 40.041 91  29.2x5 50.5%5 3.35 6.34 x 1072 7.198

1.2 39.379 187  29.2 x 5  50.6 x 10 6.71 6.24 z 1075 7.205

1.3 38.717 307 28.4 x 5 81.5 x 10 11.1 6.46 x 10‘8 7.189

Al6 - 2.1 498.2 25.198 160 17.8 x 5  83.9 x 2 C3.66 6.26 x 10~ 7.203

2.2 24.764 202  17.5x 5  84.1 x 5.99 6.35 x 1078 7.197

2.3 24,317 422  17.3 x5  87.5% 5 9.78 6.40 x 1072 7.194

. j . 2 . -8 s ] . 2 11
Arl = area in cm .10 "A Ar2 = area in c¢m~.3.10 A

vel



Table III 1.2. cont.
: . C.CFCL. x 10° K K
Experi- Tempera- Pressure Time CFZ:CFCI C‘C4F6C12 442 1 ~log 1
ment ture T/K P3Pa t/min area +Ar1 £, CZF3CI 3 mol_ls 1 10 o171
r
AL7 - 1.1 473.0 42,434 150 34.1 x5  72.7 x 2 1.65 1.70 x 1078 7.770
1.2 41,895 270 33.6 x 5  49.4x 5 2.85 1.65 x 1078 7.783
1.3 41,390 391 33.1 x5 72.2%x5 4.22 1.71 x 1078 7.769
A17 - 2.1 473.0 30,144 274 23.2 x5  63.4x 2 2.12 1.68 x 108 7.774
29,631 383 22.8 x5  34.9 x 5 2.96 1.71 x 1078 7.768
AL7 - 3.1 473.0 04,787 171 19.2 x 5  27.6 x 1.12 1.70 x 1070 7.769
3.2 24,495 317 18.9 x 5  48.6 x 1.99 1.68 x 1078 7.775
3.3 © 24,226 466  18.7 x 5 28.7 x 2.97 1.70 x 10> 7.770
ALO - 1.1 471.4 14,180 1310 12.3 x5  11.0 x 5 3.80 1.34 x 1078 7.873
1.2 14.100 2332 19.4x 5  24.5 x 10 10.56 1.67 x 1078 7,777
1.3 13.909 3065 24.5 x 5  14.5 x 20 10.00 1.50 x 1078 7.824
Al5 - 1.1 447.9 05.687 1121  29.8 17.8 x 1 1.68 3.71 x 1077 8.422
1.2 25.554 1423  30.4 23.6 x 1 2.18 3,93 x 1077 8.406
1.3 25.367 2348  33.7 22.5 x 2 3.82 3.73 x 1072 8.428
* sample loop chart speed different from the rest of the data

STl



Table IIT 1.2. cont.

3

Experi- Tempera- Pressure Time CFQ:CFCI C.C4F6012' C.C4F4012 x 10 kl _ 1 l(l
ment ture T/K P3Pa t/min + : < “C. F.Cl 3 -1 -1 %810 =1
' area Arl *Ar2 2°3 m”~ mol s m mol s
*A11 - 1.1 445.6 17.138 1275 19.6 x 10 12.3 x 5 o 1.32 3.77 x 1077 8.424
1.2 17.085 1890 19.6 x 10 18.1 x 5 1.96 3.76 x 1072 8.425
1.3 17.012 2728 19.3 x 10  25.6 x 5 2.79 3.74 x 1077 8.427
Al8 - 1.1 437.7  52.514 390 21.2 x 10 40.9 x 2 0.747 2.21 x 1077 8.656
51.981 1410 20.9 x 10 29.1 x 10 2.69 2.22 x 1077 8.654
51.305 1959 21.7 x 10  39.9 x 10 3.73 2.22 x 1077 8.654
Al8 - 2.1 437.7  52.949 721 21.6 x 10 30.0 x 1.35 2.14 x 107 8.670
2.2 52,347 1217 21.1 x 10 48.9 x 5 - 2.25 2.13 x 107 8.672
2.3 52,232 3508 21.1 x 10 71.6 x 103" 6.57 2.16 x 1072 8.665
a2 - 1.1 426.1 16.613 1280 18.87 x 10 7.42 x 0.334 9.58 x 10730 8.987
1.2 - 16.532 1800 15.6 x 10 9.93 x 2 0.540 9.60 x 100 8.979
1.3 16.488 8181 15.6 x 10 13.6 x 2 0.730 9.58 x 10°0 9.022
W13 - 1.1 423.1 53.233 1259 15.5 X 5 8.4 x 2 0.915 8.02 x 10° 9.096
1.2 52.997 1634 16.8 x 5 11.9x 2 1.202 8.13 x 10710 9.090
1.3 52.728 2667 17.2 x5 19:.3x 2 2.70 8.00 x 10710 9.097

9Ct



Table III 1.2. cont

3
Experi~ Tempera- Pressure Time CF,:CFC1 C.C,FcCl, C.C,F,Cl, x 10 K log k1
- ment ture T/K P3Pa t/min ares +Ar1 + A, . C,F5CL mj*mbl_lsil 10 0 mor~is
*413 - 2.1 423.1 53,203 1563 19.5x 5  13.0 x 2 1.13 8.00 x 10”30 9.097
2.2 52,970 1733 18.2 x 5  13.6 x 2 1.26 8.07 x 10”19 9.093
2.3 52.757 2871 16.1 x5  19.6 x 2 2.05 8.05 x 1010 9.094
A19 - 1.1 413.3 57.504 1410 23.9 x 10 35.5 x 2 0.575 4.06 x 10°%9 9.392
1,2 56.986 2430 23.9 x10 62,6 x 2 1,01 4,16 x 10'lo 9.381
1.3 56.485 2800 23.8 x 10 27.8 x 5 1.13  4.03 x 1070 9.395
A19 - 2.1 413.3 52.956 991 22.0 x 10 20.7 x 2 0.370 4.04 x 10710 9.394
2.2 52,480 1411 21.7 x 10  30.3 x 2 0.539 4,10 x 10710 9.387
2.3 52,001 2431 21.4 x 10 52.2 x 2 0.942  4.22 x 10710 9.375
2.4 51.528 2870 21.2 x 10 60.4 x 2 1.10 4.10 x 10719 9.387
*Al4 - 1.1 403.9 50.813 1290 15.9 x 5 7.3 0.252 2.15 x 10°20 9.668
1.2 50.574 2516 15.6 x 5  12.8 . 0.464 2.05 x 10710 9.688
1.3 50.352 3840 16.3 x 5  20.6 0.714 2.00 x 10730 9.699
*Al4 - 2.1 403.9  54.182 1404 15.6 x 5 7.8 0.280 2.06 x 10710 9.686
2.2 53.998 2626 15.9 x 5  14.2 0.500 2.04 x 10710 9.690
2.3 : 53.821 4083 16.1 x 5  20.2 0.727 1.99 x 10710 9.701

* sample loop chart speed differe t from the rest of the data

LTL
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Figure 3.5 Graph of the logarithms of specific rate constants (kl)
z;_the reciprocal of temperature for the cyclodimeri-

zation of chlorotrifluoroetlene
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3.,1.4%¢c Correlation of the rate constants

Experiments were made over the temperature range LOOK to
672K and the pressure range 5.5 kPa to 53 kPa. The specific rate
constants are given in Table III.1 An Arrhenius graph of log k

1

against the inverse of temperature-g is given in Figure 3.5. This

T
. (111) _
includes the constants measured by Lacher and others and by
Atkinson and Stedman (3). Regression analysis for a linear relation-

ship by the method of least squares produced the equation log kl
= 3.93 - 5536/T. However the points corresponding to both ends of
the temperature range are above the straight line fitted by this

method.

A modified equation of the form

log k; = A + Blogl + c/T 3.1 22

was fitted to the whole set of the results. The parameters

A =-9.92, B = L4.321 and C = Li4L4h.2 were Aetermined by using a
(119)

least squares solution of simultaneous equations in the form

an 4+ bZx +cXz = Zy = - Zk@lﬁ

a XTx + be2 + Cc XXz = ZyX

a Xz +b2xz+cZz2=Zyx
where x = log Tand z = 1
Experiments in which the value of log k differ by more than i-0.035

from the calculated ones using equation 3.1 22 were not included in the

calculations All values used appear in the computer printout.
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3.2. THE THERMAL CYCLODIMERIZATION OF HEXAFLUOROPROPENE

A number of investigators have studied the pyrolysis of hexa-
. fluoropropene over a wide range of temperature. Atkinson and Atkinson(z)
described the kinetics of the reaction hexafluoropropene ——— per- ‘
fluoroisobutene in the temperature range 870 - 950 K. R. A. Matula (120)
investigated the rate of the same reaction in the range 820 K - 950 K.
H. C. Brown (121) described a producf from the dimerisation of hexa-
fluoropropene in an autqclave at 675 K. He assumed b& analogy with the
head-to-head diﬁeriéation.bf 6ther alkeres - |

2 CF,= CFCF, == ¢ - C,F(CF,), 3.2 - 1
that the compound was a 1,2 - cyclic Gimer. Hauptschein et al (122)
confirméd that hexafluoropropene undergoes cyclic dimerisation under
pressure in the temperature range 525 K to 720 K by characterizing the
products as a mixture of isomers of di(trifluoromethyl) hexafluoro-
cyclobutane. They also found that at temperatures above 725 K per-
fluoroisobutene is the principal product. Atkinson and Stockwell (55
confirmed the characterization of the products of the cyclic dimeri-

sation and identified the isomers. They also studied the dissociation

of c¢cis and trans 1,2 - isomers to hexafluoropropene, as well as the

rates of isomerisation. These earlier investigations had established
that the cyclic dimerisation of nexafluoropropene is a much slower
reaction than the dimerisation of tetrafluoroethene or other fluorinated
ethenes. At normal pressures ( ~- 100 kPa) yields are very low. Raising
the temperature introduces the competing reaction to perfluoroiscbutene

and instability in the cyclic dimer.
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3.2.1 Characterization of Di-(trifluoremethyl)-hexafluorocyclobutanes

.Successive chromatographic analyses during the pyrolysis of hexa-
fluoropropene at 650 K indicated that there was one major product. This
product, isolated and purified as described.in section 2. 3. 3, was cha-
racterized as a mixture of di-(trifluoromethyl)-hexafluorocyclobutanes

consisting essentially of 1,2- isomers.

3.2.12 The infrared speptrum

The infrared spectra of the isomers of 3di-(trifluoromethyl)-hexa-

(4’122). The infra-

fluorocyclobutane have previously been determined
red spectrum of the purified product indicated the presence cf cis -
1,2-di(trifluoromethyl)-hexafluorocyclobutane by its characteristic
absorption at 1302 cm ', 1244 cm™', 043 cm ' and 724 cm'. The pre-

sence of the trans -1,2 isomer was estabtlished by the characteristic

1

' 1065 cm' and in the region 743 cm”  to

absorption at 1324 cm
730 cm . Small quantities of the 1,3 - isomers were indicated by the
absorption at 1125 cm™', 949 cm~', 844 cm™' and 706 cm' which is not
observed for the other isomers. From the relative inftensities at

' and 1065 cm ', and that at

1302 cm ' and 1043"', those at 1324 cm_
1125 cm-1, it was concluded that the composition of the mixture was

cis L48.1%, trans 50.6% and ~ 1.3% cis - trans -1,3 isomers.

3.2.1b The mass spectrum of di-(trifluoromethyl)-hexafluorocyclobutane,

The mass spectrum of di-(trifluoromethyl)-hexaflucrocyclobutane

recorded as described in section 2.2.2b is given in Figure 3.6 The
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cyclobutane.

-

| | L1 TN 1
1 1 ]
25 50 100 150 200 250
m/e
Ion m/e 1% 1% (4) I% (4) 1%(4)
this work 1,2-~trans 1,2cis 1,3

C6F12 300 0.1 0.15 0.11
C6Fll 281 i4 14 6
05F9 231 64 84 85 5
05F7 193 4 6 5 3
C4F7 181 62 83 75 14
C3F6 150 45 53 46 95
03F5 131 50 49 46 100
02F4 100 100 100 100 65
03F3 93 19 21 20 13
CF3 69 86 91 80 63
CF2 50 3 10 10 -
Cr 31 18 18 16 13

Pigure 3.6 Mass spectrum of 1,2-ditrifluoromethylhexafluoro-
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Ionization Potential was 80 eV. The tabular part of Figure3.6gives
also the spectra of pure isomers as reported by Atkinson and Stock-
Qell(h), In the present spctrum the molecular ion peak (M+) was not
observed and some other minor differences are apparent. There is an
increase of CF, :-CF} ions, possibly because of the higher Iorization
Potential. However, the three metastable peaks corresponding to the
non- integral masses of 189.9, 141,8 a2 94.8 that can be represented

by the equations

CFr = C,F, + CF,
CsFy = C,F + CF,
. 7 .
and c,,F;r = G5 + CF, are still present.

The symmetrical rupture, which dominates the mass spectrum of
1,2-dichlorohexafluorocyclobutane, is very much in evidence in this
spectrum, too. The proposed mechanism for the breakdown of cis-trans-
1,2-di(trifluoromethyl)-hexafluorocyclobutane (Fig. 3.7) also shows
other similarities with the fragmentation pattern of the 1,2-dichlorec-

hexafluorocyclobutane.

5.2.1c  The nuclear magnetic resonance spectrum

The ' °F NMR spectrum of the purified product of cyclodimerization
of hexafluoropropene was reported by Stockwell. The eleven peaks ob-
served were assigned to the isomers of di(trifluoromethyl)-hexafluoro-
cyclobutane. Atkinson and Stockwell(h) reported the spectrum of each
individual isomer. Solvent effects were avoided by using pure undi-
luted compound and employing trifluoroacetic acid (TFA) as an external

standard. CCl, was used as solvent in some spectra of 1,3 isomers.
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. _ — ; N
C2F3 -CL+'F8 . m/e 300 m/e 18
-. fLF
2
l / "l C4Fe - | cF,
F\- F + +
F\ /C% -F —F2 C
F F /\ |
"/ \F FF . F
m/e 100 m/e 150 m/e 131 . m/e 93

Figure 3.7 Proposed fragmentation mschanism for 1,2-di(trifluoro-

methyl)-hexafluorocyclobutane
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The present Ur spectrum of di(trifluoromethyl)-hexafluorocyc-
lobutanes, recorded as described in 2.3.4, showed three groups of peaks,
aé expected, at greatly differing fields. The most numerous group,
resonating at 3117 Hi - 3754 Hz downfield relative to hexafluoroben-

" zene, is indicative of fluorine nuclei in the —-CFZE— groups. Some of
the eleven peaks of the entire spectrum were separated into fwo or more
overlapping peaks on higher resolution. The ctemical shifts (C¢Fg A = 0,
CF; COOH 6 = 86 ) are almost identical with those reported by Atkinson
and Stockwell(q). In the cis - 1,2 isomer, the coupling constant J of

the ~CF, — AB pairs was 230 Hz .

GROUP 5 A 5 5 5

isomer this work (4) isomer this work (L)
CF5 cis-1,2 88.9 88.9 ~ trans-1,2 88.9 88.9

cis-1,3 89.8 91.0 trans-1,3 89.2 89.3

cis-1,2 35.3 35.1 trans-1,2 34.5 34.3
cis-1,2 33.5 33.5
CF, cis-1,3 39.4 39.4 trans-1,3 37.0 36.5
cis-1,3 39.8 39.7

cis-1,2 | -30.6 [|-30.5 trans-1,2 | -29.1 -29.0
CF cis-1,3 | -23.8 }-23.7 trans-1,3 | -26.6 |-26.5
cis-1,3 -25.4 |-25.3 trans-1.3 | -28.2 -28.0

The four isomers cf di(trifluoromethyl) hexafluorocyclobutzane
were also present in a sample separated from the products of co-di-
merization betwéen hexafluoropropene and chlorotrifluoroethene. The
ratio of isomers ¢is-1,2 : trans-1,2 : cis-1,3 : trans-1.3, determined

from the -CF,- group peak areas, was 22 : 6 : 0.4 : 2.
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The assignment of ﬁeaks to cis or trans -1,3 isomers is somewhat
speculative based on the symmetry of the molecules and the effect of

the -CF; group on adjacent -CF,-~ groups.

3.2.2. The Preliminary experiments

A series of experiments was carried out in carefully controlled
conditions. Pressure changes were monitored with the pressure trans-
ducer. The e.m.f. of the thermocouple was recorded continously. The
reactor was well seasoned by a series of long qualitative pyrolyses
of hexafluoroproyene. Analysis of the reaction mixture by gas chro-
matography was carried out as described in the experimental section
(2.1),>aithough in the preliminary work conditions were not as ri-
gorously controlled as in the later experiments. The total quantity
of material extracted as samples during each experiment did not ex~
ceed 0.5% of the amount originally present. Analysis using the squa-
lane column failed to give adequate separation of the starting ma-
terial from the products.

In further experiments in which analyses were performed using a
Poropak Q column, the pesk area of the cyclic dimer of hexafluoro-
propene depended on the pre-history of the sampling valve. After
much investigation including various blank analyses, it was found that
the Viton O-rings were both absorbing and desorbing cyclic dimer and
desorbing foreign material. These O-rings were replaced by Nitrile
rings.

When after exhaustive tests, an entirely satisfactory performance

of the gas sampling valve was obtained, a number of new experiments
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were designed. Analysis of the reaction mixture was performed with
strict adherence to the conditions specified in the experimental
section.

In experiment B-16t at 689.7 K, purified hexafluoropropene was
admitted to the reaction vessel. The initial pressure was 41.111 kPa
after 2.5 minutes. The temperature was recorded continuously and no
changes were observed. Samples were taken out of the reaction vessel
after 2.10, 4.65 and 7.15 hours from the beginning of the reaction.
The chromatographic peak.areas were measured using a planimeter as in
all subsequent experiments. Apart from the hexafluoropropene and
the cyclodimer peaks, two minor peaks emerged, one attributed to
tetrafluoroethene and the other to cyclobutane. Analysis of the reac-
tionmi#ture at column temperature 358 K, ten degrees higher than usual,
did not reveal any peaks beyond that of the cyclodimer. A 0.6 cm o.d,
150 cm long column packed with Poropak Q operating at 353 K achieved
better resolution but did not indicate the presence of any more peaks.

In experiment B-17t at the same temperature (689.7 K) the initial
pressﬁfe of hexafluoropropene in the reaction vessel was approximately
the same i.e. 42.298 kPa but the reaction time at which the first
sample was taken was 4.50 hours. Again, a slight increase in pressure
was observed after 2.4 minutes.

Experiment B 16t

+
Pressure (f%) Pime (T ) +C1F6xAtten. +C6F12xAtten. Area

ratio
Pa hours
41,131 0
41,112 2.10 . 32.3x5 20.2 x 5 1.50 x 1072
40,578 4,65 37.b x5 23.6 x10 2,03 x 1072
40,082 7.15 §1.7 x 5 37.0 x10 k.26 x 1072
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Another experiment at lower pressure is detailed blow.

Experiment B 18t

26,262 0

26,110 5.6k 26.0x 5 ©22.8 x10  1.15 x 10‘2
25,830 8.20 25.2x 5 31.0 x 10 1.4% =% 10
-8
+ Area = A x 10 A
rl
T Area = A _x 2.4 x 10-lO
r2

A typical chromatogram (Figure 3.8 ) of the analysis of one of
these reaction mixtures clearly indicates that the only major product
is the cyclic dimer. Calibration cf the chromatographic analysis
using mixtures of hexafluoropropene and its cyclic dimer, perforined
at this stage were used to calculate the figures given in Table III.2.1.
This table also gives the results of several other experiments. It
shows good reproducibility in measurements of rate divided by the
square of pressure for experiments at the same temperature. Succes-
sivelgnalyses within the one experiment B 16t indicated a decrease
in rate possibly caused by back reaction.

The pressure of the reaction mixture Pt af any time is equal
to the sum of the partial pressures ¥ its constituents Pt:-gi Pi'
The sum of the concentration of the constituents, expressedl;s
equivalent concentration of hexafluoropropene, should at any time
be equal tc the irdtial concentration of hexafluoropropene i.e.

]
C = z: v C, where vi is the

o} . ii
i=1
number of moles of reactant equivalent to one mole of hexafluoro-
propene.

It had been found that the total pressure of a calibration

mixture was indeed the sum of the partial pressures of the constit-
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uents and that the results of the analysis were independent of the
‘temperature (maximum 425 K) at which samples were taken.

It was expected that, within experimental error, the reaction
mixture should satisfy these conditions. The results of the
experiments as they appear in Table III.2.l. indicate that either
the initial pressure was higher than iiat recorded, or, that there
vias a contributicn of pressure increase fram a side reaction. In
support of a side reaction was the observed small initial pressure
increase during the experiments 3_l6t to B 23t and the small amount
of non-cundensable gases present in the reaction mixture at the end
of the experiment. The minor reaction proaucts appearing in the chr-
omatograms were not in sufficient amounts to account for the pressure
increase.

In an attempt to learn more about the pattern of formation of
minor reaction products, samples were taken shortly after the
adnission of hexafluoropropene into the reaction vessel. The
formation of minor reaction products at det. ctable levels took place

after two minutes (experiment B_?Ot). Tetrafluoroethene reached a

i

maximum (02F4<4 x 10~ F6) after 25-4C minutes (experiments,

%
B 22t, B 23t T = 621.8 K) then its formation started to decline
sharply.

Some loss of hexafluoropropene was thought to be due to the
reaction

3810, + 2C,F, = 3SiF, + 6CO . 3.22

3

The pressure change will be expressed as

dP, = dP_ + dP 3.2.3
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where Ps is the pressure of the products formed and Pa the pressure

‘of the reactant. For reaction 3.2 1 it follows that

14

P =dP -°dp =-9dp +dpP = - ' dp 3.2 4

r S - S - [« 8 o - (44 -
2 2 2

P, = P +P +P 3.25

where Pb is the pressure of dimer. The total amount of hexafluoro-

propene lost is

A = 2AP - _2_ AP_ 3.2.6
9
S 2
S P =y vP =P +2P +5 P 3.2.7
i=1 9

Form 3.2.4 and 3.2.6 it follows that

9P, - 2P, =P (7 + 16£) 3.2.8
The quantities P0 and P% were measured directly, where f = fi
E&
f was determied by chromatographic analysis. Equation 3%.2_7
was used to calculate Pa and for Ps = 0 it becomes
P0 - Pt = Pa.f or P0 = Pa (1 + 2f) 3.2 9

This correction (eq. 3.2-7) did not affect the results‘significantly
(Table III.2.1). Furthermore quantitative measurements by infra red
spectroscopy confirmed that the amount of the non condensable gases

was negligible. At the end of the experiment B 24t (75 hours,

P0 = 23.774 kPa) the bulk of the reaction mixture was condensed in
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a trap cooled by melting toluene (178.1 K) until the pressure was
‘reduced to 5.454 kPa (= 41 Torr). A sample of the vapour was taken.
Its spectrum was compared with the spectrum of pure hexafluoropro-
pene at the same pressure and no significaﬁt difference (d<2%) was
observed.

Ir =xperiments B_;6t to B 19t the amount of dimer Tormed is sig-
nificant and the reverse reaction should be taken into account.

The specific reaction.rate constants for the dissociation of

the cis and trans 1,2-Di(trifluoromethyl)-hexafluorocyclobutane as

given by Atkinson and Stockwell(q) are
k= 1.18 x 1% exp (-268,620) -1 ]
RT
and 15 -268,620, -1
ko, = 4,20 x 107 exp ( '““7) s ~ respectively,
RT

For the results of Table III.2.1. their average
-268,620, -1
) s

k_2b = 2.74h x 1015 exp ( was taken

: RT
as the appropriate value. Later a more refined estimate was used

(see Appendix II). The amount of the dimer dissociated - AB was

calculated from the formula:

-aB =B exp (-2 %) - B=B kot

where t is the reaction time and B is the concentration of the
cyclodimer as determined from the analysis. The last column of
Table IIT.2.1. gives corrected values of the figures in column 9
calculated by adding AB to the experimental values for dimer yieid.
The depehdence cf reaction rate on the pressure of reactants,

all the other variables beirg kept constant, expressed as in



Table IIT.2.1

+Area = A . x 10 A
ri

* - 1077

Analyses and preliminary specific rate constants for the cyclodimerization of CF2 = CFCF3
. c.C F,(CF,), P_7 P 6 k
o I Tine Press.  C,F; ¢.CFc(CF,), Area ratio P = 46 732 rly ol
&P t/min Pa/kPa AZ,C FA S B 62 Pt2x3  kPa.min
3_16t.1 126 41,11 32.3x5 20.2x5 150x10:ﬁ 75.3xlO_Z 5.97x: 14.5x1077 15.9x1077
.2 279  40.80 37.4x5 23.6x10 303x10_, 152 xlo‘5 5.45x%, 13.4x10f; 16.1x1077
3§29 39.97  K1.7x5  37.0x10  426x10 21 x107° 4.98x  12.4x10” 16.3x10"7
M |B 17t.1 270 42,30 22.6x10 28.9x10 307x10"t 154 xlO_t 5.71x: l}.leO_g 16.2x1077
o .2 360  39.60 27.2x10  43.3x10 379x10° 190 x107 " 5.31x 13.4x107 17.0x1077
(o)) *
8 |B18t.1 338  26.26 26.0x5  24.7x5 228x10_t 114 xlO:t 3.38x, 12.9x1070  16.1x1077
.2 ko2 26.08 25.2x5  31.0x5 296x10" 148 x107 " 3.02x 11.6x10f7 15.8x1077
B 19t.1 378 15.66 34.3x2 22.2x2 155x10_t 77.8x10J+ 2.06x: 13.2x10—g 16.9x10"g
.2 532 15.61 32.6x2 26.0x2 192x10° 7 96.4x107 " 1.81x 11.6x10° 16.2x10°
(s 0]
1B 20t.1 250 24.89  16.0x5 3.2x1 9.6x10"t 4;81x10‘t 1.92x,, 7.73x10'g : 7.74x10"g
O .2 372 2k.79  16.8x5 b Lx1 14,7x107 7.38x10" " 1.98x 8.00x10 8.02x10°
— R .
g B 21t.1 1190 26.19 22.9x5 2k .6x1 51.4x10"t 25.7x10:t 2.17x, 8.24x10‘8 8.28x10_g
\o .2 2760 25.78 25.2x5 31.5x5 120 x10—4 60.2x10 , 2.18x,, 8.46x10‘8 8.56x10"8
2 3819 25.41 2h4.2x5 43,0x2 160 x10~ 80.4x107 " 2.10x 8.29x10~ 8.42x10"
A ; = area x attenuation farea = A, x 2. x lO_lOA *x o 10_6
8
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equation 3.1 2

ap s ni
reaction rate r = i = k/f] Pi 3.1 2
dt i=1

indicated a second order reaction as can be seen from Table IIT.2.1.

' »
for a

]
Column 9 gives k, for n, = 1 and column 10 (11) give k,

second ordzr reaction. From the same table it can also be concluded
that the reaction order is independent of temperature and pressure.

3.2.3 Treatment of experimental measurements

The chemical equation for the system is

2
— —————
2CF, = CFCF, = c - 04F6(0F3)2 3.2.1
-2
or k2
2A _— B 3.2.11
k
-2
For the forward reaction k2 is defined as
dA 2
-—— = sz 3.2 12
24t
3 1 -1

and it is expressed inm” mol ~ s ~. A is the concentration of
monomer and B that of the cyclodimer.

The process is reversible. The direct second order reaction

is opposed by one of the first order.



It can be easily seen that

1 dA  dB
-2

dt dt
from equations 5.2 13 and 3.2_14 follows that

dB
— =k A" -k B
dt

Since the change of A is very small the term k

2

as constant ’

dB

—=a-k B

dt

Let a - k_2B = X
’ e ‘ —l?_adB:dX
and dx
— =-k_jdt
— x
Integration gives X = C exp (—Eat)
at t = 0 c= = a -k.,B
o =270
thus a -k B = (a—k2B) exp (k;2t)
therefore a = k;2 B exp (k—2t) - Bo
exp (k_zt) -1
. 2 n
Since . exp (k ,t) =1+ k—2t (L2t) (k_2t)
_ -2 + : + -
1 2. n.

ignoring the higher terms one gets = exp (k_at) =1+k
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3.2 1k

3.2 15

A2 may be regarded

332_16

3.2 17

3.2 18
3.2.19

3.2_20

3.3 21

3.2_22

3.2 23

3.2 24

3.2 25
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s a=?B 1+ k—Zt) - B, 3.2_26
t
Substitution gives  k, = (B-B,) + Be ot 3.2 27
- tA%

where A= (Ao' Af)% is the geometric mean of the initial

and final concentration of the monomer and k , is the specific

2
rate constant for the dissociation of the cyclic dimer.

For Bo = O equation 3.2 23 becomes

Kk, = P kot ¢ - 3.2.28
tA,

where f = Pb:Pa is the dimer to mcnomer ratio as described by
chromatographic analysis.

Loss of material occuring as a result of taking samples was
taken into account in the calculation cf the specific rate constant.

From equation 3.2 28 follows that

1
_ Bexp (k-Zt) B exp (k,t)
2 = - S 3.2.29
(ty + t;)A A, (b, + t DA A,

k

1} ]
vhere tl + t2 = t and Af and B are the concentrations of hexafluoro-

propene and its cyclodimer after taking the sample (ignoring the
small 'deadspace' effect). For multiple sampling, equation 3.2.29
may be written as

B exp (kzto) 3.2 30
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where Aj is the concentration of hexafluoropropene at the end of the
period tj (=tj - ti) and to the overall reaction time.
Alternatively each analysis may be treated as a separate

experiment by employing equation 3.2 27 in the form

k. = By -B) + Bk bty

5 3.2 31

t A.A,
o ij

where Bi is the concentration of cyclodimer at the beginning of
period tj and Bj the concentration at thé end ?f this period before
sampiing.

Equations 3.2 28, 3.2 30 and 3.2_31 were used to calculate

the specific rate constant.

3.2.4 Quantitative Measurement of the reaction rate in the region

570 K - 700 K

It was shown in sections 3.2.1 and 3.2.2. that the main reaction
of hexafluoropropene below 750 K is the formation of cis and trans
1,2-di(trifluoromethyl)-hexafluorocyclobutane and that the experi-
mental reaction order is two. It was also demonstrated that the
reaction can be followed to a reasonable degree of accuracy by gas
chromatography. It was by this means that the partial pressures
of the constituents were calculated and the specific reaction rates
were determined from equations. 3,2 23, 3.2 28 and 3.2 30 or 3.2_28.

Bxperiments were performed over the temperature range 570 K
to 700 K and the pressure range 7 kPa to 60 kPa. At each temperature
at least two expefiments were performed. Some select replicate

experiments were performed in order to confirm .the reproducibility
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of the resuits. It was found that the specific rate constant was not
affected by twofold variations of pressure or by the duration of the
experiments. The concentration of cyclodimer produced was never
more than 1.5 per cent of the hexafluoropropene concentration and
usually anly a Tew parts per thousand. Despite this restriction

to low conversions the reaction times were rather long.

Combarison between specific rate constants derived from relati-
vely high pressures and short reaction times and those resulting
from relatively low pressures and long reéction times did not indi-
cate any significant and meaningful differences;

Differences as high as 40% were observed in the value of the
specific reaction constant if the reverse reaction was not taken into
accouﬂt. For experiments at which samples were taken at equal time
intervals, lower values for the specific reaction constant were ob-
tained as the reaction progressed. This was especially noticed in
the upper end of the temperature range. For experiments performed
at temperatures below 625 K such corrections for the back reaction
did nét normally exceed 0.3% which is well within the experimental
error.

The results are given in Table III.2.2. and an A%rhenius graph

of log k

5 against %% is shown in Figure 3.9 A straight line

for all the points was fitted by the method of least squares.
The parameters of the:straight line were then refined by excluding
all the experiments in which the logarithm of the experimental

value of kadiffer by more than 0.03 from the calculated one using

the parameters so obtained. The Arrhenius equation derived was

k

‘ 2
log (¢ »)_ 3.91 F 0.02 - (7505%14) K
3 .11 _ _
m” mol s T

The errois shown are standard errors.



Analyses and specific rate constants for the cyclodimerization of hexafluorcpropene

Table ITIT 2.2,

Time CF_.:CFCI, c-C

Experiment Tempera- Pressure P.(CP.). ¢c-C P (CPF,) k

47627372 476477372 4 2
ture /K P _/Pa  t/hours + x 10 — -log k_ Alog k

A FA n . — 08 g
a 2 CF,: CFCT, 3 mo1-le-1 2 e
T T T ; T T T — R T

B3l - 1.1 574.2 40,078 14.08 27.4 x 10 7.3 3.2 7.05]x 10 9.152  0.006
.2 39,613 21.38 27.9 - 10.6 4.6 6.69] 9.174 -0.016
B31 - 2.1 574.2 46,529 14.48 33.4 9.9 3.6 6.88]x 10710 9.166 -0.008
.2 46,000 21.56 32.9 15.0 5.6 7.17 9.145 0.013
o4 44,951  46.30 31.7 31.2 11.8 7.50} 9.125 0.029

¢
B3l - 3.1 574.4 52,815 14.80 37.7 13.0 4.2 7.14 - 9.147  0.007
.2 52.198 19.52 38.2 17.4 5.5 7.15 9.145 0,009
.3 51,629 24.95 37.3 21.7 . 7.0 7.20] 9.143  0.011
B33 - 1.1 586.3 26,276 14.05 20.2 6.6 3.9 - 1.39]x 1072  8.863 0.025
.2 25,962 20.15 20.3 9.4 5.6 1.37 8.864 0.024
.3 25,689 23 95 20.0 1.0 6.5 1.35] 8.865 0.023
B33 - .l 586.3 45,943 13.68 35.0 18.7 6.4 1.29]x 1079  §.889 -0.001
.2 45,380 20.58 32.5 25,1 9.3 1.28 ' 8.892 -0.004
.3 44,864  24.08 32.3 28.5 10.7 1.27] 8.896 -0.008

+ . —
A = area in cm2 Ax_10'a Ay, = area in cm® 24x10° A

LSt



Table IIT 2.2. cont,

Experiment Tempera=- Pressure Time CF2:CFCF3 c_C4F6(CF3)2 c_C4F6(CF3)é 104 ké .
ture T/K P_/Pa  t/hours S CF,:CFCF, 7 3 LI T T8 Kop Blog K,
T I | T T | - T o T
B30 - 1.1 598.6 46,680 15,00 32.5|x 10 33.7 12.5 2.48]x 1077 8,606
.2 46,031  23.30 31.9 25.3 x 2 19.1 2.35 8.628 -0.003
3 45,444  38.05 31.5 40.2 x 2 30.6 2.35 8.629 -0.004
4 44,824  46.18 31.3 18.5 x 5 35.6 2.40)] 8.620 0.006
B30 - 2.1 598.6  36.478 14.25 25.3|x 10 18.1 8.6 2.26]x 1077 8.646 -0.021
.2 36.014 18.25 25.4 25.5 ‘ 12.1 2.25 8.648 -0.023
.3 35,638 23.26 24.8 30.1 14.6 2.28] 8.641 -0.016 -
B32 - 1.1  612.8  31.441 13,52 22.1]x 10 25.3 13.8 4.54]x 1077 8.342 -0.008
2 20.985 18.52 21.6 33.6 © o 18.7 4,49 8.347 -0.012
3 30.605 22.53 21.8] 41.1 22.7 4.46] 8.351 -0.016
B32 - 2.1 612.8  21.790 14.37 31.3;jx 5  13.0 - 10.0 4.29]% 107° " 8367 -0.032
.2 21.495 18.37 31.3 16.1 12.4 4.30 8.366 ~0.031
.3 21,242  22.70 31.2 19.5 15.1 4.16] 8.380 -0.039
B28 - 1.1  621.8 18.186 14.17 27.5|x 5 14.8 13.0 7.14]x 1072 8.146 0.017
02 17.976 18.67 26.2 12,6 16.9 6.92 g.159 -0.001
3 17.838  22.77 26.4 23.5 21.5 7.10] 8.148 0.010

A



Table III 2.2. cont.

Experiment Tempera- Pressure Time CF,.:CPCF, c-C,F (CP.), c=C,F_(CF,) “ k
ture T/K pa/Pa t/hours 2'A' 3 _ 4A6 372 Cﬁ §CFC3 2 x 10% 3 2_1 -7 -los k, alog k,
rl r2 2" 3 m~ mol s A
I T T T T 1) ] 1 1
B28 - 2.1 622.4 47,628  14.77 37.4]x 10 18.9]x 5 34.7 7.13]x 10°°  8.147 -0.001
.2 46.725 19.02 31.9 23.7 45.5 7.57 8.124 0.022
03 46,073 23,18 31.2 29.3 55.4 7.11_ 8.147 -0.001
B28 - 3.1 622.4 20,289 13.08 BO.I x 5 18.3 14.7 7.2é-x 10-9 8.142 0.004
o2 21.958 18.08 30.1 25.1 20.1 7.18 8.144 0.002
3 21,647 22.08 30.§ ©30.6 , 24.1 7 .03 8.153 <=0.007
B28 - 4.1 622.4 25.834 12.27 35.5 x 5 22.7 15.4 7.lé—x 10_9 8.144 0.002
.2 25,458  16.93 35.5 31.6 " 2l.4 7.18| " 8.144 0.002
03 25,122 21.32 36-Q 41-0 27'5 7-08_J 8.150 "'00004
B29 - 1.1 645.2 25,562 14.55 35.2]'x 5 33.21x 2 45,4 1.84]x lO"8 7-735. -0.015
B29 ~ 2,1 645.1 13.311 12.80 18.5 x 5 15.8 20.9 1.841x 10-8 7.734 =0.012
.2 13.097 16.93 17.9 20.3 27.3 © 1,80 7.744 -0.022
3 12,925 21.48 18.1 25.3 2543 1.78] 7.749 =0.027

€61



Table III 2.2. cont.
Experiment Tempera- Pressure Time CFéCFCF3 c-C4F6(CF3)2 c-C4F6(CF3)2 4 k2 og.k Alog. «
ture T/K P_/Pa  t/hours A Ao CF,: CFCF 3 mo1~ts~1 2
I I | ] | ‘ ] T
B29 - 3.1  645.2 49,838 4.03 36.3|x 10 15.0|x 5 24.7 1.85]x 107® 7.732  -0.012
.2 48,992 7.03  33.7 23.9 - 42.8 1.84 7.734 -0.014
3 48,230 10.03 33.6 34.6 62.1 1.92) 7.717  0.003
_ - -8
B26 - 1.1  662.7 25.764 4.00 36.5/x5 38.4 25.4 3.86|*% 10 © 7,413 0.000
.2 25,410 7.00 36.2 33.3 x 2 44.4 3.88 7.411 0.002
.3 25,247  8.00 35.9 42.3 x 2 56.7 3.83 7.416  -0.003
B26 - 2.1  662.7 23,910 4.25 33.5|x 5 35.5 25.5 3.89]% 10° 7.410  0.003
.2 23,580 7.08 34.3 28.8 x 40. 4 3.69 7.433  -0.020
.3 23,313 9.50 34.2] 38.3 x 2 54.0 3.77) 7.424  -0.011
B26 - 3.1  662.7 20,429 4.25 28.8|x 5 25.1 21.0 3.74| x 10~ 7.427 -0.014
02 20,168 7-55 3003 4‘5-9 3605 3-70 7-432 "0.019
.3 19,950 10.50 30.0) 30.9 x 2 49.6 3.70] 7.432  -0.019.
B24 - 1.1  673.7 24.087 14.20 22.9]x 5 22.3|x 5 117 5.86]% 108 7.232  -0.004
B24 - 2.1  673.7  18.133 14,73 41.9|x 2 30.5|x 2 30.5 5.74]x 10 7.241  -0.013
.2 17.678 19.23 40.9 38.7 114.1 6.00 7.222  0.006
.3 17.135 £4.68 40.2] 47.7] 143 5.90] 7.229  -0.001

123}



Table III 2,2. cont.

Experiment Tempera- Pressure Time CPF_CFCF, c¢-C F.(CF,), c-C F (CF,) k..

3 4°6"""372 467732 4 2
ture /K P_/Pa  t/hours - x 10 ~-log k.. flog k.

a 1 AL, CF,:CFCF, NI 2 2
| T T

B27 - 1.1 68l.4 16,288 4.10 23.9]x 5 30.6 30.9 7.97]x 1078 7.098  0.004
.2 16,036 7.00 23.9 25.5 x 2 51.4 7.82 7.107  -0.005
.3 15,829  9.85 23.7] 3444 x 2 69.9 7.78) 7.109  -0.007
B27 - 2.1 681.4 15,491 4.05 22.7]x 5 28.1 29.78 7.99]x 1078 7.019  -0.004
. 15,252 7.55 22.9 25.3 x 2 53.3 7.90 7.102  0.000
.3 15,043  10.50 21.9] 32.5 x 2 71.78 7.91] 7.102  0.000
B27 - 3.1 681.5 26,233 4.00 36.4]x 5 37.7 x 2 49.9 8.19]x 10°8 7.087  0.013
.2 25,740 7.75 36.8 28.2 x 5 92.3 7.85 7.104  -0.004
.3 25,303  10.50 36.7 37.5 x 5 123.2 8.35 7.078  0.022
B27 - 4.1 681.5 7,835  14.30 29.3] x 2 23.1 x 5 47.4 7.96/x 107 7.099  0.001
.2 7,739 22.70 28.9] 25.1 X5 43.0 8.12] 7.090 0.010
B27 - 5.1 681.5 61,165 2.05 21.7]x 20 21.6]x 10 61.38 7.95]x 1078 7.101  -0.001
.2 59,859 ©  4.00 21.0Q 42.3 121.3 8.37 7.077  0.023
B27 - 6.1  681.3 45,149  2.00 32.6]x 10 23,0 x 5 42.5 7.98]x 10°® 7.098  0.006
.3 43,632 6.00 30.8) 32.8 x 10 128 . 3 8.33] 7.079  0.025

GSt



Table ITII 2.2. cont.

Experiment Tempera- Pressure  Time CFZCFCF3 c_C4F6(CF3)2 c_C4F6(CF3)2 10 k2 Cog k. Alog k
e - n — — i .
ture T/K Pa/Pa t/hours A, | Arz UFZ.CPCFB o> mol.ls 1 P2 2
| | | 1 t

B27 - 7.1 681.5 46.635 2.25 32.9]x 10 26.3 x 5 48.2 7.60]x 10™°  7.119 0.019
.2 45,775 4.25 32.8 25.9 x 10 95.1 8.31 7.080 0.020

o3 44,928 6.30 31.6] 36.4 x 10 138.8 8.40] 7.076  0.024

B25 - 1,1 698,1 18,641 4.25 44.7]x 2 20.7[x 2 55.8 1.44]x 10™7  6.842 -0.004
02 18,089 8.00 44.7] 34.2] 92.2 1.47 6.833  0.006

B25 - 2.1  698.1 24,279 4.55 25,4]x 5 16.1|x 5 763 1.48]x 1077 6.830 0.009
. 23,384 8.55 24.8 27.3 132.4 1.46 6.836 0.003

. 22,975 11.20 26.1] 36.0] 166 1.52] 6.818 0.021

B25 - 3.1 698.5 29,949 5.00 42.0]x 5 24.5 x5 70.6 1.47]x 1077 6.833 -0.001
.2 28,924 5.00 41.9 19.9 x 10 114.6 1.57 6.804 0.028

.3 28.497 6.50 41.2] 23.9 x 10 140 1.49) 6.827 0.005

B25 - 4.1  700.4 51,493 3.10 32.4 x 10 35.7]x 10 133 1.53]x 10”7  6.815 -0.012
.2 49,690 5.45 30.4 x 10 55.3 216 1.60] 6.796  0.007

96t
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3.3 THE THERMAL CYCLOADDITION OF HEXAFLUOROFROPENE

TO CHLOROTRIFLUOROETHENE

The reaction between chlﬁrotlifluoroethene and hexafluoropropene
has not been reported previously. In trial experiments at 650 K,
chlorotri fluoroethene - hexafluoropropene mixtures containing 2%
of chlorotrifluoroethene were pyrolysed for a period of 2-5 hours
during which samples of the reaction mixture were taken for analysis.
In the chromatograms, apart from the usual peaks from pyrolysis of the
pure constituents of the mixture, a new peak emerged immediately after’
the 1,2-di(trifluoromethyl)-hexafluorocyclobutanc peak and preceeding
the 1,2-dichlorohexafluorocyclobutane peak (Figure 3.10)

The new compound was prepared and purified as described in 2.3.5.

3.3.1 Identification of 1-Chloro-2-trifluoromethyl-hexafluoro-

cyclobutane

The infra red and mass spectra of material giving peak D
(Figure 3.10)was identified with those of 1,2-dichlorohexafluoro-
cyclobutane and the ccmpound of peek B was identified spectroscopically
as 1,2-di(trifluoromethyl)-hexafluorocyclobutane. The material cf
peak é was isolated and purified chromatographically by recycling it
four times and collecting only the entral part of the peak (see also
section 2.3.5). The middle cut was used for spectroscopic measure-
ments. No traces of the starting material were observed but some
1,2-di(trifluoromethyl)-hexafluorocyclobutene (about 0.2%) was still

present.
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Figure 3.10 Chromatogram of hexafluoropropene-chlorotrifluorc-

ethene pyrolysis mixture
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5.3la  Physical properties

The compound is a colourless liquid (room temperature) with an
unpleasant smell. Its physiological and toxicological properties are

not known.

1. Relative molecular mass

&he relative molecular mass of tﬁe compound was estimated from
vapour density measurements. The vapours of the compound were admitted
to one of the calibrated flasks (C in Figure 2.1.) and were allowed
at 298 K to reach a pressure not exceeding 18 kPa. The pressure was
measured using the transducer adjacent to the calibrafed flask. Then the
gas trapped into the flask was itransferred by condensation at liquid
nitrogen temperature to a pre—weigh&ék bottle. The weighing bottle
was equipped with a ‘rotaflo' greaseless valve to avoid gas absorption
and desorption and errors arising from it. The bottle was removed from
the vacuum line and was allowed to reach room temperature before
weighing. In all the subsequent calculations it was assumed that the
vapours obeyed the ideal gas laws. The estimatgd molecular weight was

found to be 266%3. The theoretical value is 266.5

2. Vapour pressure

The vapour pressure of the isomeric mixture was measured over the
temperature range 242 K to 313 K using an isoteniscope. The results
can be reypresented by the equation

1570% 18

log P = (9.87% 0.09) - T

where P is the vapour pressure in Pascal.



Transmittance I%

The boiling point given from the previous equation is 322.8 K..

The value obtained by direct measurement was 32}.5 K.

3.3.1b Infrared spectrum

80 +
60 \
)
|
o] y
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. : . wavenumber (v/em™') ' '

Figure 3.11  Infrared spectrum of l-chloro-2-trifluoromethyl-hexa-

fluorocyclobutane

The infrared spectrum of l-chloro-2-trifluoromethyl-hexafluoro-

cyclobutane from 4000 c:m_l to 650 em ™t was recorded as described in
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section 2.2.2a. Unfortunately it was necessary to use a cell with
rock salt windows which prevented the spectrum being observed in the
regicn below 650 cm_l. However, since the complete analysis of the
infrared spectrum was beyond thé objectives of the present work, this
omission was of little significance. Structural correlations in
fluorocarbons arc restricted mainly i1 the region 1800 cm_1 -
800 cn~t. The frequencies of the main absorptions of #e isomeric
mixture are given in Table III.3.1. together with the relative
absorbancies. |

The spectrum (Figure 3.11) is dominated by strong absorption in
the region of 1150 o™t - 1400 cm™t probably associated with C-F

25 ) -
(125 ) Absorption in the range 1325 cm 1 -

stretching vibrations.
1365 em™t as well as in the region 730 cm_l to 745 em T is associated
with the perfluoromethyl group in a >CFCF3 group. The last region
falls within the domain of resonance (700 cm™ > - 750cm™ ') of stretching
vibrations of the C-Cl bond in monochlorocompounds. Absorption in the
region 750 cn™t - 960 cml is attributea (2%

Ring stretching vibrations cover the range 1000 em™ T to 1430 ent,

-1 -
The absence of resonance in the region 1650 cm ~ to 1800 cm 1,

to ring deformation.

indicated the absence of fluorolefinic double bond,

The relative absorbances of several band varied, depending on the
conditions of sample formation. The bands 875 cm—l, 997 cn™t and
1285 cm—1 were mors intense in samples prepared at high temperatures.
In the same spectra, a sécond group of bands 795 cm—l, 900 cm—l,

1065 cm—l, 1218 cm—1 and 1323 cm-'l appeared to diminish. Correlation

with the results of the analysis of the NMR spectrum suggests that

the first group of bands should be associated with the cis isomer.
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Whether these bands are characteristic of each iscomer or not, cannot

be decided without complete separation of either of the two isomers.

Table III 3.l. Infrared spectrum of l-chloro-2-trifluorcmethyl-

hexafluorocyclobutans

wavenumber Absorbance % wavenumber Absorbance %

(v/em™) (v/em™ )
1382 45.3 1029 34.6
1345 38.4 997 13.2
1327 69.2 97 9.3
1323 70.4 - 900 - 48.3
1285 69.2 875 59.7
1247 100.0 833 20.6
1218 55.3 795 7.1
1190 39.0 737 30.2
1128 6.3 733 36.7
1083 15.7 729 27.2
1065 15.1

3.3.1lc The mass spectrum

The mass spectrum of l-chloro-2-trifluorcmethyl-hexafluoro-

cyclobutane at 70 eV Ionisation Potential (I.P.), recorded as
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described in section 2.2.2b, is given in Figure 3.2 ., The molecular
jon (M") peak is not observed, as expectea.not even in the 16 eV I.P.
spectrum. The more intense peaks appearing at m/e 100 and 116 were
attcributed to the ions CF2 % CF2 (tase peak) and CF % CFC1l respect-
ively. These ions may be prodiuced directly from the molecuiar ion
peak by homolytic fission of the cyclobutane ring across two oppo-

site carbon-carbon bonds. Such a breakdcwn, a common feature between

100 +.

1%
(0]
(@]

(o)
o
5

=
o
Ie

relative abundance

20 7

0 L ,l | b D L1 | ,l I L ,l

80 100 120 140 160 180 200
m/e

Figure 3.12. Mass apectrum of l-chloro-2-trifluoromethyl-

hexafluorocyclobutane



164

Table IIT3.2 Mass spectrum relative intensities of l-chloro-2-

trifluoromethyl-hexafluorocyclobutane *

Ion relative Ion relative
formulae m/e intensity I% formulae m/e intensity I%
05F901 | 268 0.0 02F3c1 118 23.7
05F901 266 0.0 CzFBCl 116 71.4
C5F8Cl 2l9g 0.9 c}]s‘l+ 112 2.5
C5FgCl LY 2.9 03F201 111 3.3
05F8 212 2.0 03F201 109 1.0
C,FC1 199 7.1 C,F) 105 1.0
C,FC1 197 21.7 C,F), 100 100.0
05F7 193 1.5 G, F.C1 97 0.9
03F601 187 0.6 051?5 93 20.0
03F6Cl 185 1.9 CF,C1 87 6.5
04F7 181 7.6 CF.C1 85 19.8
€, F-C1 178 0.7 CEFB 81 1.8
03F501 168 3.4 03F2 74 4.3
C;FC1 166 10.1 CF, 69 33.4
C,Fe 162 2.6 CFC1 68 0.7
03F6 150 1.2 CFCcl 66 2.1
03F401 149 5.4 CF, 62 1.2
03F401 147 16.5 03F 55 1.6
04F5 143 5.0 CF, 50 2.1
03F5 131 49.0 cCl L9 0.6
C,F), 124 1.5 ccl 47 1.7
051?3 117 1.8 CF L3 1.1

* Values below 0.5 and ions having m/e <45 are not included
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Ci cl CE,
CFCI=CF—CF, <~—
m/e 147 F F

[K8]
=

m/e 247/
- C2F3Cl
. ~C,F., _ .
(H;CI -— E\’)Cg
m/e 69 C
C
¢
Cl F
m/e 131
C 26
+|. -— =
C -| F
7 \g 2
m/e 116 .
-C_F,C1  -C,F.Cl ~CF, .
N/
+C
ANPAR: (I:
¢ i
+] .
| F\\ + //F _ QL + ChH C
< /= Je— |
F/,\\F F : F F F E
m/e 150 m/e 100 m/e 166 m/e 93
Figure 3.13 Proposed fragmentation mechanism for l-chloreo-

2-trifluoromethyl-hexafluorocyclobutane
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this compound and the spectra given in 3.1.1b and 3.2.1b, would
also explain the intensity of the 03F501+peak as well as that of

03F5+. The CF3 group, present in the mass spectra of substituted
perfluorocyclobutanes, (see 3.1.1lc) gives an intense peak in this
spectrum too. Thé CFB+ can be formed by direct fragmentation or
by re-arrangement.

Pairs of peaks were attributed to chlorine containing segments.
The peak height ration of these pairs was always 3:1, characteristic
of the presences of only one chlorine atom. Correlation . of the

evidence presented in 3.3.la, 3.3.1lb and the mass spectrum strongly

supported the belief that a cyclic compound is produced.

3.3.1d Nuclear magnetic resonance spectrum

Samples of l-chloro-2-trifluoromethyl-hexafluorocyclobutane were
prepared at 648 K and 678 K, and were purified as described in 2.3.5.
The NMR spectrum of the samples was recorded as describted in 2.2.2c.

The spectrum of each sample comprised 20 well defined peaks. On higher
resolution the peaks attributed to -CFC1- and-CFCFB— groups separated
each into two overlapping peaks.

The spectrum was interpreted by (non-perfect) first order analysispz7)
in order to elucidate the structure of the compound. Doublets having
spin-spin coupling constant J=220 Hz were assigned to fluorine of the
—CF2— groups. The peaks were allocated to two groups. The allo-
cation was based on peak area measurement and on change in peak

area ratios observed in recording the spectra of samples synthetized

at various temperatures. The peak shapes were identical in
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all spectra suggesting that only two isomers were mainly present
in the sample and that the level of impurities, if any, was very low.

(116)

The effect of substitution by chlorine can be calculated
The spectrum cf chloroheptafluorocyclobutane repecrted by Stedman(lla)
indicates that substitution of fluorine by chlorine moves adjacent
—CFZ- groups by about 6.7 ppn and groups in B position to chlorine
by about 3.7 ppm, both to low field (see section 3.l.lc).
Substitution by the -CF, group into the octafluorocyclobutane

3
ring moves the adjacent _CFZ_ groups to low field but this effect

(123)

has not been studied in detail and information is not available
to make full deduction. In the spectra of di(trifiuo;qﬂethyl)—
substituted poiyfluorocyclobutanes revorted by Atkinson and Stockwell
the shift for 1,2 disubstitution is 7.0 ppn and, except for cis-
1,2-, separation within the pair has-0.0 (see also 3.2.lc).

The results of the analysis of ths present spectrum indicate

that its origin is cis and trans 1,2- isomers. In isomer A, the chemi-

- cal shift between two fluorine nuclei in the group adjacent to chloriue
is 9.34 ppm, whilst that for the —CFZ— group in B position to the
-CFC1- group is only 2.49 ppm. In isomer B the chemical shift between
the gem fluorines adjacent to chlorine is 8.05 ppn and for the B
position only 4.05 ppm. These last figures are exactly what would be
expected for a compound with fluorine replacing the —CF3 group

(see section 3.1.lc).

_ Analysis of figures for l-chloro-2-trifluoromethyl-hexafluoro-
cyclobutane indicate that the —CF3 group has shifted the adjacent
~CF - group to low field by 4.69 ppn and the group in B position by
2.85 ppu. These figures are larger than would be predicted from the

results for 1,2-di(trifluoromethyl)-hexafluorocyclobutane.
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CF

3 2 3 3
CF
5 3 2
1§/ cl F)
! | .
'F6 Fl trans F6 1 Cio
A B
Peak  Frequency”* J & Peak  Frequency* J &
2950 . 2999
Fe - 3165 215  32.6h4 Fg 321 215  33.17
3510 37.30 3500 37.19
3856 3787
F), 4067 211 41.97 Fy 4002 215 41.22
3117 3055
F5 33%5% 236 34,90 F5 3289 234 34,06
3401 36,14 3395 2%6.08
3450 3502
Eéum 2684 234 37.39 F3 2738 236 38.08
F 2279 24,22 Fy 2141 22.75
F, -1512 ~-16.07 F, ~2337 ~25.90
CF3 8383 89.09 CF3 8360 88.84

* Frequency is given as - (Hi - Hr) expressed in Hz
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Associated with isomer A is the peak at &= -16.07 attributed to
fluorine cof the tertiary carbon atom. This is at much lower field
than the corresponding peak of isomer B. The >CF fluorine in
l,2-di(trifluoromethyl)—hexafluorocyclobutane achieves resonance at
still higher field (cis §=-30.6, trans &=-29.1). The presence of
chlorine adjacent to the->CtE;7F group has shifted the resonance
downfield. The fluorine of the tertiary carbon atom is nearer to
chlorine and to the C-Cl bond in the trans isomer than it is in the
cis. Thus, one might expect the CtSF_F fluorine nuclei in the Eéggg
isomer to be more influenced by the chlorine atéms,.and to resonate at
a lower field. On this basis isomer A isthe trans isomer.

The chemical shift of the -CFCl- fluorine increases a little

from cis to trans isomer. More substantial is the change (cis 3 ppm,

trans 4.5 ppn) rela*ive tc chloroheptafluorocyclobutane (6=19.7)

indicating that the influence of the -CF_ group is felt strongest in

3
the trans isomer. Therefore, group B is from the cis isomer.
The evidence is sufficient to prove that the compound is the

cis, trans -1l-chlorc-2-trifluoromethyl-hexafluorocyclobutane.

The characterization of isomers, as cis or trans does nctaffect the

kinetics of the system. The composition of the mixture ranged for

41% cis at 675 K to 47% cis at 648 K.

3.3.2 The Preliminary experiments

The preliminary experiments that were carried out were designed
\
to provide information concerning factors affecting the formaticn of
1-chloro-2-trifluoromethyl-hexafiuorocyclobutane (E) and to

establish teéhniques for study of the reaction.
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CF., = CFCl k F FCF

3.3.1

CF

2
e
.
+
3

The formation of compound E proceeds concurrently with the
cyclodimerization of the pure components. Observation of change in.
pressure would indicate the overall extent of the reactions taking
place, without supplying any information on the extent of formation
of compound E. Therefore, analysis.provides the only satisfactory
method for stidying the reaction.

The rate of cyclodimerization of chlorotrirluoroéfhene is higher
than that of hexafluoropropene (see 3.1 - 3.2). The cycloadditions
are, in general, second order reactions and it was expected that the
intermolecular reaction would also be of second order. It is possible
that, by keeping the concentration of chlorotrifluorcethene relatively
low, the formation of l-chloro-2-trifluoromethyl-hexafluorocyclobutane
might -predominate over the cyclodimerization. It was thought appropri-
ate to have the concentration of CF2=CFC1 in the mixture in the region
2-6%. Under this condition the loss of chlorotrifluoroethene due to
dimerization is roughly proportional to the loss of hexafluoropropene.

Two methods of introducing the mixture into thg reaction vessel
were tested. In the first method the two gases were admitted into the
reactor separately. First a quantity of hexafluoropropene was introduced
and then an amount of CFCl:CFa, so that the mixture was formed inside
the reactor. Its composition was calculated from pressure readings
taken before and after each admission. The main disadvantages of this

method were long time intervals (1-2 min.)between the first and



171

second gas admission and the size of error (+4-6%) in the compo-
sition of the mixture. In the second, more tedious method, the
pressure of the component contained in a certain volume was measured
accurately and then the components were brought together into one of the
calibrated flasks (C in Fig. 2.1} by condensation. The mixture

was brought to room temperature and homogensity was ensured by mag-
netic stirring that continued until the sample was inserted into the
reactor. Analysis of samples from the storage flask taken before and
after the admission of the mixtures into the reaction vessel, as well
as those taken from the reactor did not differ by more than j}%.

With this met%nd, strict adherence to the standard pyrolysis pro-
cedure (section 2.6 ) was observed. -

In the first experiment C1l-O1T the ratio CFCl=CF :CF2=CFCF was

2 3
1.63:98.37 and the total pressure 49.730 kPa. The temperature of the
reactor was held at 647.6 K and it was checked periodically.

Pressure changes were recorded continuously and since there was no
signifi.cant pressure drop the reaction was left to proceed undisturbed
for a. period of 250 minutes. Af the end of that period a sample was
analyzed by gas chromatography using the PoroPak Q column, section 2.2.la
(column B, page 79 operating at 348 K. The intercombination

product was observed but there was no peak for 1,2-dichloro-
hexafluorocyclobutane (compound D). A similar result was obtained

after 5.85 hours. The results of the analysis indicated that the

yield of the interdimer was high enough for accurate analysis.



Experiment

N
Time (Tl)

0
L.15

10.00

172

C1-01t

*Area ("/cmax 10-'12 A)
Pressure =t o CF.=CFC1 B E !
Pa 3¥ =
49,730

49,431 30.4x107  29.2x10°  35.6x2x2l  30.6x2%29

l 48,831 30.2x10°  (24.8)x10° 3h.2x5x2h  22.5x5x2k

*
The second figure in the area value is the attenuation factor

and the third is chart speed correction factor.

In the second experiment Cl-02t the initial pressure

of the mixture was reduced to 35.647 kPa and a sample was taken

after 3 hours. Calculation for the rate of CFCl:CF2 cyclo-

dimerization suggested that a detectable azmount of compound D should

have been formed. Since the analysis did not produce the expected

peak but what appeared to be a shift in the base line, a second

sample = was taken and analysis was performed with the column at 365 K.

A new peak,

dimer peak.

smaller in area, appeared, as expected, after the inter-

At this stage trial analyses were performed to establish the best

colunn temperature for peak separation peak shape and analysis time.

It was decided to explore the range above 348 K but below 365 K at

which temperature the separation of CFCl=CF_, from CF_:CFCF, was

incomplete.

2 2 3

For this purpose a mixture of the same composition

(98.37: 1.63) pyrolysed for two hours {experiment C1l-03t, initial

pressure 41.015 kPa) and samples were taken from it for analysis.

Best results were achieved with the coiumn in the range 2357-360 K.

The standard operating temperature chosen for this chromatographic



Table IIT 3.3

, ‘ .t P P, P ' X P P, *
Experiment Time = C,F, =2 C.F,Cl =¥ C.F.Cl =¢ Interdimer <° e k
(6“‘7.6 K) min 3 6 Pa 2 3 Fa 2 3 Pa ) Pa PaPct P\a—l min—l
Cl-01t , 250 48,691 811 560 192 2.3L+x10'8 2.31+x10"8

600 4§, 299 810 390 351 2.16x10‘8 2.28x10‘8
Cl-02t 180 35,070 572 393 67 2.173:10'8 2.30x10"8
C2-03t - 120 3L LG8 2,215 1,801 187 2.26x10'8 2.28x1rf8
200 34,050 2,200 1,418 375 8 2.25x10"8

2.12x10"

* Figures calculated by another approximate method

€Ll
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analysis was 358 K.

In the next experiment C2-03%, all pcaks were present. An
approximate fourfold increase in the percentage of CFC1=CF, (6%)
facilitated a high interdimer yield despite‘the lower initial

pressure (36.811 kPa) and the relatively short reaction time.

Experiment C2-03

Area (9/cn®. 162 4)
| 1
Time (£) Pressuse = C,Fg  CF,=CFC1 B D E
0.00 36,811
2.00 36,478 20.4x10" 45.0x2x102 32.7:1x12 38.5x1x2k 61.6x1x2k
5.00 35,381 19.6x10" 34.9x2x102 37.9x2x12 65.8x1x24 2h.3x5x2k

Having established the best column temperature, mixtures of
hexafluoropropene and l—chloro—z-trifluoromethyl—hexafiuorocyc1obutane,
as well as hexafluoropropene-chlorotriflubroethene were used for
calibration (section 2). The peak areas were converted into partial
pressures by using the calibration factors. Since all calculations
are based on the partial pressure of hexafluoropropene, its value
was estimated by sut .racting the amount of hexafluoropropene
consumed .for cyclodimer formation and production of interdimer.

The partial pressures of the reaction mixture components,
calculated as described previously, were used in the determination
of the order of reaction and of the specific rate constant k3'

To caléulate the quantities in column 7 in Table III3.3 the pressure

of chlorotrifluoroethene was taken as the geometric mean

P = % is the initial and the final pressure.
PC— (pco pc) , where P, is the initia pc
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The figures given in column 7 were obtained from equation 3.3 2

AE

— = Kk

At - 3 "a ¢ 3.3.2

The set of results in column 7 indicate that the order of
reaction is initially two. For one experiment the value of k;
appears fo depend on the progress of the reaction. However, appli-
cation of equation 3.3 2 requires measurement of five components of
the mixture thus increasing the probability of errors creeping up in
the calculations. TFurthermore, equatidn 3.3.2 bécomes increasingly
approximate as the reaction proceeds.

Having obtained good evidence that the reaction was second order
more aécurate equations for calculating the rate constant from the
measurements were deduceé_. These are given in section 3.3.}. It will
be seen later that the accurate calculations confirmed that fhe order
of the reaction is two.
3.3.37h Treatment of experimental measurements

The chemical equation and specific rate constants for the system

of reactions are

k
1
- — S
— ——e )
2 CF,=CFCF, ==, c__ch6(cr 300 3.2.1
k
CF,=CFC1 _ 2> . CF
CF. & k. “Ci'e 3.5 1
2=CFCF3 3 o1 —
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For the forward reaction k3 is defined as
dE
% - kEACm 3.3 3

and it is expressed ianEmol_ls_l. A,B,Cp,D,E, are the concentrcoticns of
hexafluoropropene 1,2-di(trifluoromethyl)-hexafluorocyclobutane,
chlorotrifluoroethene, 1,2-dichloro-hexiluorocyclobutane and l-chloro-
2-trifluoromethyl-hexafluoro-cyclobutane respectively. The quantities
kl, k2, k—l’ k_2 have been defined earlier (section 3.1 and 3.2).

The system is described by the following differential equations.

_ dCm 5
— =2k C k3 AC - 2k, D- k__3 B 3.3 L
dt

- dA 2
-; = kA% + kBACm- -2 ,B-k,E 3.3 5
aE

T— =k AC -k _E 3.3 6
dt j m _3
dB 2

- =k ,B-kAp 3.3 7
dt
dp 2

- =k .D-KkC 3.3 8
dt

For low product yields, at temperatures below 670 K, the reverse

reactions are negligible and can be ignored. Therefore

dCm 2
- A 3.3 _ka

dA 2
i 2k2A + kj,)ACm 3.3 5a
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dE
a? = kBACm . 3 ° 3._.68‘

It can, also, reasonably be assumed that the concentration of
hexafluoropropene is invariant, since only a few parts per thousand
of it are consumed. Then, equation 3.3 4a may be integrated without
difficulty. Substituting the value of CIn obtained from 3.3__1+a

in equation 3.3 6a and integrating we obtain equation 3.3 9

E 2k C 2k & 2k
. 1 = mo - - mo .
_ _ L 1n __l_ +1-"". "1 eXP(-szt)]3-3_9
A k A k - A k
3 3 | 3.
The value of k3 was determined by calculating
Cmo 2k1 Cmo 2k1
In|l—. — +1- —, — exp (—kBAt) =0
A k A k
3 3
and E 2k1
- — =T for various values of k3 and plotting T, © against
A k3

k3 on the same graph. The point of intersection of the two lines
gave the value of k3. This method gave k3 values differing by i'5%
(see last column, Table III 3.3), but this is tedious and a minor
fault is that it does not make full use of all the experimental
measurements available. |

A computer programme was written to determine k3 by iteration,
using equation 3.3 9. The first step was fo calculate k, by equation
3.3 2 and the intitial value was then adjusted stepwise until
equation 3.3 9 was obtained. The ratio E/A used was determined from

the peak areas of the chromatograms determined as described in section

2.2. The final concentrations of hexafluoropropene A was
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calculated by substracting from the initial concentration AO the amount
consuned for interdimer formation and the production of cyclodimer

according to equation 3.2 2.

A=A -E-2k_ A AAt
o 2o

As an iuprovement.of the level of approximation it was assumed that the
loss of hexafluoropropene is proportional to the loss of chlorotri-
fluoroethene. This assumption is reasonable since the changes in
concentration are small, especially when the percentage of chlorotri-

fluoroethene is kept low.

- = - , z 1
Let A -A =g (cmo cm) 3.3 10
then A=A -g (cmo - cm) 3.3 11
where g is the proportionality factor 3.3 16

Equation 3.}_4a for the loss of chlorotrifluoroethene becomes

S ke - kA Gy - ksCp g (G0 - C) 3.3 12
at
s
= (2k1+gk3) G+ (kBAO - ky &7 Cp 3.3 13
put
cm =y (2kl + gks) = a (k3Ao - kBngo) =b 3.3 14
. _dy 5
" - -— = ay~ + by 3.5_15
dt

Integration of 3.3 15 gives

b

y:
(aJO— b

o]

) exp (bt) - a 3.3.16
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" Introducing 3.3 16 in equation 3.3 6a

) 2 '
— - kA, = kyCp o - kg O O+ kg O 3.3 17
2
= by + ksgy 3.3 18
. 2 2
. dE b : b
& + K58 3.3 19
dt 3y, + b exp (bt)-a 4y +D exp (bt)-a
v, Yo
substitute ay, + b
—_— =n a= -n  n+mexp (bt) = x
Yo
then dx = bm exp(bt)dt = b(x-n)dt ' 3.3 20
Rearrangement of equation 3.3 19 gives
bdx k; gb
E = ——— o+ - .dx 3.3 21
(x-n)x (x-n}x

Integration of 3.3 21 can be achieved by resolution into partial

fractions.
bdx Ydx Zdx
. ce 5522
x(x-n) (x-n) X
Y- _gz-21
n
.o bdx b
‘ X-n
= = 1n ( ) + Constant (1) 3.3 23

x(x-n) n X
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B
kb U dx V dx W dx
Gemxz “% = kng.( x-n) *) X T Tx2 ) 3.3 2k
1 X-n 1
= kb —-n?[ln — + ;] + Comstant (2) 7.3 25

b , ¥-n ) 1 X-n 1
oo dE = — In{— )+ k,gb | = 1n -— + — |+ Cons~
" x 3 . * tant 3.3 26

at t =0, E=0

b. m 1 m 1
- Constant = — in + ksgb [HE 1n (m+n) + n(m+n)j| 3.3 27

m+n

Introducing equation 3.3 27 into 3.3 26 we obtain

b X-n n-+n 1 X-n mdn 1 1
‘E=—1n (—-— ——)+ kjgb —Zln(———-.——-)+— -~ .
n x m n X m nx n{n+m)

Substitution in”

x-n n+n
in { — —_) 3.2 29
x m
gives
(ayo+b) exp (bt) . ay +b
- —a
=< 1ln yo L_- 3-3_30
( ayo+b) exp (bt) ayo+b —a
o Yo
(ay_+Db) ay
ln(exp (bt)) + 1n ; exp (bt) - —*;2 3-3_31
ay, ay,
= -1n T + 1 - T exp (—bt) 3-3_32
Substitution in
1n X-n m+n 1 1
T G PR

n X m nx n(n+m) 3.3 35
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gives

1 m.exp (bt) m-a 1

= - ln -
a2 ( m exp (bt)-a m a (m exp (bt) -a)
1
+ .
a(m-a) 3.3 3k
1 ~ b exp (bt) v, 1
= =, 1n + - 3.3_35
a (ayo+b)exp (bt)-ay0 ab a(ayo+b)exp(bt)—a2
- y

(e}

Therefore, introducing equations 3.3 32 and 3.3 35 in 3.3 28 we obtain

equation 3.3 36

b ay, ay, | k;bg b exp (bt)
E=— In —+1-—exp (-bt) - >— 1n
a b b : a (ayo+b)exp(bt)—ayo
y y 1
+ kg —Qg_kB 2z 3.3_36
a a a;

Yo
< (exp bt-1) + exp (bt)

(2ki+gk3) Cro
_ where 2z =

Z
= - (A - gCno)
b Y G, kg gCmo

Since

equation 3.3 36 may be written as

o

E 1 k3
— = — 1n (Z2+1-Zexp (bt))( L--= g )+
Qno Z a
k
3 _ exp (-bt) . 3.3 37
+ & ( 1 l+z-z exp(-bt) )
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Equation 3.3 37 cannot be solved directly. It is possible,

however, to find k, by iteration. The existing computer programme

3

was extended and the value of k., obtained by equation 3.3 9 was used

3
as the initial value.
Equation 3.3 37 requires the value of the proportionaliiy factor
g as defised in equation 3.3_10. For substitution in equation 3.3 10
the final value of chlorotrifluoroethene was calculated from equation
3.3 ha in its integrated form.
k3 A
Gn = 3.3 b

k_A
(2k14._§_ ) exp (kBAt) - 2k1

Qﬁo

The values of A, qm and g were recalculated in each iteration and a
number of iterations could be carried out until two sets of values for g
and the two sides of equation 3.3 37 did nd differ by more than 1%.

In cases where the differences between the calculated and the
experi@entally determined concentration of each component exceeded
the experimentai error; it was possible to use the figures obtained from‘
analysis.

The values of k3

cal to three significant figures to those obtained from equation 3.3 9.

calculated by equation 3.3 37 were almost identi-

Surprisingly, the values calculated using the much simpler equation
3.3_2 were also close to thcse obtained by equation 3.3 9 and 3.3 37,
at least at the lower temperatures. However, as the temperature
increased, the set of values of k divérged and those obtained by.

3
3.3 _2 differ by a factor as high as two.
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The consistency of the results for the entire range supported
the indications for a second order reacticn. Furthermore, pressures
of the compounds of the mixtures calculated as descrited, were in
concordance with thoée derived from chroﬁatogréphic analysis
(Table III.}.hj.

Thz change in concentraticn occuring as a result of taking
samples was also taken into account in interpreting the results.

As initial pressure for the olefins was taken a weighed mean value

n
(B, -P)t

+
G,
1 -

£
F-M3 O

where I t, is the overalllreaction time (tj ~t )y P_ is the
measured initial pressure of an olefin, Pg is pressure of gases,
expreésed as equivalent olefin, taken out of the reaction veésel
prior té the period to which ti refers, =zad ti is the reaction time

n
interval between two consecutive samples. To calculate PS=ZZg§l—6)%_
i

- 4
the pressure Pi of a component i, calculatediggscribed previously,
was multiplied by v(1-8), where 8= P%j/Ptj’ and is the number of
molecules of product i. P%j and P%j refer to the total pressure
of the mixture before and after sampling.

In an alternative method, the pressure of the clefins at the
end of a period ti were taken as the starting pressures for the next
period tj. In this way each aﬂalysis could bg trezted as a separate
experiment. The reaction time was taken as tj - ti andthe product
yield as Ej - Ei' Since the dependenée of the reaction rate on

concentration is more pronounced by this method, it attracted more

attention in the early stages of the experimental work. Results
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calculated in this way are marked with an asterisk. It is possible
that random errors in analysis will be amplified in the difference
Ej - Ei’ especially in the upper end of the temperature range.

For this reason its application was restricted to cases where

Iﬁ = ZIE. Values of k:5 calculated in this way were the same as those
obtzined applying the first method.

3.3.4 Quantitative measurement of the reaction rate of hexafluoro-
propene to chlorotrifluoroethenecycloaddition in the region

570-700 K

The reaction of the system hexafluoropropene—chléfotrifluoroeth—
ene was studied over the temperature range 570 K to 700 K by .
chromatographic analysis, and the results were treated as described
in the previous section.

At a given temperature, as a rule, two mixtures of different
composition were pyrolysed. Normally the percentage of chloro-
trifluorcethene in the second mixture was twice that of the first
mixture. Also, at least two samples of each mixture were pyrolysed
in order to observe and assess any pressure effects. The total pressure
of pyrolysed mixtures covered the range 8 kPa to 60 kPa. »The compo-
sition of the mixtures varied widely, ranging from 1.6% to 15.5%
in chlorotrifluoroethene.

It was found that, within the chlorotrifluorcethene percentage
already mentioned, the composition of the mixture did not have any
effect on the specific rate constants. The value of k'_5 was also
independent of the total pressure (Table III.3.4). Back reaction

was in evidence in prolonged experiments, especially in those per-

formed at the highest temperature of the range (698.3 K).



Table IIT.3.4.

Specific rate constants, calculated and experimental pressures for the cycloaddition of CF2=CFCF to

CC1F=CF> 5
< k
In.Press. Temp Time CF.:CFCF_ Inter- : CFCl=Cr - 1,2~-¢C,F.(CF) 1,2-cC FCL 3
Exper. . /K  t/min - dimer 2 WoTsT2 Lem2 om0l Lo L
*
Pi a P BExp- Calc. Exp. Calc. Exp Calc.
c11 28.2 A =18165 688.3 120 17,940 105 425 L3z2 55 59 31 32 W
«  .2C= 601 370 17,455 216 248 179 58
.1l.2 (250)  17,4L4L (113) ) 257 (117) (29)
o)
€1l 29.1 A =13900 698.3 167 13,713 89.1 327 320 L6 L8.3 25 25
—'9.2 C = 3460 3kl 13,378 13k 265 2Lo 92 97 Lo Lo
30 502 13,066 156 208 193 138 1h2 45 19
-6
12 30.1 A =20064  698. 135 19,635 265 780 756 75 81 121 | 138 10.5x10
e .2 C = 1296 2 32k 19,066 4232 451 L2g 177 199 163 - 212 > 10.5x10
3" 506 18,677 k99 355 303 26k 290 237
2 %1.1 A =150 698. 170 14,828 128 698 690 35 37 70 76
i .2C = 5935 ’ 351 14,486 229 480 461 89 96 130 - 136
3 0 shs 14,154 282 385 233 142 156 150 170
3 8 65
Cl2 %2.1 A =11336 698.3 1 11,163 106 502 Lo8 30 33 S
~ .2C = 732 353 10,784 163 398 363 59 6L 92 97
30 523 10,553 179 312 301 8L 89 108 115'/
=6
' 4.23x10
.1 A =234hk6  673.7 kO 23,250 97.6 620 586 46 L8 33 33 J
09'22-2 g = 3749 ” 3k 22,828 199 ka2 k27 106 116 56 59 4.18x10
30 521 22,499 261 337 333 162 174 70 72 4.10x10

**  Pressures Pa’ Pb’ P

c

. P

d,

Pe in Pascal

G8l



Table III.3.4. /Cont.

| . .. | - ) | k
Exper. In.Press. T;%. t%:rel CF,:CFCF (];?;Z;- CFC1=CF, . 1,2-cC,F, (CF3)2 1,2-cC,FCL, : 3_1 B
K e . X ¥ x ¥ . ' m“mol s
L ¥ Py P Exp. Calc. Exp. Calc. Exp. Calc.
C9_23.1 A =17505 673.7 222 17,336 81.5 476 b2z ko 43 28 28 L b7 X167
«  +2C.= 560 403 17,131 130 363 3Ll 74 77 L2 L2 .40 x10°°
1.1 (181) 17,120 50.1 363 342 (32) 32 (14) 14 4,37 x10°
C9 2.1 A =13102 673.7 226 13,003 48.8 300 30k 2l 18 14 .63 x10°
2 C = 308 Loz 12,851 79.3 250 252 45 23 22 L,28 x10°
.3 1002 12,363 181 127 116 1l 146 4O 38 4,40 x10°
C10_25.1 A =20203 673.5 150 19,983 140 808 819 - 38 38 70 72 4.59 x10°
-2 C = 1104 330 ; .
.3 532 19,310 335 458 L57 129 130 146 148 L.2h x10
C10_26.1 A =15138 73.5 160 15,006 85.8 679 651 22 23 ks L6 L4.53 x10°9
2 C = 827 345 14,776 155 526 511 48 L9 70 - 78 4.38 x10°
.3 5% 14,579 197 Lo6 419 72 74 95 100 4.00 x10°
C10 _27.1 A =11237 673.5 210 11,144 57.5 L76 s . 16 - 17 33% 3k 4,20 x10°¢
. .2C= 614 © o L28 10,992 100 Lol 398 3l 3l 5l 56 3.99 x10°
1.2 (218) 10,956  (43) 403 396 (17) (17) (20) (22) 3.84 x10°°

* &

Pressures Pa’ Pb’ Pc’

P

d’

Pe in Pascal

981



Table III.3.4 /Cont.

k
In.Press. Temp. Time CF.:CFCF, Inter- CFC1=CF . 1,2-cC, F, (CF.) 1,2-cCF CL 3
Exper. T/K  t/min 2 3 ' dimer 2 476 32 L 672 ——m3m01_1 .
ot o p¥ * Exp.  Calc. Exp. Calc. Exp. Calc s
1 a
C2_ 3.1 A =34597 647.6 120 34,339 188 1801 1786 32 - 33 110 120 2.05x10 2
. 2 C =2215 300 33,673 379 1421 1367 18 81 125 132 1.96x10
1.2 " (180) 33,670  (190) 1418 1356  (48) 48 (106)  (109) 1.84x10
: -6
€3 4.1 A =23925 647.6 226 23,725 138 1145 1042 29 30 76 80 1.96x10 s
. «2 C = 1339 L20 23,353 228 901 857 52 55 118 122 1.94x10
a.2 " (194) 23,301  (190) 901 852 (o) (25) (L2) (43) 1.94x10
€3 5.1 A =17264 647.6 300 17,118 103 755 753 22 21 : 5% 55 2.10x10 6
C = 967 .
A m .
ch 6.1 A =29697 647.6 120 29,433 211 . 2371 2328 25 2k 200 210 2.04x10 .
.2 C = 2970 321 28,711 456 1697 1675 62 .64 391 Lok 1.99x10
. _ | e
ch 7.1 A =21206 647.6 180 21,018 147 1632 1654 19 19 135 159 1.89x10
.2 C = 2120 393 20,701 279 1305 1287 39 o ho 2L6 271 1.87x10
_ s
ch 8.1 A =15163 647.6 361 14,971 149 1100 1070 20 19 140 142 1.95x10 °
C = 1516
m =6
C5 9.1 A =49581 647.6 120 48,989 448 2926 2755 67 68 318 32% 2.10x10
.2 C = 3851 314 47,938 920 (1802) 1786 187 174 549 562 2.08x10

Pressures Pa’ Pb’ Pc’ Pd Pe in Pascal

£81



Table IIT.3.4. /Cont.

. In.Press. Temp. Time CF_:CFCF, Iuter- CFC1=CF 1,2-cC,F, (CF,) 1,2-¢cC, F.C1. 3
Exper. ™K  t/min 3 dimer 2 ¥6 32 bz 3 11
ot p** pP£* - Exp. Calc. Exp. Calc'. Exp. Calc. o 8
1. a .
C5 10.1 A =35374% 598.7 307 35,237 112 2,518 2,420 1 105 109 3.34x1077
C = 2749
€5 11,1 A =24787 598.7 330 24,716 57.6 1,832 1,751 6 55 59 3.2 x1077
¢ = 1927
m
C5 12.1 A =17558 598.7 1080 17,453 87.3 1,151 " I,104 9 85 87 3.14x1077
C = 1365
m E
C6_13.1 A =21%315 598.1 356 21,240 63.7 2,048 2,054 L 85 87 3.23x10'7
¢ = 2292
Cc6 1hk.1 A =29357 598.1 780 29,086 230 2,415 2,327, (18) 18 270 300 3.11x1077
Cm= 3157
6 15.1 A =21010 598.1 370 20,936 63.3 1,943 2,019 5 .80 88 3.18x107"
C = 2259
m
C6_16.1 A =14964 598.1 810 14,882 69.8 1,295 1,355 5 90 92 3.26x10:7
-2 C = 1609 1280 14,756 1C0 1,241 1,238 8 133 3.20x10
** Pressures P, P, P, P,, P in Pascal
a' b c d’ “e

88l



Table III.3.4. /Cont.

. al k
In.Press. Temp. Time . CF_ :CFCF, Inter- CFC1-CF 1,2-cC, F, (CF,) 1,2-cC,F,Cl 3
Exper. — T/K  t/min 4, > dimer 2 TTTRe T2 heTe 5 1-1
P, a p* X Exp. Calc. Exp. Cal. Exp. Calc. " MO+ S
e
C7_17.1 A =k?7403  57%.7 392 47,194 192 6,180 6,184 7 386 379 1.25 %107
.2 C = 7135 1294 46,509 552 L, 682 4, 6k9 20 2k - 965 940 1.28 x10~7
c7 18.1 A =338h2  573.7 L2l 33,725 105 4,513 4,560 A 153 21k 1.22%1077
2 C = 5094 1456 33,209 334 3,704 3,570 14 14 534 572  1.30 x10_7
*1.2 (1035) 33,195 (229) 3,703 3,560 , (9) (361) 1.33 X107
.3 1946 33,008 430 3,208 3,230 i8 18 641, 691 1.31x10”
*.2 .3 (4k90) 32,808 95.5 3,185 3,198 (L) (118) 1.36x10"
C7_19.1 A =23162 573.k 525 23,093 | 62.8 3,170 3,172 2 118 126  1.24x10 7
.2 C = 7486 1410 22,843 148 2,712 2,735 6 29k 290 1.19 x10™
m _7
.3 1845 22,746 323 2,513 2,453 8 330 323  1.22x10
C8 20.1 A =L5479 5734 375 45 479 149 4,996 5,261 6 22k 253  1.25|x10~7
-2C = 5916 1420 44,640 L83 3,884 3,951 20 24 664 719 1.26
.3 .1830 4,330 559 3,631 3,534 28 21 769 . 809  1.23
€8 21.1 A =32305 573.4 L35 32,207 86.9 3,886 3,799 L 153 151 1.2hx1077
.2C = 4187 1437 21,774 251 3,145 %,098 12 376 Loz 1.22
3 1817 31,581 305 2,937 2,835 16 420 Lés  1.23
** Pressures P , P, P, P, P in Pascal
a b c d e

681
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The value of Kg appeared to diminish as the reaction progressed, sugg-
esting that the reverse reaction cannot be regarded as negligible.
Taking into account the reverse reaction (see 2.3 ha) the

exact value of k. was estimated from the equation.

3
by o= kg bt 3.3 32

The parameters k, and b were determined by solving the set of simultane-

3

ous equations corresponding to a given temperature. The guality b

arises from the integrated form of equation 3.3 33

ar :
-d—t- = ky AC - k 4 (%Acmt). 3.3_33
kg, = My =k gkgt= kg - bt ' | 3.3 34

The last equaiion may be used to estimate the value of k_3
from the relationship k_y = 2b/kg.

At 673.6 K the correction applied to the specific rate constant
k}a’ determined from the analysis of the first sample, increased the
value of k3 by about 5%, depending on the duration of the first
reaction period. Such a correction lies within the experimental ‘
error. However, for prolonged reaction periods, the correction becomes
more sigﬁificant ( 0.1 KBa)' At 698.3 K the correction applied to
k}a amounts up to 50% in cases of extended reaction periods. The‘cor—
rected values of the specific rate constant appear in Tablelll.3.4. Fig-
ure 3.14 is an Arrhenius graph of log k3 against K/T. A straight line
for all the pqints was fitted by the method of least squares. The

Arrhenius equation for the points is:-



log (kj/'m3 mol™t s 71

-6.5

-7.0
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1

1.5

kK/T

T

1.6

l-?

Figure 3.14 Graph of the logarithms of specific rate constants (kB)'K;

the reciprocal of temperature (K/T) for the cycloaddition of hexafluoro-

propene to chlorotrifluoroethene
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. " K
log (——25—) = (3.86% 0.03) - (61827 15) x —
m“mol "5 T

These parameters were obtained by excluding all the points in
which the value of log k3 differs by more than t 0.033 from the one

calculated by using the above parameters.

3.34a The dissociation of 1- chloro-2-trifluoromethyl-hexafluoro-

cyclobutane

At 673.6 K the dissociation of 1-chloro-2-trifluoromethyl-hexa-
fluorocyclobutane proceeds at a significant rate. The specific rate

constant k_3, estimated as outlined previously, had values

= 7.3 x 107 571 at 673.6 K and k5 =2.1%x107 5 at

698.3. Using these figures to calculate the pre-exponential factor A

k3

and the activation enery Ea, the values obtained A = 6.9 x 107,

- 128
Ea = 167.3 kJ.mol l, are too low for ring opening reaction(, ) .
In an attempt to learn more about the kinetics of this dissociation

reaction, experiments at 674.2 K, 697.5 and 725.6 K were.carried out.

In the pyrolyses performed, the starting material was a mixture

of roughly equal parts of cis and trans isomers qontaining about 3.8%
di(trifiuoromethyl)hexafluorocyclobutane. Despite attempts to reduce
further the percentage of impurities, tle similarity of the boiling
points of the compounds and‘the proximity of the retention times in
the Poropak column, made this exercise tedious and unprofitable.
However, since recycling of the pyrolysed material was a better source
for obtaining pure combination product than was the originai pre-

paration, the purity of samples used in the experiments at
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697.5 K and 725.6 K was better than 98%

Pyrolyses were carried out at pressure ranging from 5.1 kPa
to 18.3 kPa. The limiting factor preventing use of higher pressures
was primarily the difficulty in preparing enough material for a series
of experiments. Another limitation was non-ideal behaviour of the
chlorotrifluoromethyl- hexafluorocyclobutane cu the Poropak column.
Some analyses were carried out, mainly to obtain information about the
composition of the reaction mixture.

In the first set of experiments (D_}dl to D _103) at 674.2 K;
the change in pressure was significanf so that reliable measurements
'could be made every two minutes. However, the value of k_3 obtained

varie&, diminishing with the progress of the reaction even when

corrections were applied for 'dead space' and impurities. The value

(ne)

of k_3 obtained by a graphical method ranged from
k3 = 9.3 x 10_6 s™1 at the early stages of the reaction, to
k_3 =6 x 10_6 s' after one hour or so. This trend was observed

in thé entire range of experiments.

Analyses carried out after suitable time intervals (15 minutes
reaction time to three hours) revealed that hexéfluoropropene and
chlorotrifluoroethene were not the only reaction products. Three
new peaks appeared between the peaks of chlorotrifluoroethene (Rt;
2.35 minutes ) and di(trifluoromethyl)hexafluorocyclobutane, the mést

abundant compound appearing at R, = 7.75 minutes. Attempts to isolate

t
it using the preparative Poropak column were not entirely successful.
The infrared spectrum of this compound with the cyclic products of co-
dinerization showed absorption at 1780 and 1105 cm_l. The mass

spectrum of the unidentified compound appearing at R, = 7.8 minutes,

t
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100 —
80 |
60
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o I | ll l ' 1
1) 1 I ] 1 I
80 100 120 140 160 180 200
m/e
ion m/e 1% 1m m/e I%
_C5F9 231 2 03F5 131 L
C5F8 212 2 C2F301 116 5
04F8 200 22 03F4 112 1G
C5F7 193 4 02F4 100 32
04F7 181 39 CBFB a3 35
03F501 166 2 CF2CI 85
04F6 162 4 C2F3 81 3
A !
03F6 150 8 03k2 74 5
03F401 i47 2 UFB 69 100
04F5 143 5 CF 50 3

Fipure 3.15

Mass spectrum of by-products of pyrolysis of

l-chloro-2-trifluorcmethyl-hexafluorocyclobutane
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somewhat contaminated by at least one other unidentified compound

(Rt = 5.7 min.) is given in Figure 3.15. The fragmentation

pattern is distinctly different from that characteristic of cyclo-
butanes. Fragments containing chlorine were observed as pairs, mainly
at n/e 85-87, 116-118, 147-149, 166-168. The highest m/e value in

the spectrum at 231 corresponds to fraguent C5F9+. It is thought

very difficult to determine the structure of a perfluoro-compound from

(124)

its mass spectrum . Peak CF3+ is the base peak, common in per-
fluoroparaffins and perfluorocolefins alike (124), The molecular

jon peak (M¥) is very small in the spectra of both classes but the
numerous exceptions, especially in the cis ccmpounds, make it hazardous
to draw any conclusions. The presence of chlorine in the molecule,

the existence of a double bond, the appesarance of the segment C4F8+
which is absent in the mass spectra of perfluorocyclobutanes, and

the fragment C * makes it plausible to assume that part of the

5
dissocigtion of l-chloro-2-trifluorcmethyl-hexafluorocyclobutane
may proceed by ring opening without the formation of hexafluoropropene
and cﬁiorotrifluoroethene.
The pyrolysis carried out at 697.5 4id not produce entirely

reliable results. Nevertheless, the mean value of k , at the early

i 3

stages of the reaction was k , = 2.h4 x 10”7 5”*, which is close to the

3
value estimated for the reverse reaction in the study of interdimeriz-
ation of hexafluoropropene to chlorotrifluoroethene. The results
obtained at 725.6 K were not so widely scattered, giving an average
value k_3 = 9.6 x 10—5 s—l. Since at each temperature analysis indica-
ted a substantial formation f(up to 35% relative to hexafluoropropene)

of products other than hexafluoropropere and chlorotrifluoroethene,

the value . of k_3 is certainly not accurate. Also the ratio
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CF2 = CFCF3 : CFC1 = CF2 was greater than unity because of the partial
dimerization of the chlorotrifluorocethene.

Although the activation energy Ea and the pre-exponential
factor A for the reverse reaction cannot be calculated accurately be-
cause of the short temperature range and the large error involved
in the value of the specific rate constants, the extent of opposing
reactions in the formation of l-chloro-2-trifluoromethyl-hexafluoro-

cyclobutane was estimated correctly and the results for the forward

reaction may be regarded as entirely reliable.
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3.4 APPLICATION OF REACTION RATE THEORIES TO THE RESULTS
3.4.1 Arrhenius parameters

The specitic rate constants of the cyclodimerizations described

in sections 3.1 - 3.3 were given in equations of the generalkform.

1
logszC+Blog'l‘-?_
' T 3.41

In the cases of hexafluoropropene and the mixture hexafluoro-

propene-chlorotrifluoroethene B = O and equation 3.4 1 was reduced to

log k = A_ - E 3.4 2
T

which is a logarithmic form of the integrated Arrhenius equation

lnk = 1np - B 3.4 2a

RT

and the pre-exponential factors A and activation energies can be
derived directly.
The results of cyclodimerization of chlorotrifluoroethene are

given in the modified form of the Arrhenius equation
'
Ink, = 1nA, + BlnT _E ' 3.4 1a

RT
As a consequence of this modified Arrhenius equation
k, = A T° exp (- Bi/RT) 3.4 1b

i

the pre-exponential factor and the activation energy are now

both explicitly dependent on temperature. The relationship between



Table III.4.1

Pre-exponential factors, activation energies and specific reaction rates

reaction A : ) k
2C—=D 5.86 x 10‘1:L X k. cis 85.100
m cis 1 == -11 hk.321 . 3 .-1-1
or by 721 -3 -1 = 5.86 x 10 T exp(- RT ) m“mol s
2C —»-D (eT) " "-~ mo1™> k., trans '
m trans l] —
Ds=20, 3.15 x 1072571 k jeis = 3.15 x 10%? exp (-273,200/RT) st
15 -1 _ 15 -1
Dt;EEEracm 1.19 x 10™s k_ltrans = 1.19 x 107 exp (-273,200/RT) s
2A—=B , _ k, cis
or O k.1 x 10°m mo1 ts~t 2 = 4.1 x 10° exp (~143,700/RT) m mol™ ‘st
2A—B; k_ trans
trans gt acioc]
\ | 15 -1 L 15. -1
B 15— 2A 1.18 x 1077s k_,cis = 1.18 x 107" exp (-268,600/RT) s
B—=2A L. 30 x 10155—1 - k _traans = 4.30 x 10"5 exp (-268,600/RT) s—l
trans ° _pelaas = Fel 200,
A+B—E . k., cis i
or O1F 3.6 x 10° momol Ys™t 3 = 3.6 x 10° exp (~118200/RT) momol Y&+
A+B—E k., trans
trans 3 —
A = hexafluoropropene
D = 1,2-Dichloro-hexafluorocyclobutane
B = 1,2-Di(trifluoromethyl)-hexafluorocyclobutane
E = 1,chloro-2-trifluoromethyl~hexafluorocyclobutane

Cn= chlorotrifluoroethene

861
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the parameters of the equations 3.h;?a and 3.#;}b are
A = A (em)P 3.4 3

E' + BRT ' | R

=
)

The pre-exponential factors, the activation energies and the
specific rate constant equations for the cyclodimerization and the
dissociation of the compounds studied are given in Table III.k4.1.

For the cyclodimerization reactions, analysis by spectroscopic methods
provided some information about the relative rates of formation of

the cis and trans isomeré. At the early stages of the reaction
approximately equal amounts of the isomers were produéed. Therefore,
it was assumed that the pre-exponential factor was th same for the

cis and trans isomer, the transmission coefficient k having a value

of 0.5 for each isomer, and that the steric factor P was half the experi-

mentally determined value.

3.4.2 - Steric factors for the cyclodimerization reactions

The collision theory of bimolecular reaction rates predicts
a specificrate constant given by

2 :
(8mic 1)% 4, P exp (- By 3.4 5

1Y) RT

\V/

k..
1]

where dij = r. + rj is the molecular collision diameter, p is the reduced

i
mass, P is the steric factor and EC = B - EE . Substitution in
' 2
3.“;5 gives
a -1 -
ki = 2.753 x 108 ( I)2 df P exp (- Eg) m3m01 1s 1 3.4 5a
M RT

P
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8

a
= 2.753 x 10~ ( 2

3

di exp (- Eg m mol_ls—l 3.4 5

Ty
M- RT
N

where Mp is expressed in relative atomic mass units,di is expressed
in mm and dr iz the reactive collision diameter in nn. For a siugle

gas (alike molecules) equation 3.4 5 becomes

a
k; =2 (nkf_)2 df P exp (- fg) 3.4 6
" RT
4
or k, = 7.786 x 108 (;E )z ri P exp (- fg) momol” s~ L 3.4 6a
M RT
i

1 = .
= 7.786 x 108 (Mg?ﬁ'ri exp (- EE) mnol”ts™ T 3.4 6b

RT '

Chlorotrifluoroethene was estimated to have d = 0.573 nm
molecular diameter. At the upper end of the temperature range
(823 K) E_ _ 111216 J mol ™ while at the lower (426 K)
E = 98610 J mo1” L. By substituting these fégures into equations
3.4;§é;b, the values for the steric factor P and the reactive collision
dr obtained are listed together with those of hexafluoropropene and
the mixture hexafluoropropene-chlorotrifluoroethene. For hexafluoro-

propene E_ = 141056 J mol ™t and it is assumed that d = 0.72 mm.

CF, = CFC1 823 K p- 1.0h x 107 a_ = 6.39 x 1072
CF2 = CFC1 426 K P=1.00 x 10“5 dr ='1.81 x 1073
™ "5 ‘3
CF, = CFCr3 636 K P=2.39 x 10 dr = 3.52 x 10
Mixture 636 K P-1.02x 102 d = 2.26 x 1077
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For the mixture, M = 65.57, 4, = 0.647 m, and B_ = 115656 J mo1™t.

2.4.2 Application of the transition state theory

According to the transition stafe theory of reaction rates, the

specific rate.constant is given by the expression ('29).
. - ¥ o +
k, = ) (5D exp (- 2% ) exp ¢ 2% @yt 3.0 7
N
h RT R

where k is the transmission coefficient (usually k=1) (—E—- T) is
+ h
a universal frequency factor, and”An% is the change in the mumber

of moles accompanying the formation of an activated complex. kiAis
: . . 3 -1-1 ”
expressed in concentration units (m” mol s 7).
o+
For c¢ycloaddition reactions studiedAn+ = -1, and the transition

étafe rate equation can be written as

SO
ln(k_i)z In(x E)Jrﬂsi . A& 3.4 8
27 ‘h R

3
2o}
H

where R = 8.205 x 072 atn @’ KT -1

Assuming that both the enthalpy and entropy of activation are
independent of temperature over the range of rate measurements the
results were expressed in the form

+ +
+

+
In (kj/r°) - Ay - Bi/T
3.4 9

by performing least squares calculations. Equating 3.4 8 and 3.4 9,

one obtains
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for hexafluoropropene (—-cis and trans, k = %)

In ( fg): 5899 . €02
T T
and for the chlorotrifluoroethehe - . hexafluoropropene mixture
k ' .
In (C3) - 6.015 - 12975

T P B

In the case of chlorotrifliuoroethene there is ample evidence

that the entropy and enthalpy of activation are temperature dependent.

since
-0~ -0 © o L\b’I'2
AH. =AH + |AC, dT =AH_  +AaT + 3.4 10
T o P o} —_— -—
2
o _as> . 1ac® ar - A% +Bain (7/1.) + 8P (pp) 3411
As, =~ 7Tl P 71 1/ 7 — 1 —
2
-0 - -o- 5-
AGy = AHp, - TAS, = - RT1n Kj 3.4 12
and -6~ -5~
dln Kp - AH, 3.4 13
a(1/m R
it follows that
-0 - ’
1nk3 = B5pydalnhy AR A2 A% gnp 4 zmbT _ Abr
R RT R R 2R R

3.4 14
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where T. is a reference temperature. The above equation can be

i
recognized as the integrated van't Hoff isochore modified to take into
account the variations of H and S with temperature. Introducing
" the relationship of eguation 3.4 14 in 3.4 7 and omitting the terms
containing b, for which there is not enough information to I;rovide

useful values, we obtain

+

- +
+ . +
ink, - ASp-Aa-paalnl, 5 b 40k Aa AH
i + — +(=—+2) InT- " o
R h R RT 3.4 7a

Equating the parameters obtained for chlorotrifluoroethene with
the terms of equation 3.4 7a and taking Tl = 300 K as the reference
temperature we have

I 1

Ho = 85.1 kJ mol~ ;

a= 19.3 J K rnol_l

1 -1
S300 = 179-9 J K77 mol

-1
The entropies and enthalpies of activation for the reactions listed

in section 3.4.1, calculated from equations 3.4 7 and 3.4 7a (mean

temperature T = 636 K) are given in Table III.4.2.

3.4.4 Bnergetics of the reactions

k.
For the cyclodimerization reaction A + B=—2==D

k .
-i

we have for the standard equilibrium constant K. (= K,
1

standard state: P = 101.325 kPa)



" Table III.4.2

Enthalpies and entropies of activation, entropies and enthalpies of reaction

636K for cycloadditions

i T 1 o - -~
aAH AS. AG. AH. AS, AG,.
. 1 1 1 1 1 1
reaction ‘
kJ mol™T 7 K tmo1” kJ mol”t kJ mol”" J K tmo1™t kJ mol™ T
k
2. "1 D . 97.4 -165.4 202.6
" . ci8 -169.2 - _200.8 -32.0
DCis -1 2C, 267 .4 364 240.8
t
k
26, “1 Dy .. 97.4 -165.4 202.6 .
k‘ . —169-2 -19207 _3706
D -1 2¢ 267 .4 32.2 243.9
on %2 B, 13%.1 ~168.4 240.9
I o8 -130.6 -198.0 4.5
_ L
B, -2 2A 262.% 27.9 241.9
24 ks Bt 133.1 -168.4 240.2
. rans -130.6 -208.7 11.8
.2
trans 24 262.3 38.7 234.0
1«:3
AC 7 E 107.9 -169.3 215.6
k
3 -
* + - A‘H?, AST, AGi# refer to Tm = 720 K for dissociations

AH, , As., Ag, refer to T
i i i m

AH® A5 AG® refer to T
1 1 1 m

685K

voc
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-0~

10K, = 1nK,  +Anln(RT)= AS; Al 3.4 15
R RT

o . - . cq s
where Kic is the standard concentration equilibrium constant

(standard state: Vﬁ =1 m3 mol—l) defined from

Ink., - Ink . = 1n (A./A.) - (Ei - Ei)
1 1 -1 _—

0]
1 = 1InK 3.4 16
- RT

and ki is expressed in m3 mol-ls_l.

The principle of the microscopic reversibility demands that the
dissociation proceeds along the same reacticn path as the cyclodi-
merization. Combining equations 3.4 7, 3.4 15 and 3.4 16, it can be

easily proved that

+ +
+ +
AH;q = AH; - AH . = (B, - E,) +4n RT, 3.4 17
As. - =AS, -BS . =R 1n(A./A,) - RAn-RAn1n(RT ) 3.4 18
ir 1 -1 1 - P m -

However, since the mean experimental temperature qn
for cyclodimerization differ from that for dissociation and since
¥
the variation of H is not known, the formulae involving qn were
used. As average temperature for all the experiments was taken

-
—9-
T = 685 K. The values ofAHiranuiASir derived using the above equa-

tions are given in Table III.4.2.
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Chapter 4

DISCUSSION
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Introduction

Fluorocolefins have been used extensively in the study of 2 + o2
cycloaddition reactions and althcough a considerable body of semiqu=-
antitative kinetic measurements exists, the number of accurétely
detﬁnminedzequations for specific rate constans is still very small
(section 1.4), Tﬂerefore this discussion concentrates more on results

presented in this thesis than on results obtained from elsewhere.

4.1. Arrhenius parameters

The reactions reported in this thesis have pre-exponential factors
that are fairly close to those for the few similar gas-phase cyclé—

addition reactions that have been studiéd. For the cyclodimerization

(63)

of tetrafluorocethene, Atkinson and Trenwith obtained
dac M

- = k= 5.15 x 10 exp (-106,270/RT) m
2Adt

3 1

mol_ls_

(111)

while Lacker and others found that

K = 8.25 x 10° exp (-110,040/RT) m’mol™ ts~L

The same investigators obtained for the intercombination of chloro-
trifluoroethene to tetrafluoroethene(lll)

) 1

k = 8.54 x lOI+ exp (—ll0,0&O/RT) m mol-ls-

" The differences between the pre-exponential factors of these cyclo-
raddition reactions (Table III.4.1.) are not always significant, °
as the A faciérs are derived quantities and small errors in the
activation energy affect greatly the pre-exponential factor. The.

activation energies are also fairly similar (110-120 kJ) apart
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from the notable exception of hexafluoropropene (144 kJ). The acti-
vation energy for thisreaction ismuchgreater than those for the
other reactions, the deviation being well above experimental.errors.
The reactive collision diameters dr given on page 200 range
from 2.2 x 10 2mm to 6.4 x 10—3nm. Tor the cyclodimerization of
tetrafluoroethene at 636 K, the value of d.= 8 x 1077 is close to
the value of dr;7.4 X 10_3, calculated from the resulis of Lacker

et al (lll). These values are higher by approximately a factor of

two but the deviation might be within experimental error. Since these
reactions produce basically the cyclobutane ring, the similarity of
the reactive collision diameters is not surprising. Bartlett and

Wheland (79)

emphasized (page 45 ) the importance of the ease of
apprdach of reactants in formation of tné initial new bond, in rea-
ctions proceeding via a diradical mechanism. The present results
indicate that the variationin hindranceofapproach of olefins due to
different substituents is rather small. The similarity of the reactive
collision diameters and, therefore, the pre-exponential factors,
stresses the importance of the @nthalpy of reaction. This work suggests
that the reactivity of a substituted fluorcolefin in a {2+52 cycloaddi-—
tion is determined by the effect of the sub;tituenﬁs on the stability
of the double bond to be broken, and on thevstability of the formed
cyclobutane ring. Thus substitution of two gem fluorine atoms in the

weak C=C bond by -CF_ groups would require a higher activation energy

3
for the reaction CF, = C(CFB)Ef—>cyclic dimer to proceed. The pre-
sence of four —CF5 groups would certainly increase the strain of the

¢yclobutane fing so that dissociation would -readily take place.

Indeed, the activation energies of 1,2-disubstituted fluorocyclo-
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butanes decrease in the order C—CAF8 > C—Cquczg > C—CAF6(CF3)2
Similar observations may be made in substituted cyclobutanes(ua)
with the notable exception of 1,1,3,3—tetramethy1cyclobutane,
which shows high stability. However, systematic study of 1,3-
disubstituted cyclobutanes has yet to be undertaken.

Since there has been no direct ricasurement of the heat of
formation of the cyclic products, there is no way to check directly
the accuracy of the kinetically derived heats of reactions. It is,
however, generally accepted that kinetic measurement of the heat of
formation involves only a small error. Application of the group pro-

(30,31)

perties additivity scheme to estimate thermodynamic quantities
of the compoﬁnds used in this work is hindered by the lack of appro-
priate data for groups participating in the structure of the com-
pounds studied. However, chémical statistics form a basis for
obtaining approximate values of thermodynamic quantities, especiaily
entropy for compounds of known structure and may provide information
about groups that are parts of the cyclic compounds. |

*
4.2. Thermodynamic quantities from chemical statistics

The partition function Q may be expressed as the product of the
translaticnal, vibrational, rotational, electronic, nuclear spin

and free internal rotation contribution to the partition function
Q = Q. Q Q. Q Q9 k.11

and computations are made easier by assuming a rigid rotor - harmonic

oscillator model for the molecule where

* the term chemical statistics is equivalent to statistical mechanics
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3 %/
Q = 8n°I_ (amkm) “n Po7t b1 2
Q = (8n3ﬁ$ﬁf2f2ﬁ' 4.1 3

Ir is the product of the three principal moments of inertia,
If is the 'réduced' moment of inertia and nthe symmetry number of
the internal fotation.

The involvement of the symmetry number ¢ in the rotational
contribution to the partition function indicates that symmetry
considerations should be taken into account in defining the standard
state. The cis isomers of 1,2-dichlorc, éﬁd 1,2-4i (trifluoromethyl)-
hexafluorocyclobutane belong to Cl point group (or Cs if th
symmetry is assuméd for the cyclobutane ring) and have a symmetry
number of one. The trans isomers, however, belong to 02 point group
and have a symmetry number of two, but exist in two chiral
(enantiomorphic) forms. The pure (+5 or the pure (-) forms would
contribute a factor of (-2) to Qr or -R1n2 to rotational entropy
S_.. If the standard state is taken as an inactive (+) - (-) mixture,
and it is believed that this corresponds tec the conditions of the
present work, there will be an addition§l contribution of

—R}‘.niln_n nl’n2=12 (i.e. R1n2) in the entropy, due to mixing.

i1

In the case of 1l-chloro-2-trifluoromethyl-hexafluorocyclobutane, the
cis and trans isomers belong to the Cl point group and exist in

enanticmorphic forms. Therefore, symmetry considerations make no net
-
contribution to the differences in.ASi For the isomers of the mole-

(30b)

cules studied. Benson suggests that statistical calculations
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should refer to the intrinsic partition function Q(intrinsic)=Q.o
rather than to the state sum Q. The intrinsic entropy is, then,
$%(intrinsic) = 8% + Rlng where n is the number of optical isomers

of the same energy.

4.2.1a Rotational partition function

Since the molecules produced have low molecular symmetry, neither
thevpositions of the three principal axes nor the centre of mass

are known. Therefore, the product of the three principal moments

of inertia I  was calculated by means of the secular equation (135).
+ I S S e |
plo'd Xy Xz
' - I +I -
Ir_InyIZ = xy Yy Yz _ .1 3
- I + I + I
Xz yz ZZ

and since the coordinate frame of reference dia not coincide with

centre of mass, the moment of inertia coefficients I , I , I
xx' Tyy' Tzz

were calculated from

2 2 1 2 1

2
xx = Iy (yl + Zi) -— (Zmiyi) - = (Zmizi) hoi. &
M M
etc. and the (so-called) products of inertia from
Tey = EM % 93 —l-(me)(Zm ) 4,15
* ol i % i 71 ete. -

M

where m is mass of atom i with coordinates, x., ¥y., z. and
i . . i i i

M :Znﬁh As origin of the cartesian coordinates was taken the

centre of the cyclobutane ring (section 1.2) and the vectors

X5 yi, z; were calculated by employing the MOLTER programme (45)
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(section 1.3) which could be extended to perform these calculations.
This particular frame of reference reduced the amount of calculation
needed for different configurations and molecules. Thus, both the
pucxered and a planar ring were considered. For fluorcolefins,

the vectors X yi, z; were calculated using published bona dist-
ances and bond angles. The geometiry of the ring in the cyclic com-
pounds was assumed to be essentially that of octaflucrocyclobutane

(D,.). The various permutational isomers, regardless of chirality,

2d
were constructed by replacing fluorine atoms with atoms or groups

(71)

having appropriate bond distances and angles. Equation 4.1 4
and 4.1 5 were, then,used to calciate the moments and products of in-
ertia. For chlorotrifluorocethene, hexaflubropropene and la-chloro-

2e~trifluoromethyl-hexafluorocyclobutane these are:

* * * * * *
I T ST T I I
XX . Yy VA Xy Xz Yz
CF2 = CFCl 135 199 545 -45 0 0
CF2 = CFCF3 252 329 501 83 0 0
c_C,FC1CF, 836 803% 997  -103 108 -30

Setting up the secular determinant (equation 4.1 3) the products

of the principal moments of inertia are, respectively,

Fx8.59x10° Kg m2, Fx3.92x10 Kg m2, Fx6.49x10° kg m2 (F=b.578x10" %)

The symmetry and the products of the principal moments of inertia

Ixyz for 1,2-and 1,3~ disubstituted perfluorocyclobutanes are given

in Table IV.1l. The values of Ixyz indicate that the rotational

Lo 2

* —
* I, = Iij x 1.6605 x 10 Kg.m
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Table IV.2.1.

Symmetry, product of principal moments of inertia and rotational

contribution to entropy of some 1,2 and 1,% disubstituted perfluoro-—

cyclobutanes
X, X, X,
X
X3
. I* + —
X X xya ?r 636
cis )

1 c1 2 c1 C, ' 2.98 139.1
1 CF 2 CF C 11.18 1446

3 3 1
1 c1 2 CF3 c, 6.49 142.3
1 CF3 2 cl c1 5.85 141.9
1 Cl 2 Ccl C, 2.89 138.9 (a)
1 CF 2 CF C 8.31 143.3 (a)

3 3 s

trans

1 ¢l 2 c, 3.16 139.3
1 CF3 2I CF3 c, 12.23 145.0
1 C 2 CF3 cl 6.29 1b42.2
1 c1 2 ¢l c, 3.00 139.1  (a)
1 CF 2" cF. c 10.8 144 4 (a)

3 3 2

(a) planar model
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Substituent I#* S

xyz T636

c1 c1 3.07 139.2

CF, > CF, 13.81 145.5

Cci CF3 7.2k 142.8

1 c1 3 c1 c,, 2.11 137.7
1 c1 3! c1 c,, 3.08 139.2

] 1
1 CF 3 CF,  C,, 1423 145.6
1 CF 3 c1 c 6.9k 142.6
3 5 ‘
trans

1 c1 3! c1 ¢, 3.1 139.2
1 CF 3 CF,  C 13.62 145.4
1 c1 3! CF, €, .05 142.7
1 CF 3! c1 c_ 6.38 k2.2
G, '0.008 12k4.3

Compounds CS 0.039 130.65
GF, = GGl c_ 0.008 ° 124.3
CF, = CFCF, c_ 0.039  130.65

+ %100, and T = T* x (1.6605 x 1077)° Kg m2

+ calculated from Q.
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contribution Qr to the partition function for the 1,3-isomers
would be roughly the same as that for the 1,2-isomers. The

rotational entropy of a rigid rotor is calculated from
S = RinQ +RTdlnQ /4T b1 6
r T T :

*
Expressing the products of inertia Ir in relative atomic mass units
_an o2
and m ~  (Angstrom A ) the rotational entropy is given by

0

3

*

s = R (31nI  + — 1nT - lne - 2.7106) J K+
r r 2

mo1~t .17
Values obtained for the model molecules appear in Table IV.1.1.
L,2.1b Vibrational partition function

The number of fundemental vibrational and internal rotational
modes for the cyclic molecules is (3n-6) since the systems are non-
linear oscillators. The vibrational partition function cannot be
estimated without more spectroscopic evidence than is at present
availab’e. The case of l-chloro-2-trifluoromethyl-hexafluorocyclo-
butane is worse than the rest, since the observed vibrational spectrum
was not assigned for the two isomers. Were this accomplished, the
frequencies of a number of fundemental vibrations occuring below
1.8 x 10 Hz (600 cm™>) would, still. remain unknown. Since the
low frequency vibrations make the most important contributions to
Qv a fairly complete vibrational analysis for the cyclic molecules
is evidently required. However a useful estimate can be made by
using the zvailable infrared and Roman data for these compounds

52,126
(sections 3.1.1, 3.2.1, 3.3.1) together with the published ( )
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wavenunbers for analogous molecules.

Six of the fundamental vibrations of the cyclic molecules
result from the loss of three translational znd three rotational
degrees of freedom of the two molecules combined to produce it. Two
of the six additional vibrations will be ring bending & andvanother
two ring stretching ones (v ). The remaining twc additiona; vib—
rations involve CX2 bending vihrations which we consider to be
out-of-plane Ty

would occur at wavenumbers above that of the ring puckering 95 cm

)

, one twisting and one waggirg. This mode of motion
but below of the other ring deformatidn ( 283 cn ~). Therefore,
values of 160-19? cm"1 for twist and 250-275 cm_1 for wagging are
reasonable (5 ).

Calculation of the vibrational contribution Qv to the partitioun
function Q requires the knowledge of all the fundamental frequencies.
However, the - vibrational contribution to differences of thermodyn-
amic quantities i.e. AS-_e-, would come mainly from the six additional
vibrations. A small cogtribution is expected from the small changes
in fgéquency above 600 cm_1 occuring from the change in the molecular
structure. The most significant of these changes are, perhaps, the
C-C stretching at 1780 - 180C _— (two), réplaced by the two ring
deformations at 900 - 1000 em™L.

The rather arbitrary assignment of frequencies to the six add-
itional vibrations may well introduce greater error than the error
occuring from the omission of trequency differences. Nevertheless,
such an assignment based on similar compounds is indicative of the
size of expected differences in thermochemical quantities and has-been

proved successful in the treatment of 1,2-dichlorohexafluoro-

‘ 12
cyclobutane by Stedman ( ), and 1,2-di(trifluoromethyl)-hexafluorc-
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132
cyclobutane by Stockwell ( ). Stedman's and Stockwell's assignments

(55)

were based on inadequately interpreted published assignments
- which, since then, have been revised.

hl S O Y -
1,2-c.CyFCL, 1,2 c.u4F6(CF3)2 1,2 c.c,+F601CF3

Type of motion  SBtedman* This work Stockwell* This work* This work*

ring fold 86 . 95 86 95 95
ring deforma- '

tion 162 - 270 162 270 270
ring deforma-

tion 334 334 334
ring deforma- .

tion 640 640 640 640 640
ring oreathing 962 950 934
ring stretching 1047 1047 1047 1015 1029
CX, wagging 270 216 270 230 225
CX,, twisting 334 162 334 162 162

* wavenunber (V/cm_l)

However, apart from the different allocation of fundamentals the pre-
sent treatment differs from those of Stedman and Stockwell only in
the addition of>two carbon~carbon double bonds stretchings at
1800 cm™>.

Treating the additional vibrations as harmonic oscillators
and using the frequency assigmment given and the corresponding values

(133)

of Binstein functions at 685 K, the contribtution for each

‘fundamental mode is obtained by interpclation and summation.



Table IV.2.2

“Vibrational contributions to the change of standard entropy and heat capacity

1y2-c.CyF(Cl l,2—c.CL+F6(CF3)2 1,2-¢.C,F(C1CF,

Type of motion " 5 r, - s, Cr, ” 5, or,
ring fold 0.1995 21.73  8.29 0.1995 21.73 8.29  0.1995 21.73  8.29
ring deforma-~

tion 0.5671 13.14  8.09 0.5671 13.14  8.09  0.5671 13.14  8.09
ring deforma- ’ )

tion 0.7016 11.43 7,98 0.7016 11.43  7.98  0.7016 11.43  7.98
ring deforma- . '

tion 1.3443 6.45 7.17 13443 6.45 7.17 1.3443 6.45 7.17
ring breathing {2.0207 3.75 5.98 1.9955 3.83 6.C3 1.9619 3.93 6.09
ring stretch |2.1992  3.26  5.64 2.1320 < 3.43  5.77  2.1614  3.36  5.71
CX, wagging 0.4537 14,96 8.17 0.4831  1h.uh 8.15 2.4726  14.65 8.16
CX, twisting 0.3407  17.32 8§.23 0.3403 17.32 8.23 0.3403  17.32 8.2%
C-C stretch* 3.7809 -0.93 -2.84 3.7809 -0.93. -2.84 3.7809 -0.93 -2.84

Sum 91.11 56.71 90.84  56.87 91.05 56.88

x = ( Vhe/kt)

8, 1is expressed in J K

= 2.1005 x 1072 3

mo]_"l

1

at 685 K.
Cp

A’

- . . -1
v is expressed in cm

. -1 -
ic expressed in J K mol

1

11%4
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4,2.1c Internal rotation

A contribution to the thermodynamic functions is expected from

the -CF, group, participating in the structure of the molecules

3

studied, due to internal rotation. <he internal rotation is a

(23, 81)

hindered one and a substantial barrier is expected. The

actual contribution of hindered internal rotation to entropy,

o
Sh’ is calculated from the relation

o

(o]
- 7A - _ .
h 2+ 1an) (s]f S,i )

s =

4.2.2. Entropy and heat capacity

Calculations by chemical statisties of differences in thermodynamic
functions between reactants and products for the models suggested
earlier (pages 25, 213) can be made. Calculations of entropy and heat
capacity changes for the reactions studied give:

& chloretrifluoroethene —1,2-dichlorohexatluorocyclobutane

S, = 174, C = 2.5R
t 4.9 D, _5
3
S = -109.40 C =-=- R
r Pr 2
g = 9.l C = 56.71
v P,
-0 ) -
AS = -=19%.2€6J K_J'mol_l AC = 23.45 g K‘lmol"1
636 P
o J K imo1™t
experimental AS_. - = -200.8 mo
-1 -1
experimental AS-e = -192.7 J K "mol

trans
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b hexafluoropropene —1,2-di (trifluoromethyl)-hexafluorocyclobutane
S, = -178.36 cp = - 20.78
t
S, = -116.50 ,Cp = - 12.47
r
S, = 90.84 cp = 56.87
v
= A. = 1 hd
Sh 2.00 Cp 18.58
h
AS-G- = —202.02 J K Mmo1™t Ac;e- = 42,1 J K 'mo1™t
636 = - U mo p = - 9
. © S T |
experimental Ascis = -=198.0 J K "mol
. ) o -1 -1
experimental AS, = -208.7 J K "mol
rans
c mixture CF2=CFCF3 + CF2 = CFCl ——= 1-chicro-2-trifluoromethyl-
- ~hexafluorocyclobutane
S, = -176.68 cp = -20.78
t
S = =-112.80 c = =12.47
r p
r
SV = 91.05 Cp = 56.88
v
Sh = 1.00 CPh = 9.29
—e—
ASgye = -197.43 3 K o1t ACZ_ = 32.92 J K lmo1t

The first two values of entropy change and are within experi-
mental errér of the kinetically determined quantities. Complete vibra-
tional analysis of the reacting system would have improved the results.
The equilibrium of the system CFBCF:CF2 + CF2 = CFC1 === 1-chloro-
2-trifluoromethyl-haxafluorocyclobutane has not been studied and the
experimental value of entropy change is no! known. The present cal-
culétions indicate, as suggested earlier (section 4.1),that it would

o + -1 -1
_be ASr3:200-8JK mol™ "
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Provided that the vibrational contribution to the partition function
of the 1,3-isomers is the same as that for the 1,2-isomers, no sig-

-5
nificant differencein.ASr for these two classes is expected.

4,3 Energetics from addition of group properties

The groups participating in the structure of the cyclic

mclecules are [C - (C)Z(F)Z] . [C - (C%z(Cl) (F%,[? - (Q)3 (F)J

and C - (C) (F)3 and of course (section 1.4), the ring.
a For 1,2-Dichlorohexafluorocyclobutane (D) one has

.e,
ax

2 % [b L (@), (@), ] v 2% [c - (0), (F) <c1)] .

ring correction

- _
SO AH, = 2 x (407.94) + 2 x (-235.14)* + 117 = -1169.16 kJ mol™ T
o= 2 x (7h.48) + 2 x (92.88)* + 124.68 = 459.4 § K 'mo1™t
é‘;': 2 x (54.70) + 2 x (60.63) + 14.77 = 245.4% J K Tmo1™*
o - -
AH650 = Hf + ACp (T650 - Tsoo)
> & o
5650 = 8 + Acp 1n (T650/T300)

-1083.26 kJ mol T

-
",AHfSSO = -1169.16 + 85.9

~1 _
459.4 + 189.76 649.16 J K~ mol *

b 1,2-Di(trifluoromethyl)-hexaflucrocyclobutane (B)

-

AX :2xEc— (c), (F)Z] + 2 x [c-' (©), (F)] .

2 x [C - (C) (F)3 ] + ring correction
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-

. AH. = 2 x (~407.94) + 2 x (-183.68) + 2 x (-662.75) + 117

-f
= -2391.74 kJ mo1~t

AST - 2 x (74.48) + 2x (-28.55)* + 2 x (177.82) + 124.68
= 573%.18 JK Tmo1™t

AC = 2 x (54.7x%2x (50.2)* + 2 x (64.43) + 14,77
Pg50-200 1 1

= 353.45 J K "mol

-0-
and AHf = -2391.74 4+ 123.71 = -2268.03 kJ mol"l
650
AST - 573.18 + 273.28 = 845.46 J K ‘mol”
65u

1

c 1-chloro-2-trifluoromethyl-hexafluorocyclobutane (E)

From groups in this compound it is obvious that

— = l
AHf = -1780.45 kdmol ™
AS® = 65434 J K Tmo1™t
AC = 299.44 J K"lmol_:L
Pg50-300
e -1 o . N |
AHf650 + =1675.64 kJ mol 5650 = 747,31 J K “mol

Hexafluoropropene (A)

'l =[cd - (F)2:| +[cd - (©) (F)]+ [c - (¢ (F)BJ

|

* The asterisk indicates tentative values
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o M = (=329.25) + (-128.68)* + (~662.75)* = -1120.68 kJ mol T

f -
AT = (156.06 + (76.72)* + (176.82)* =  409.66 J K hol ™t
A%650-300 = (47.49) + (37.51)% + (€3.6)* = 148.5 J K tmo1 P
and My, ) = -10.68.7 kJ mol ™t S050 = 459.52 9 K mol ™t

1o

' 134
Chlorotrifluoroethene (Cm) ( )

¥ - [cd - (F)Z}[Cd - (F) (01)]

M = (-329.25) + (-165.25)* = -494.5 (489.5 + 12)

AT = (156.06) + (186.1)* = 342.16 J K “mol *

A% = (47.49) + (57.51)* = 105 J K Tmor ™+

BT o = -h9,500 + 105 x (650-300) = -L57.75 kJ mol ™+
BSg., = 3h2.16 + 819 = 423.35J K tmo1™t

From the calculated quantities the entropies and enthalpies
of the reactions investigated are estimated. Table IV.3.1

summarizes the results.

* The asterisk indicates tentative values
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Experimental and theoretical thermodynamic quantities at 650 K

-o- o -
reaction method AH . As . AC
ri ri P
ECF2 = CFCL Experimental (cis) -169.2 -200.8
1 cl Experimental (trans) -169.2 -192.7
Cl Statistical Mechanics -193.3 2345
Group properties . -167.8 -197.5 35.43
2CF.,~CFCF, Experimental (cis) -130.6  -198.0
C£ . -/”CFB Experimental (trans) -1320.6 -208.7
46 \\\CF Statistical Mechanics -202.0 ko.2
3 .
Group properties -130.6 -203.5 56.4
cis-la,2e MINDO calculations* -124.3
trans-la,2a (page 25) -169.3
trans-le,’e -205
CF2=CFCl Experimental
+
CF3=CFCF3
1 Statistical mechanics 197.4 32.92
cCL'_F6ClCF3 Group properties -149,2 -200.5 Ls. ok
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The agreement between these methods on the value of the enthal-
py of reaction is very good. The greater deviation of the values
calculated by the MINDO method (page 24) are due to the sensitivity
of the method .to the interatomic distances used. MINDO calculations
clearly favour the formation of the trans iscmers. However, the
method Is intended to estimate heats of formation rather than heats
of reacticon. In this sense the error involved (K i.B%) is quite small
for such complicated systems.

The values of entropy change assigned to groups have given good
agreement between the value of entropy estimated from statistical
mechanics ana that estimated from groups. Since the values assigned
presently were based on information from groups not very similar to
those participating in the molecules, the discrepancies are not surpri= .
sing. Perhaps, a better approach would be the examination of the
differences in groups arising from contributions due to changes in the
rotational and vibrational entropy.

The value of entropy change for the reaction

n _ _ —
CFBCF = CF2 + CF2 = CFCl =——= c_ CL+F6C1CF3

predicted from statistical mechanics and contribution from groups,
is the c.e expected for such a system. The dissociation reactions
for cyclobutane and polyfluorocyclcbutane derivatives have pre-

(128) 15 -1

exponential factors A= 1-5x 1077 s and activation
energies B x> 265-285 kJ.mol L. Assigning the value A = 1.06x10%7s™+

for the decomposition of the cis or trans isomer and assuming activ-

aticn energy E

270.2 kJ.mol T we obtain

-0~ . 1 1 -0
sr3 -205.6 J K "mol -~ and Hr3 = -157.7 kJ.mol

1
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4.4 Meéhanism of the reaction

The entropy and enthalpy of activation provide inférmation about
the structure of the activated complex and are indicative of the
factors affecting its formation as well as the probable course of the
. reaction. The entropy change in the transition state of similar

w2 + w2 reactionshas a value -(160-170) J K“lmol—l at 600 K - 700 K.
The structure of the transition state is, therefore, characterized
more by the loss of rotational and translational degrees of freedom of
the reactants than by the widely varying'sizes and masses of the sub-
stituents or their electronic properties.

The review of 72 + 2 cycloaddition reactions sﬁggested that
they may proceed by either a concerted or é stepwise mechanism (page 45).
Epiotis (76), appiying Perturbation MO, indicated that the smaller tle
size of substituents in a "25 + nza cycloaddition, the greater the
raté of reaction (page 4lt); the experimental results follow this
trend. TFurihermore, such a treatment predicts that these reactions
would show ‘regioselectivity favouring the formationvof head-to-tail
(HT) products (page 45). Formation of substantial quantities of
1,3 isomers simultaneously with the 1,2 isomers, would have indicated
participation of a concerted process, since an HT addition (formation
of 1,3 isomers) would not be favoured by a stepwise mechanism.
However, Epiotis's approach is based on the relative size of the
coefficient cij of the atomic orbitals (section 1.3, equations
1.3, 1.4) which depend on the type of approximations used. Although’
the, almost, exclusive formation of 1,2 isomers makes highly improb-
able_participation of a concerted process, it does not rule out con-

clusively the involvement of such a reaction path and this mechanism

should also be considered.
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Figure 4.1. Activated complex from a diradical intermediate

(&) and an allowed (s + a) concerted process (B)

Q
i
2
n
ﬂ
g

2
CB'::. Ch'cl
¢, = 0.156mm
04 =~ 0.162m

¢, 1l ¢ 2C3

The stepvise process takes place via a diradical intermediate
which, according to Benson and others (page 47) should not be con-

fused with the two transition states in the formation and the cycli-

‘sation . of the radical.Ring closing involves a series of concerted

events. In addition to the internal rotation which brings the radi-

cal ends Cl’ 04 into the proper cis conformation, the bonding orbitals
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must also be directed towards one another and the ca?bon bends must

bring the orbitals together. Therefore, the transition state for
cyclisation could be regarded as'a diradical in the singlet state

in which the free electrons are paired. Furthermore, such an activated
complex implies a slightly elongated Cl - Ch bond and a rather 'loose'

Cl - 02 'bond'. The energetics of such a transition state may be cal-
culated from the groups participating in it if relevant information exists.
The method has been described in section l.4. Entropy and heat

capacity may be calculated straightforwardly from statistical mechanisms
L.4.1 Calculation of thermodynamic properties of the transition states
and the diradical intermediate from group contribution
A Chlorotrifluoroethene —— Cyclodimerization transition state

1 Chlorotrifluoroethene (Cm) see 4.3 e

. . .
2 Diradical (R :) = CFC1 CF. CF_ CFCl

< 2 OF,
HCFC1CF_CF CFC1H R: + 2H

_ . |

Hf (R1H2) =2 x [C-(F) (c1) {H) (c)] +2 x[C - (c)2 (F)2 ]
= 2 x (=279.5)* + 2 x (<407.94) = -1374.9 kJmol *
s° (RlHa) =2 x (175.2)* + 2 x (74.5) = 501.3 J K Tmol ™t
E; (R1H2) _ 2 x (66.0)* + 2 x (52.9) = 237.8
650-300 I -

(o}

1 Or (o] 1 (o]
Hf650 (R":) = 2 HI(C-H) + H (R H2) +2 H

£ (E°)
— ,

C T -7
+ 6 (T l)

= 866.1 - 1374.9 - 436 + 0.2%3 x 350 = -864.33
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l '
R
o 1. _ &© 1 - _ _
A565O (R7:) =8 (R Hz) - 3 Rin ( T ) -2 (C H)3100 -
c c | 2
N . 0N
-2 (F H)1450'— 2 (c1 3)700 -
-0.5 Rln If—ﬁ—g?il- + Rlng, = 675.2 JK Tmol”*
. - 1
Ir (R hz)
AT ®*:) = 229.9 g K mo1t
Pes50-200
3 Cyclic activated complex (C in Fig. 1.13)
‘ , o 1 o - .
AH€5O - H; (R":) + H (crc1 CFE——e—é)27 |
= -86L.33 + 27 = -837.3%3 kJ mol T
© 1
As* = S650 (R7:) - (t-Bu—>¢) =+ (C—C)9QO
R -1
= 675.2 - 8.8 + 4.2 = 670.6 j K~ mol

The hindered rotation of a -CFCl group is taken as the reaction
co-ordinate. The weak lirk formed between the Cl—C2 carbon atoms
contributes one vibration at 800 cm™t
i '"Open' activated complex (B on page 54) ,

The 'open' activated complex is depicted as ( [/\\V/ ).

Any significant structural differences between the model for cycli-
zation (B ) and that for geometrical (cis-trans) isoherization are
expected to contribute to the entropy and enthalpy of activation.

In the diradical mechanisn, the central internal rotation of the
'open' activated complex becomes a free rotation. The carbon-carbon
(Cl-Ch) bond ;tretch is equated with the reaction co-ordinate., In

addition, two skeletal bends involving the CB-C,+ bond are loosened.

Thus, for step (d)2 (page 51) one has
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c

x° = x (Rl:) - X, 2 (t-Bu—~=®) - 2(¢” \0)420

-('C—C)900 + (he torsion)goo + (2e torsion)125

c
/ -

+ (c C)290

5650 = 675.18 - 2 x 8.8 -2x8.79 - 3.6 + 12.2 + 20.9 + 11.8 =
681.3 J K—l mol"l '

Heep = -864.33 + 2 x 23 (bond elongation) = -818.33 kJ mo1™*

In order to achieve concordance between experimental results and
thermochemical quantities obtained from groups, it was necessary to
adjust the value of energy required for hyd-ogen abstraction to
420 kJ H mol in the case of the diradical correspondiﬁg to the hexa-
fluoropropene-chlorotrifluoroethene mixture, and to 412.5 kJ/H mol
for tha? obtained from pure hexafluoropropene. The value quoted
previously, 433 kJ/H mol, was derived from bond dissociation energy
in fluorinated methanes and obviously is not applicable in the pre
sent cases.

The thermochemical quantities for each reaction step, estimated
from group contribution, are given in Table IV.4.l. These figures
clearly indicate that the heat of reaction of the system

_ :
ECF}CF CF2 _— _CFBCFCFECFECFCF3

is about 99.7 kJ mol_l, 48.5 kJ more than the heat of reaction

2 CF2 = CFC1l _— ClCFCFECFACFCl

In calculating the entropy of activation the assignment of

frequency values to three- and four-electron torsions is somewhat
(31, 135)

speculative, based on data from hydrocarbons . This approach
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Table IV.4.1.

Changes in thermodynamic quantities for cyclization reactions via

the diradical mechanism

+
- R: >($

Quantity . 2A ~ B-
Change occuring at each step

CF ~CFC1

AEY ~915.5 97.2 -46.0 27.00  -245.96

N 846.7 _165.k4 - 6.1 ~4.58 _21.L4

A(i? 210.0 18 . - 7.1 “b 47 20.0
O ,=CFCF, : _

AE -2137.40 133.3 -33.7  33.70 -263.93

as™ 1048.96 -169.22 - 6.4 -6.10 - 21.78

AE; 297.00 53.5 - 8.k -5.17 16.52
Mixture

N ~1562.45 108.0 -38.2 30.10 -249.1

AS® 947.83  -168.3 - 6.2 -5.3k - 20.68

‘AE; 253.5 39.95 - 7.4 k.8 18.26

aAc® = Ac® o .

p Peco-300, AHS, ASY refer to T = 650K
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illuminate s the pitfalls encountered in the application of the
methcd to fluorocarbons and its shortcomings. More information about
the thermochemical and spectroscopic properties of fluorocarbons

and their diradicals will remove some of the present ambiguities.
An‘alternative estimate of the entropy of the activation of the

reactions studied may be obtained from statistical mechanics.

b h,2 Entropy of activation from statistical mechanics

+
The relatively high entropy of activationASi for the compounds
studied,_indicates a 'loose' structure for the activated complexes.

(130) suggested that the complex formed via a di-

Cocks and Frey
radical intermediate is not planar but that it rather resembles a
distorted cyclobutane, and that ring closing is more complicated

than a simple shortening of the 01-02 bond. The translational
contribution to entropy for activated complex is the same as

that for cyclobutane and the rotational contribution does not differ
by more than 1-2 J K 'mo1™t from the cerrespending cyclic compound.
Therefore, the difference in entropy change between activated complex
and cyclic molecule, about 30-35 J Kt mol‘l, is mainly due to diff-
erent vibrational contribution. In the distorted structure of the
lactivated complex, vibrations are shifted to or are replaced by
torsions, at lower frequency (see 4.4.1.4). It is not possible to
calculate accurately the increase in entropy but the. value of 30-35

J Kol ! does not seem excessive in view of the changes occuring.
Assessing the changes, as before, we notice that while a C-C at 900

cm_l does not contribute to entropy, the resulting three electron

torsion at 125 cm-l and four electron torsion at 300 cm—l make a
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net contribution of 29.5 J K mol " at 650 K. Similarly a number
of the CX2 twisting, rockiné and wagging vibtrafions will occur at
considerably lower frequencies. It is possible that the dichloro-
and di(trifluoromethyl)- activated complexes attain such a con-

figuration (02, c _) so that the symmet;y number is two, leading

2v
to an entropy contribution of -Rln2 -. -5.76 J gt mol_l. The value

of entropy change of 30-35 J K_%nol—;, adding all these contributions

together, does not seem unreasonable.

The model of the activated complex for an allowed concerted
process is not vastly different from the one previously discussed.
The elongated C

C, and C -04 bonds would not produce any signifi-

2 3

cant changes in the rotaticnal contribution tec entropy, neither

1~

would the vibrational contributions have a dramatic effect. There-
fore, the change in entropy for such an activated complex is expected
to be roughly the same as that arising via a diradical. However,
an enthalpy estimate for the concerted process cannot be made.
Theoretical exploration of the potential energy surface along an
alloﬁéd (s + a) concerted path has not been undertaken yet and no
information is available.

The groups participating in 1,3-isomers are the szme as those
in 1,2-isomers and it is expected that the heat of formation of these
compounds would not differ by more than 10 kJ mnl-l, unless the
effect of substituent interaction is greater than this value. There-
fore, the heat of reaction of these two classes will also be similar.
The MINDC calculations performed as part of the present work (page 45)
strongly suggest that this may be true. Such a difference in the
heat of formation does not explain the almost total absence of

1,3-isomers., Also, orbital symmetry restrictions apply equally
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to the formétion of 1,2-isomers as to l,3-isomers., However, the
heats of formation of diradicals leading to 1,3- disubstituted cyclo-
buntanes may differ by more than 30 kJ mo1™ T (7). Such a
difference would provide a plausible explanation as to why 1,3-
isomers constitute only a few parts per thousand of the products.
The comparatively high yield of 1l,3-isomers in the cycloadditicn of
hexafluoropropene may be associated with the high enthalpy of
activation of this reaction that enables formation of the diradical
that produces the 1,3-cyclodimers.

The lack of stereoselectivity observed in these reactions is
also associated with the enthalpy of activation. The results of

(,4)

Atkinson and his collaborators and the present work indicate
that the highest barrier encountered in cycloaddition of fluoroolefins
is the enthalpy of the 'open' activated complex. Therefore, it is

expected that roughly equal amounts of isomers will be formed.

L.5 Conclusion and Suggestions for future work

The kinetic parameters and the thermodynamic quantities for
the theriial cyclodimerization of pure chlorotrifluoroethene,
hexafluoropropene and the intercombination cyclic product of the
two compounds indicate that the reactivity of these compounds is
determined from the stability of the oléfinic double bond and the
effect of the substituents on the stability of che cyclobutane ring.

In this respect, the pressnce of the group =CF, enhances cyclo-

2
addition by destabilizing the olefinic double bond and stabilizing
the cyclobutane ring. The diradical mechanism explains the head-to-

head cycloaddition, as well as, the formation of minute amounts of



235

1,%- isomers.

(1,5)

Previous kinetic studies inthis laboratory on the form-
ation and dissociation of substituted polyfluoro- cyclobutanes and
cyclopropanes have added cthiderably‘to the determination of
thermodynamic quantities of fluorocarvons, as well as to the investi-
gation of the mechanisn of ;2 + 2 cycloaddition. Further information
about the energetics and the mechanism of cycloaddition may be ob-
tained by extending the series of investigation to systems not posse-
ssing the group = CF2, i.e. CFC1l = CFC1l, and te cyclic compounds

not formed directly from cycloaddition such as 1,3- and 1,2,3~ sub-
stituted cyclobutanes. The later case, the dissociation of 1,2,3-
irisubstituted cyclobutanes will be most interesting and very profit-
able since it would provide information about the ease and position

at which ring opening occurs. The added analytical complications

may be largely overcome by using tubular columns for chromatographic
analysis coupled with mass spectrometry. The rcaction vessel (page 64)
used in the present work would prove most helpful. Theoretical

MO calculations about the potential energy surface along an allowed

(s + a) reaction path would elucidate the present understanding of

this process.
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APPENDIX I
The MINDO/2 method

The MINDG method is a self-consistent-field MO theory, developed
to fit experimenfal data (see page 49). Equation 1.1 (page\ZO)
becomes

FC=S8SCE
where F is the Hatree-Fock Hamiltonian matrix, E is the orbital
energy matrix, €C is the matrix for linear expangion coefficients
c 5 and S is the overlap matrix |
The Hatree-Fock Hamiltonian matrix elements have the general

form

c .. a ..
Fij = Hij +§ [ Pkl (ij/k1) - Pkl (:L;J/kl)]

. . . c . .
where the core Hamiltonian Hij is given from

9 atoms 7

c _ * lv E =

Hij = /¢J_ (1) -3 + = 4)3 (1) av
a 1la

and - * e2 _
(ij/k1) = ffd)i (1) "’k 2 ¢ 7 ) 4’;} (1) ¢, (2) dvydv

12 2
The Pkl are elements of the total charge density-bond order matrix.
The notation adopted here is similar to that used by Murrel and
Harget (136).

According to the approximation suggested, the overlap integrals
Sij are neglected unless i = j. The two-, three- and four-centre
integrals of the type (ij/kl) are set equal to zero unless i = j
and k = i. The remaining integrals are futher simplified by the

approximation:-
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(ii/ji) = Yo (i on A, j on B)

where the two centre reprulsion integral Yp - between AOs of a given
pair of atoms, A and B, is approrinsted as the Coulomb integral

( Sa Sa / 8, Sb) involving valence shell s-type orbitals of the
atoms A and B with which i and j are respectively associated. Some
other penetration integrals are neglected, too; thus, the attraction
< i/ Vb / 1> between an electron in an AO 5 of atom A and the core

of atem B, is assumed to be
S A N S R

where Zbe is tne core charge of atom B, i.e. the atomic number less
the number of inner shell electrons.

With these approximations thé elements of the core matrix H®

and the Hartree-Fock matrix F for a closed shell of electrons are:

(A,A) Hgi = U - X % Y, (i on A)
b#a
(A, H. = o0
i3
c C
(A,B) Hij = Bij
C
F 1 e
i1 = Uii + 3 - qay (ii/ii) +

); a [(ii/jj)-%(ij/ij) D Q-2,) Y

J#1 i b#a
a _ D (sx/5s P _ ) 1

F?j = Pij [2 (1j/i3) - 2,(11/33)] = Pij (Zhij_z gij)
b c 1

Fi;\ - Bij 2 Pl;\ Yab
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c . . . .
where Bij is one-electron resonance integral determined from empir-
ical parameters, Uii are the one-centre core-electron attraction inte-

grals, and

9s %p o Ipp' e Pppr

are the one-centre electron repulsion integrals.

The atomic parameters for hydrogen, carbon and fluorine, given

{
by Dewar and Lo ‘43), are
U U ' h h
ss PP 8ss pp Esp gpp' sp rp'
H -13.595 12.848

¢ -52.89 -40.28 12.23 11.08 11.47  9.84 2.43 0.62
F -130.96 -105.03 16.92 16.71 17.25 14.91 4,83 0.90
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APPENDIX II

Average specific rate constant k_,

Atkinson and Stockwell (%)

found that the decomposition of trans
1,2-di (trifluoromethyl)-hexafluorocyclobutane into two molecules of
hexafluoropropene proéeeeds faster than that cr the cis isomer.

They also found that isomerization occurred at rates very close to

that of decomposition. The system of reactions may be represented

as

where A refers to hexafluoropropene, BC and Bt to cis and trans

1,2-di(trifluoromethyl)-hexafluoropropene respectively.

At equilibrium

ct ¢ ktth ZI—}
2
- 2
kZCA k—2c c ”1—2
5 _
k, A = k_,,Bt 21 3
k k k B
te | fe. 2¢ . & _0.6937 Zigg
Kot Kog + Kooy B
B B,
and — =0.k1 — = Q59 215
B, +B B, +B
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The equilibrjum position of the isomers Bc and Bt is

B, 5.84 B, By
£ . , -and = 0.717, — - 0.283 21 6
B, 2.31 B +B, By +B, -

From eguation 2I 5

k_2 = 0.41 k_2c + 0.59 k_2t 21 7
and from equation 2I_6

k 5= 0.727 k_, + 0.283 k o
taking the average and introducing the values of k_2c and k—at’

then k = 2.5% x 107 exp (64,200/RT) s+

2
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APPENDIX ITT

"Dead,, Space correction

A very small volume of the reaction vessel is at a temperature
different to the one at which the reaction takes place and therefore
(137 )

a correction should be applied.

The distribution of moles in the reactor is given by the

equation
r“[‘h n r'[‘c -
oy R— =0o0¢cR — - 311
V \'S
h c

where the subscripts refer to the hot ( h) and cold ( c) parts of
the system, and n, T and V are respectively, number of moles, thermo-
dynamic temperature and volume.

Iet dn.n moles react. The decrease in the number of moles is

(1-q) dn , where

o]

0

!
<|E

(VC——>u& v>)

is the ratio of the number of moles produced by the reaction to the
number of moles consumed. This creates a pressure difference between
the hot and the cold parts of the system. As a result, a number of
moles enter the hot section to equalise the pressure: it is assumed
that no diffusion takes place between the two sections.

Material balance requires

: -1
nc>+ hh +q P on0'+ o™ 512
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-1
dnc + dnh + q dnd = 0 3153

Since the pressure is at equilibrium

T | T,
I% = n, R—= = (nh + nd) kR — 31k
v V.
c h
and ncb = ny + ny 315
T V.
where b= =< h 316
T V
h ¢

Introducing equation 3 I_5 into equations 3 I_2 and 3 I_1 one

obtains

“h g 1. "™
;— + ;:— + hn + q nd = —;r- +oon, 317
1 +b/q 1+b 1+b
0 ()= g (—) - (—) %8
- b )= o b " b
o (1+b) (1 + b)
"4 T o " — 319
(1+b/q) (1 + b/q)

For a reaction vC +pE of order a, the specific rate constant

is defined by

3 110



. ' dn
or ji. 1 . _;51 - x( fﬁ) a
B dt
Y BVy Yy
... dn _ p' k I]_;al Vl"' a
dt h

Substitution of 3 I 11 in 3 1 3 and 3 I 5 gives

dnh dn
d - —1k a 1-a
—_— + — + d + 1q V dt = O
b N " "n 'h
d l1+b
1 ) = ok VR A
a b h — dt
" b
Integrating
_ - t
ni a _ ni a (b/q +1) pe ©
b +1 Va—l
l-a l-a (b/q + 1)
or Cy = o’h - —_— Bkt
(b +1)
1-a l-a _ (b/q + 1)
or Ph - oPh = 1 kp t
(b +1)

244

-3 I 10a

3111

3112

3 113

3 I_15a

3 I_15b

3 I 15c

where Ch and P, are, respectively, the concentration and pressure

h

of reactant in the hot section of the reactor.
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Substituting equation 3 I 9 into 3 I_4 one obtains

(1 + 1) RT
Pt =[“h F— (on'h_nh)]—il- 3 117
(1 + bv/q) Vh

_ b 1-gq 1+ b ) RT,
I e N )+« ) oh — 3 1_18

q 1+ b/q 1+ b/ Vv

h
b RT
(L+%b/q) B, =n (1'q)—l‘-+(1+b)Po 3 I_19
q Vh
RT 1
ao T 3 120
Vh (1 + bv/q) P, - (1 + b)P

Substitution of equation 3 I 20 in the general solution

(eq 3 I_15) facilitates the determination of k in terms of experi-

mental quantities P, and P order reaction (a 2) of the type

2A = B (q = %“ B = l)

equation 3 I_15a becomes ni' - nt= =2 ki 3121

h | h

1
and nt =b Ko, 3122
vy (1 + 20)p, - (1 + BIP

b

o 14w RT,

1
, [ - - ]3 I23
1+ 2b t Pt(l + 2b) - Po(l + b) Po
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