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ABSTRACT

Chapter 1. A theoretical approach to chéosing the best
initiators for the cationic polymerisation of olefins starts with a
clarification of what constitutes a good initiator. Thermodynamic

data are used to show that several, so far untried, carbocation

salts are worth investigation , e.g. (p—C1C6H4)3C+TaF6
or WFE, and to explain why Sng is more stable than

PFg. A scrutiny of the various methods for preparing

carbocation salts shows the direct method (Eq.A.1;) to be the most
useful. Preliminary tests of salt initiators with isobutylene in
CHzcl2 corroborate the prediction that (C6H5)2HC+

initiates polymerisation but that (C6H5)3C+ does not.
o+ -
RX + MtX, —> R + MtX_ , A.1

Chapter 2 contains a kinetic study of the polymerisation of
acenaphthylene in CGH.NO, with C,H.CO* and
(ceus)zﬂc+ salt initiators. During the first 70% of reaction
the first-order rate-constant is independent of the type of
initiator, and from it can be derived a k; = 22.Q:p.i 1 xnol"‘s;1
at T = 298 K. The later stages of the reactions, which
are internally of no simple order, involve development of intense

colour which is explained by a rearrangement of the growing cation

(I) into the more stable ion (II):
| 1 |+

(1) (II)




This explanation is confirmed by the experiments and molecular
orbital calculations which are presented in Chapter 3. The

calculated and observed absorption maxima for ions (I) and (II) are:

Ion Amax(obs)/nm Amax(calc)/nm
(1) 430-440 438
(II) 560-580 568

This work appears to settle a long-standing controversy about the
spectra of these and relatea ions.

In Chapter 4 a critical appraisal of the Biddulph-Plesch
adiaﬁatic reaction calorimeter is followed by the design and
construction of a miniature (30 ml) calorimeter.

Chapter 5 deals with attempts to synthesise and polymerise q=-
and P-halo vinyl ethers. No satisfactory method was found for
producing these ethers adequately pure for successful
polymérisation.

Chapter 6 contains an account of preliminary copolymerisation
experiments with 1,3-dioxolan and tetrahydrofuran in CH2c12 with
C6H5c0+stg as the initiator, done by the author in
kodz, Poland. The coexistence of growing ends derived from
tetrahydrofuran and 1,3-dioxclan was demonstrated by ion t?appinq
with (C6H5)3P and subsequent 31P NMR analysis of the
solutions.

Chapter 7 contains details of several improvements in
Rutherford's "mid-point method" for preparing vacuum filled phials,
A statistical treatment of the errors indicates that the uncertainty

in the weight of the contents is < 5% under usual conditions.
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Chapter 1: Carbocation Salts.

1.1: Introductione.

For as long as chemists have been able to account for the
polymerisation of monomers such as styrene and isobutylene by a
cationic chain propagation there has been a quest for an
understanding of the details of the mechanism. Although the cationic
polymerisation of olefins has been recognised as such for over fifty
years and the polymerisation of isobutylene with metal halide
initiators has been an important industrial process for almost as
léng, it is still true, almost without exceptions, that no well
defined rate-constants.have been obtained for these reactions,
despite the considefable effort expended to that end.

The major stepping stone towards a detailed knowledge of the
polymerisation of iscbutylene, and indeed this is true for most
cationic polymerisations, has been to find and exploit a well
defined initiator/solvent system. This point is exemplified by the
considerable advances that have been made in the study of cationic
polymerisations of oxacyclics since the advent of both triflic
anhydride and oxocarbenium salt initiators. 2

The preoccupation of cationic polymerisation kineticists with
"clean" and "ultra dryﬁ solvents is well known and does not need to
be discussed here, as an extensive review is given by Plesch.3
However, it is important to examine briefly what constitutes a good
initiator and to summarise the reasoning behind the choice of
initiators discussed in this work.

Before the desirable attributes of the ideal initiator can be



discussed it is necessary to define two terms which are used
frequently and which are often ambiguous; stability and reactivity.
These terms are not antonyms, but are, rather, the general and
specific terms relating to a given species in a sbecified
environment. Thus, a solution under vacuum might be stable despite
the very reactive nature of the salt with respect to hydrolysis or
towards a base such as an olefin.

In order to define the kinetics of any system it is important
to have a precise knowledge of what the reaction mixture contains.
Without such a knowledge any rate constants that are derived from
experiment are at best relative and may be spurious. Thus, a good
initiator will give rise to ions via a simple and easily definable
process. Ideally the equilibrium constants of ionisation and
dissociation should be known so that at the start of the
polymerisation reaction the specieé present in the reaction mixture
and their respective concentrations are known.

It is essential, if a true value of k; is to be found,
that the concentration of growing ends ([P;]) is known
throughout the reaction. The [P;] can be ascertained most
easily if initiation is fast and quantitative so that [P;] = Cq
the total initiator concentration, and further [P;] is constant
throughout the reaction.

If the initiation step is to be eliminated from the kinetic
équations developed for the treatment of polymerisation reactions;
this step must be effectively instantaneous, ie: ki>> kp. The
kinetics of polymerisation are further simplified and the molecular
weights of the polymers obtainable for any given monomer are
maximised if chain breaking reactiohs are minimised.

In order to approach this ideal, the anion must be stable and

unreactive towards both the growing end and the monomer. For this



reason considerable attention must be paid to the anionogen in the
design of the ideal initiator.

For anionic polymerisations the alkali metal cations have
proved, from this point of view, to be ideal counterions and the so
called "living" polymerisations of monomers such as styrene are now
well characterised.4 In cationic polymerisations the counterpart
to the alkali metal ions might be the halide ions. Unfortunately,
the halide ions, although simple, can form covalent bonds with the
terminal cation of the growing chain, (Ege.7+1.1). Acid anions may
form esters in the same way and many of the metal halide initiators
can metalate or halogenate the growing ends, (Eg.1.1.2) and also

form complexes with the monomer. (Ege.1¢1.3)

RF + X~ —— X Eqelets

+ -

R+ MEX; ., —> RX + MtX, ~ Eq.1.102

RyC=CR, + MtX ——> RZCICR2 Eqe1e1.3
MEX

A final, and more practical, consideration is that a good
initiator must have a solubility in the solvent of choice which is
adequate for kinetic measurements. For ions in organic media this
consideration can impose severe restrictions. The lower limit of
solubility for an initiator to be useful depends on the kinetic
method. Whatever the method, the concentration of the initiator in
the reaction mixture must be significantly higher, say 100x, than
that of any interfering impurities.

To summarise: A good initiator will yield a simple, stable

anion and a cation with a high, specific reactivity towards monomers



via simple, well defined, reactions. Thus, stable carbocation

salts with well defined cations and anions are an obvious first
choice as possible ideal initiators. But the qugstion as to which
salts to choose so that the cation will have maximum reactivity with
respect to the monomer of choice, the initiator salt and the
resultant pair of ions will have large equilibrium constants for
both ionisation and dissociation and the initiator will have
adequate solubility, demands a very close examination of the
chemistry involved.

In the next section attempts are made to explain the influence
of changes in the structure and composition of the salts on their
solubility, their ionisation and dissociation equilibria and on the
initiation reaction; these will provide a basis for selecting the
most useful salt. The ideas are a development of the earlier work of
Fairbrother® and Plesch® but more detailed use of the available
data (See Sections 1.7.1-11) is made. The conclusions from this

work are fundamental to a more systematic and detailed understanding

of cationic olefin polymerisation.



1.2: A thermodynamic approach to carbocation salt initiators.
1.2.5: The solubility of carbocation salts.

The original intention of the work was fo study the kinetics of
isobutylene polymerisation in Cﬂzclz with carbocation salts as
initiators. However, the first problem encountered in this work was
the insolubility of many such salts in this solvent. From the

earlier work of Nuyken6

in this laboratory it was known that
CH3CO+SbF6' is not very soluble in CH,Cl,. Unfortunately,

no other solubility data for carbocation salts are available

in the literature; in order to predict how the salts could be
-s0 modified as to increase their solubility, several theoretical
approaches were investigated.

Initially, a very facile procedure, using the ideal solubility

equation, (Eqg.1.2.1) was applied.

(AHG/R) ((1/Tg)=(1/T)) =1nX, Eqs 1241

Where: AH§=Latent heat of fusion, R=Gas Constant,
TfaTemperature of fusion for the pure compound a, T=Temperature,

X ,=Mole fraction of compound a.

It should be noted that this equation is derived assuming no
solute/solvent interaction and does not, in any rigorous sense,
apply to ionic solutes.

The literature contains no AH? data for carbocation salts
so that the assumption was made that the solubility of a series of
salts would be simila; to that of the series of parent organic

molecules, (for which the relevanﬁ data are available) provided that



the anion remained constant.

For example, to predict the solubility of the alkoyl salts the
AH?'and T data of the acids were used in equation 1.2.1 to
give the following order of solubility for the cations:

crycot > cugen,cot > cryco”

This is also the order shown in Table 1.2.2 which gives
experimental data. However, this approach failed to predict that
aroyl and aryl carbenium salts are much more soluble than the
corresponding alkoyl and alkyl salts.

A second, and more detailed, procedure was then explored. This
involves the recent developments of the Born’ equation, (Eq.1.2.2)
by Abraham et al.® whose methods have been shown to produce
calculated values of the free energy of solution, Acgbl' for a
considerable range of solute and solvents, which agree with

experimental results to within *10 kJ mol'1.

AGS,, = ((22e?)/8 e a) ((1/eg)-1) Eqe 1242

Where: z=charge on the ion, e=electronic charge, a=ionic crystal
radius, eo=permitivity in a vacuum and e_=permitivity of the

solvent. :
Substitution for the universal constants and z=1 gives the

equation 1.2.3:

8GT,1/kI mol”! = =34.7((1/2)=(1/b) )+69.4((1/e,)=1)(1/b)

+AG§ qu102l3

Where: AG:VkJ mol-1 is the non-electrostatic contribution
to the total free energy of solution and b=a+r where: r=the radius

"of a solvent molecule. (All radii are in nm.)



The new equation retains the inverse relationship between the
ionic radius and AGgél, given by equation 1.2.2, but it also
includes two new terms. Firstly, the new equatidh contains a non-
electrostatic term, AGg, assoclated with the transfer of an
"uncharged" ion from the gas phase to solution and secondly, the new
equation takes account of the discontinuity in the dielectric
Properties of the solvent near the ion. This is accomplished by
including in the equation terms which relate to a shell of solvent
molecules around the ion where the effective permitivity is 2 and
which has a thickness, r, equal to the radius of the solvent
molecule, Abraham et al.? have shown that the results from this
"one layer" model are not significantly improved by taking more than
one layer into consideration; particularly for non-polar, aprotic
solvents., |

In order to calculate the solubility of a salt it is also
necessary to know the lattice energy, Uc' of the salt. This can be
seen from the Born-Haber cycle for the process shown in Scheme 1.,2.1
Equation 1.2.4 shows how the solubility product, X3, for any
salt can be calculated from a knowledge of the free energy of
solution of the crystalline salt, AG:.

Scheme 1+2.1

at(q) + x"(q)

O +
-Uc GSO].(A )""
e. -
Gsol(x )
A*x™(c) Gg + -
—> A (sol) + X (sol)

AGg = -RTanZ Eq.102.4



The lattice energy for any salt can be calculated'® but this
requires a knowledge of the ionic radii and the Madelung constant
for the salt. Although approximations of the ionit radii are
possible without a knowledge of the crystal geometry the Madelung
constant cannot be calculated.

Thus, in order to test the validity of the above treatment for
calculating solubility the available data for the solubility of the
alkali metal halides in absolute ethanol??! is tabulated in Table
1.2;1 with the othe; relevant data.

It is clear that the calculated solubilities are considerably
lower than the actual solubilities; however, the predicted order and
the relative magnitudes of the solubilities are correct. The
significant difference between the experimental and the calculated
solubilities is not surprising in view of thelr exponential relation
to AGS a;g’;he tncertainty in that quantity, but the fact that
the calculated solubility is always low is probably, in part, due to
the lack of consideration of the ion pairs in this treatment. This
problem could be alleviated by use of the ideal solubility equation
and the equilibrium constant for diesociation, Kye values for the
salts in the solvent under consideration, but this &ill not be
considered here since for the carbocation salts no AH? data are
available. |

Since for carbocation salts no data are available on the crystal~
geometry, the U for these salts cannot be calculated so that the
value of Ke for such salts cannot be calculated either' |
Therefore it is interesting, and important, to examine the results
in Table 1.2.1 to extract some‘gene:el correlations between ionic %'i,,f

size and solubility.



MtX

Nal

NacCl

KI

KCl

RbC1l

Csl

CsCl

Data Concerning the Solubility of Alkali Metal

K°32

Table 1.2.1

Halides in Absolute Ethanol.

S Ks(calc)
mol 1~

842 3.2x10"14

1o2x10-4 2.4x10723

1.1x1072  g.6x10718

2.0x107°  7.3x10724

- :618 -Uc10 AGg
kJ mol~!

615.5 692  77.0

651.9 780 129.0
541.4 639 98.0

577.8 710 132.0
522.2 621 98.8

558,6 686 127.4
485.8 599 113.2
522.2 651 128.8

a,/a,

0.37
0.54
0.64
0.76
0.68
0.81
0.77

0.92

Za+'ao

pm

313

278

354

319

363

328

383

348

For definition of symbols, see text. In all calculations involving

temperature this was taken as 298 X.



Solubilities of

. Table 1.2.2.

Carbocation Salts

Salt a+ a_ a++a-
pm
CH4COSbFg 187 261 448
CH3CH2CO§PF6 210 261 471
CH4CH,COPFg 210 237 447
CF,COSbF, 218 261 479
(CgHg)COSBF, 331 261 592
(CgHg) SbF, 490 261 7351

a,/a.

1.27

1.88

lonic radil were calculatéd on the

in Dichloromethane at 298 K.

ObSQSOl-* ;AG§01

mol 177 kI mo1~?
3.0x10"4 415
4.5%x1073 - 395

2,3x1073 407

6.0%x103 389
z10”7 338
>10~1 263

Predicted

Solubility

>CH3COSb?6

<c2H5COSbF6
)CH3COSbF6

>¢H3CH2COSbF6
>>RCOSbF6-

>>C6HSCOSbF6

baslis of bond lengths and

covalent radii given in refs. 12, 13 & 14, It should be noted

that for a salt, such as CH3-C+=O, the C=0 and C-C bonds are

shorter than those for the iscelectronic species.

Observed solubilities are derived from preparative experiments.

(For details see Section 1.3.2.)

AGE

1e7e11,

sol Was.calculated by using Abraham's equations, given in Section



The data in Table 1.2.1 demonstrate that the inverse
relationship between ionic size and 'Acgbl for tge individual
ions also holds for the sum of the ionic radii, a_ t+a_ in a
similar way. However, since the solubility is determined by the
difference Acgol-uc, the sum, a,+a_, is not related to
the solubility in any simple manner. Nevertheless,from Table 1;2.1,
it can be seen that where a,/a_¢0.8, as the radius of the
cation increases, so does the solubility. However, when the two ions
are Qf similar size, e.g. where a+/a_)0.8, the solubility is
‘Proportional to a,+a_ and therefore inversely proportional to
AG:QI' From a general consideration of the origin of these
effects of relative ionic size on the solubility of the salt it can
be predicted that where both ions are large, e.g.where a>200 pm, the
solubility will also be proportional to a ,+a_.

With these ideas in mind we can now assess rapidly the effects
of modifications to the salt with réspect to splubility.

Table 1.,2.2 shows the data for a variety of salts considered
in this work,their relative, predictéd solubilities and the
Solubilities measured during the course of this work.It should be
noted that the experimental solubilities are derived from
Preparative experiments where tempefature control was no better than
¥10 K.

It can be seen that the general statements made above with
regard to solubility and ionic size do give the corfect predictions

of relative solubility within the scope of the available evidence.
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1¢2.2: The equilibria associated with carbocation salts:
Introduction.

Now that the methég gsegéfgibu%hgin determine whether any
initiator found suitable according to other criteria will also have
4 useful solubility, it is important to examine two equilibria
(Eqe1.2.5 and .6) in order to select the carbocation salt which
locks the most premising initiator for olefin polymerisation.

&
K -
Ag" + MexT + RCL === R" + MexD ., + agCl EQe 14245

Kg

RJ{ + Mtxn "’{.__."_.:_" R + MtX qu10206

+1

The equilibrium constants, Kg and Kg, which are
needed to make predictions about the usefulness of the salts, are
Not generally available in the literature but they could be

Calculated from equation 1.2.7.
AGe = 'RTane : ’ qu 14247

Unfortunately, most of the available data are for AH® but,
Since the TAS® for these systems is usually small relative to

4H®, the approximation:
AHG = AGe. o ‘ ' . Eq.1.2o8 '

{s often made. Although the few studies on such systems’5 16,17,
(See also section 1.7.1) suggest that the entroPy term is certainly

more important than this assumption implies, the lack of information‘»
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on entropy, forces one to use equation 1.2.8 to obtain a first
approximation for these systems. Further, it must be emphasised that
the major contributuion to the overall AS® for reactions such as
those in equations 1.2.5 and 1.2.6 arises from the solvation of

the ions and by using the Acgbl' as calculated in equation 1.2.3,
this contribution can be included in the overall energy change

for the reaction as represented by the AH® in the following

discussion.



Scheme 1.2.2.

Agt(s) + SbFg(s) + R (g) + Cl (g)
~

E,(X') + I(R)
~ . )

D(R-C1) agt(s) + SbFg(s) + R'(g) + C17(q)

agh(s) + SbFZ(s) + RCl(q)
T—AH:bl(RCl) l +a12 1 (R,c17)

Agt(s) + SbFg(s) + RCl(s)

Aﬂg\\\»

AHS) Ag*(s) + sbEg + R"(s) + C17(s)
AHT,

AgCl(c) + R*(s) + sbFg(s)

. .- o + -
AHE = -AHD | (RC1) + D(R-Cl) + I(R ) + E,(Cl7) + AHZ ) (R",C17)

Eqge1¢2.8
For R = CH3COC1
BHY = +455 kJ mol™' EQe1+2410
AHT = AHT, + AHT = +200 kJ mol™’ Eqe1.2411

neb. The AHgbl of the ions in AH? and AH?O'are calculated

from Eq.1+2.3 for CH,Cl, as the solvent.
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142.3: The double decomposition reaction.

The double decomposition reaction by which mést of the salts
Were prepared during the course of the work described in this thesis
is given by equation 1.2.5. It was found that for CF3CO+PFg,
CC13CO+Sng and C6F5C0+Sng the preparation of salt

- Solutions free of silver was not possible even when a considerable
€Xcess of the acid chloride was used. (It is important that all
Silver is removed from these salt solutions since silver makes them
uUnstable.) This difficulty has been discussed by Lindner and
Kranz’® and will be discussed further in Section 1.3.2. One way
of explaining this practical problem comes from an examination of
the Born-Haber cycle for the process. (Scheme 1.2.2) It can be seen
that even when the energy gain from the precipitation is included to
Produce an overall enthalpy change, AH?1, the reactioﬁustill
has a positive AH®.

For many systems this reaction goes to completion because as
the AgCl is precipitated, and is thus rémoved from the system, the
€quilibrium moves to the right hand side (as shown in Eq.1.2.3).

The Solubility of AgCl in many systems is so small that the amount
of it remaining in solution is negligibly small for most‘purposes
and the reaction can be considered complete.

If, however, in solutions of aéid chloride in c32c12 the
Partial molar free energy of Ag+ and C1” is decreased, for
€xample by specific solvation, then the precipitation of AgCl stops |
when the partial molar free energies of'AgCl in solution and the |
Solid state become equals Thermodynamic equilibrium is,then‘attained
and silver éannot be removed from the system without shifting the

€quilibrium and thus reducing the yield of the desired salt.,
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Two factors are put forward for our inability to produce the
three salts mentioned, free of silver. Firstly, the sum of D(R~C1)

and I(R ). increases in the sequence:
CH3COCL < CCL3COCL <CF3COCL <CgFsCOCL

and therefore AH? (Scheme 1.2.2) becomes more positive.

The second factor is specific solvation of Ag+ by RCCCl or
RCO+,19. This is most easily understood for the C6F5C0¥
salt where complexation of Ag+ can be explained in terms of the

m-electron system in the benzene ring.



Scheme 1¢243.

RY(q) + X7(g) + MtX_(g) .

h T
T Ag=(MtX))
. . \ + -
I(R) E (X)) R7(g) + MtX . 4(q)

\ Ea(%ﬁfﬁillf””’

-D(MtX =X) + I(R.)
L) L) /
R (g) + X (g) + MEX (g)

TD(M)

RX(g) + MtX (q) +A5T (T, MEXD )
IAH;?(RX) ]\Aﬂgub(mtxn) L
RX(1) + MtX (c)
X -AHZ (RX,MEX )
RX(s) + MtX (s) 6 L+ -
> . R (S) + Mtxn+1(5) ch1o2¢6

AHT,= ~BHZ(RX) + AHG(RX) + D(R-X) + I(R') + B (X") + AHZ ;(R") 1212
uq' . .

AHS 4= -Aﬁg(Mtxn) + AH:hb(MtXn) + Ag=(MEX) +

AHZ 1 (MEX] ) Eqe1.2.13

Aﬁg = Aﬂ?z"" AH-?-3 qu102¢14
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AHY
[kdmo -

Figo1o2o1o‘

Enthalnpy of vaporization
for some substituted methyl halides.

| ! | | I J

CClyg

CH3COCI CHgI CHgBr  CHgCl  CHgaF CFa
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1¢2.4: The alkyl halide + metal halide equilibrium.

The Born-Haber cycle for the binary ionisaéion equilibrium
(BeI.E.) describing the carbocation salt initiator and also the
growing polymer ions is given in Scheme 1.2.3 and is summarised in
equation 1.2.12 and .13. It is important to emphasise that once
initiation has taken place the growing polymer is also involved in
the same type of equilibrium with RY = P;. It is clear that
the only important moiety of the initiator salt, at this stage, is
the anion.

In order to derive some general conclusions as to how changes
in the salt will affect the overall position of the B.I.E. described
in Scheme 1.2.3 it is necessary to examine the effects of changes
in the salt on each of the individual terms in Aﬂ?z and AH?3.

First, consider, by means of equation 1.2.12, how variations
in the RX moiety will affect AHY,. AHJ(RX) is small,
of the order of 5=10 kJ mol"’,20 and the variation in this
term can be excluded from discussion. AH?(RX) is also small
relative to the other terms and the maximum variation in this

1. (Figse1.2+1) However, it should be

term is only ca.18 kJ mol”
noted that, for molecules such as Phsccl, ‘thé term
required here is Aﬂgub(Rx) which 1s considerably larger than
AHY and is of the order of 80 kJ mol~’,

It is important to emphasise that AHZ is defined as the |

enthalpy of reaction 1.2,15:

RX(8) —> RX(sol) = AHS(RX)  Equhe2.15
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Where (8) signifies the standard state of the material RX. This is
not the same as AHe l(RX), defined by equation 1.2.16 which

can be approximated, very roughly, by Aﬂg(solvent).
RX(g) —> RX(sol)  AHZ ,(RX) Eqe 12416

Since AHe(RX) and AH (RX) are known for many
alkyl halides (and metal halides) the use of Aﬂg + AH?
or AHZ . rather than AHJ , allows a more accurate
approximation to be made of the enthalpy change associated
with the transfer of a substance from the gas phase to solution,
since Aﬁg can be sald to be small, and insensitive to changes
in RX and the AHJ(RX) (or AHZ ). term is known.
Although the difference in the two approximations is not
significant for similar organic halides, where a difference in the
standard state is involved the two approximations do yield very
different answers.

The first of the more significant terms in Aﬁ?z is the
bond dissociation enthalpy, (B.D.E.), D(R-X), for which the
variation for a number of methyl derivatives is shown in Fig.1.2.2.
It can be seen that by changing X from fluoride to iodide, where
R = CHq AH12 will become less positive by ca.240 kI mol™'.
For R = CH5CO the same change makes AH12 less positive
by ca. 290 kJ mol”!. Some of the B.D.E. values searched
for the during the coursé éf this work;ifcr‘exaﬁple those fbr‘
the halogen substituted acetyl halides, are not available but thoser
values that are available are generally‘well established aﬁd errors
21

~in this term are usually of the order of 1%.

~Another important term in AH12 is the xonisation«'”
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potential for the organic radical, I(R ). Although there are
many values for this term available in the literature, care must be
taken when comparing data from different sources. Some of the
earlier data can be in error by as much as 15 kaﬁol'1'22 and
indeed, different methods can sometimes yield different resultsz3
despite the very low errors quoted by the authors for the individual
methods; these are usually *1%, A selection of values of I(R.)
for substituted methyl radicals is shown in Fig.1.2.3. The maximum
difference in I(R.), shown on the graph is ca. 145 kJ mol".
There are no I(R.) values for the halogen substituted acetyl
radicals but by comparing the ionisation potentials of the acetyl
and propionyl radicals and those of methyl cyclohexane and
trifluoromethylcyclohexane it can be suggested that the ionisation
Potentials of the halogen substituted acetyl radicals are greater
than that of the acetyl radical and, further, that although the
modulus of D(CF3CO-F)-D(CH3CO-F) 1s unlikely to be greater than
30 kJ mol", the difference in the ionisation potentials of the
corresponding radicals could well be as much as 200 kJ mol™', That
is, by changing R from CF4CO to CH3CO, AH?Z will probably be
made more positive by ca. 170 kJ mol™ ",

Two other terms included in AH?z that require comment
are the electron affinity of the halogen atoms (Fig.1.2.4) which,
although large, shows only small variation, (ca. 30 kJ mol'1), and
the AH§61(R+)' The latter term will be discussedytcgether
with the similar term for the metal halide anion at the end of
the discussion of AHY,.

It is clear, from what has been said so far, that for thé
a;koyl salts, those changes in R which gend to increase the

solubility of the salt, tend also to disfavour the formation of ions

from the B.I.E. in equation 1.2.6. The ionisation of the organic
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halide is promoted by using the iodide rather than the fluoride and
by having electron donating groups adjacent to the ionogenic carbon.
Equation 1.2.13 shows the terms which relate to the ion
formation from the metal halide involved in the ﬁ.I.E. of equation
142.6+ The AHZ]MtXn) term is probably small and relatively
insensitive to changes in the metal halide . Only one representative
example of a AH:(MtXn) in an organic solvent could be found
in the literature:?%4 AH:(MQFG) = 4,06 kJ mol™ in C4Clge
Fig.1.2.5 shows a selection of AH® sub data for four
metal halides often encountered in cationic polymerisation. Although
the variation in Aﬂeub for the mercury and titanium halides
is small (30-40 kJ mol") this is not the case for the
aluminium halides. It can be seen that even if aluminium fluoride
were sufficiently soluble to be worth considering as an ionogen, its
extremely high Aﬂgﬁb makes AH?3 so positve ﬁhat it seems
to hold little promise, For the tungsten haiides the tr;nd
in Aﬁgﬁb on changing from chlordde to fluoride is the opposite
to that shown by the aluminium halides. Thus, this is not a
term with respect to which overall generalisation is possible and
great care must be taken where the value of AHsub is not
available.
The next>term in equation 1.2.13 is the halide affinity of tﬁé»
metal halide, A#—(Mtxn). This is’a,veryrimportant term
for the final value of Aﬂg and a term which; were it
generally available , would allow some worthwhile conclusions as to
which metél halide would be the best inidnbgeﬁ; However, as faf'as.n
is known only two single halide affinities for the metals of interest
are known: the fluoride affinities Qf BF3 and WFS. There are.

numerous values of double halide affinities, (see Section 1 7 4a),

~but. the errors involved in these terms are considerable, (+80 100 ,J]:‘\"‘ .
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kJ mol'1) and therefore it is not pertinent to draw even tentative
conclusions from these data.

In Scheme 1.2.4 the role of the halide affinlty in the Born-
Haber cycle for the B.I.E. (Eg.1.2.6) is emphasised and an
alternative route for obtaining the same energy contribution to
AHE is given. The individual B.D.E., D(X Mt-X), is, like
the halide affinity, known for only a few examples of interest and
it is more uéeful, in order.that some general conclusions can be
"made, to look at the more widely and reliably known average B.D.E.
D(Mt-X)., It should be mentioned that even by the "alternative
route", (Scheme 1.2.4), the electron affinity of the metal
halide is required. This term is known for very few metals of
interest and the only statement that can be ﬁade with any certainty
is that the magnitude of this term decreases in the order:

F >Cl>Br

Before discussing the average B.D.E.term it is apprOpriaﬁe to
emphasise the difference between D(Xth-x)and B(mt-x), (Eq.f.2.18)
and .19) so that the following discussion can be seen in its

Proper context.

}!e [ ] L]
Mex | ——5 Mt' o+ nX EqQe1.2.18
H?é a D(Mt-X)

HY, . . '
MtXn MtXn_1 + X Eqn 1¢2¢19

S o - i
HJg= D(X _ Mt=X)

The difference between the averagé and the individual B.D.E.'s
is best demonstrated by the data in Section 1.7.7b which
- are presented in graphical form in Fig. 1.2.6. It can be seen that

for the transition metals shown the difference (D(Mt=X) = D(X Mt=X)),
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increases from group IV to group VI and decreases
with increasing atomic number down any group. This difference is
due, in part, to the allowance made in D(Xth-X) for the

involved with the stepwise change in

-

reo;ganisation energy, Er’
the coordination number of the metal whereas the D(Mt-X) are
derived from heats of atomization (Eg.1.2.18) and therefore do not
take account of the relative stabilities of the various oxidation
states of the metals. Although very few values of E. are known,
and these are from empirical studies; it can be seen in Fig.1.2.7
that the magnitude of E,. decreases in the order:2>
F>Cl>Br>1I
80 that this term decreases the advantage gained in terms of
AHE, due to Ea(MtX_,,) and D(Mt=X)) by using the
fluoride rather than the iodide of any metal.
To demonstrate how significantly AH? 18 decreased by
Using the fluoride instead of the icdide due to the differences in
l-5(5‘11:-}() those average B.S.E.'s which are known for the metals
Oof interest are given in Section 1.7.7a and are shown graphically
in Fig.1.2.8, It is clear that AHZ (Eq.1.2.6) becomes
less positive by ca.200 kJ mol™! when the fluoride rather than the
Chloride is involved and further that Aﬂg becomes less
Positive as the metals are changed in the sequence:
As(III) < P(V) < W(V) < B(III) < Al(III)
' Since considerable use is now being made in cationic

Polymerisation of the SbFz and AsFg it is regretable \

that no data are available for the Sb(V) and As(V) fluorides.
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Hohever by considering the known D(Mt-X), several trends
can be seen which allow estimation of these D(Mt-X) which are
not -available. Thus, the anions such as Sng can be included
in the conclusions.

Firstly, a striking feature of Fig.1.2.8 is the similarity in
the pattern of changes in D(Mt-X) for any one metal, such that
given any one value of D for a halogen X' a reasonable
prediction of D for other halogens X'' etc. is possible.

Secondly, the data for W(V) and W(VI), and P(III) and P(V) indicate
that for any one metal the change of D(Mt-X) with halogen is
similar for two adjacent oxidation states. This is illustrated in
Fige1.2.9. where the change in D(Mt-Cl) with changing oxidation
S£ate of the metal is shown graphically. (Data in Section 1.7.7b.)
It can be seen that the average B.D.E. increases as the formal
oxidation state of the metal decreases; one reason for this may be
the increased electron density in the lower oxidation states.26'27

In conclusion, although the choice of fluoride instead of
iodide as the halide will increase the Aﬂgub' and therefore
makeAﬂg (Eqe1+2.6) more positive, ;he'sum of the differences
in these terms will generally be less than the advantage gainéd from
the other terms in Aﬁ?é (Eqe1¢2.13) by using the fluoride,

SO that this is the halide of choice.

As fér as the metal is concerned, and the term metal here is
used to include some elements which are normally termed non-metéls,
considerable care must be taken before drawing any conclusions. Fot
example, the E, may apparently increasé the advantage gained by
using B(III) instead‘of;Al(III), (Fig.1.2.8) and it would also lead.
one to belie?é that W(V) is a better choice than both of these
becéuse_the estimated reorganisation energy for W(V)-> W(Vi) ié

only ca. 60 kJ mol™'; this conclusion would, hdwevér;'be‘éontrary
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to the evidence in Fig.1.2.8. In addition although the stability of

the anions:28

SbFg > PFg > SbClg
can be predicted simply on the basis of the D(Mt-X), the
comparative instability of BFZ vis-a-vis Sng seems to
Present an anomaly which can only be explained in terms of the
reorganisation energies and the electron affinities of the species
conéerned.

Lastly, the evidence in Fig.1.2.8 suggests that the lower
oxidation states of any metal might provide "better" anionogens than
the higher ones, but the estimated increase in E, for the higher
oxidation state(s) probably makes the choice of these more
favourable; for example WFg rather than WF, and SbFg father
than SbES. Thus, although the available data do not provide a
bPrecise basis for selecting a metal, there are adequate grounds for
trying for example: TaFg, WFg, AlFZ and MoFg.

In addition, the evidence‘presented here helps to explain some
experimental findings. |

There remain two terms in AH: (Eq«1.2.,6) which have

. o + ©
not been discussed: AHsol(R ) and AHSOl(MtX

n+1)

As far as is known, no data for these terms in any solvent

are available for those ions of interest. Nevertheless,

the work of Abrahaﬁ et al.® nas provided equations from which

these terms can be calculatéd. However, since the aim of this work is
to prédict’the position of the equilibrium in equation 1.2.6\f9r ‘
whiéh Adg ié‘required and since the entropy 6! sdivaticn is -

relatively large8 it is more useful to calculaterl

”Asgél(R+.Mtx;+1) and to use these results to calculate = =
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Aﬂg which then becomes a closer approximation to AGg .

(The full equations for CH,Cl, are given in Section 1.7.11)
As.will be seen, in the next section, the solution energies of
the ions (AG:51(R+,MtXE+1)) are the over-riding factor

in pushing equilibria, such as that in Eg.1.2.6, towards the ion

side.



Table 1.2.3.

Worked Examples of Calculation of'AHg (Ede14246)

System

CCl, + AlCl3
CH5;COC1 + AlCl,
CH,COF + WFg

t-BuF + MOF6

AHS/kI mol”!

o + -
+505 + AHSOI(R 'Mtxn+1)
+608 + " "
+712 + " "
+5.3
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1.2,5: The alkyl halide + mstal halide B.I.E.: Conclusion.

The calculated solution energies of the ions are included
only for tBuF + MoFg, Table 1.2.3, to emphasise the
importance of these terms. In general the advantage gained for
AHg'by changing the metal halide in terms of the solution
energy of the ion is less than the errors involved in the rest of
the terms in equations 1.2.12 and +13. As has been demonstrated
earlier in this section, the smaller the ion, the greater the

&
solution energy. The importance of AGSOl

(RY,Mtx7 1) is
further emphasised by comparing the data presented so far
with the overall equilibrium constants that have been measured.
(See Section'1.7.1)
In Table 1.,2.3 four worked examples are given for Aﬂg
(Ege1.2.6)s The error in AHZ'is the sum of the errors in
the individual terms discussed above and is therefore in excess of
100 kJ mo].'1 even where all the terms required are known.
The consequent uncertainty in, Kg,'(Eq.1.2.6) is
correspondingly large and the value of Kg'therefore meaningless.
In addition the situation which has been considered here is, of
course, a simplification. It is well documented that metal halides

can take paft in a self-ionisation reaction?®

' thaﬁ is, a B.I.E.v
in&olving only the metal halide. The’Born-Haber‘cycle for such an
equilibrium'is given in Scheme 1.2.5. There is also a 1:2
equilibrium associated with the organic halide3°’3’ and'a
molecular aggregate = single molecule equilibrium associated with
the metal halide. Thus; a solution of a carbocation séli is more
closely described by the series of linked equilibria summarised in

Scheme 1.2.6. However, for those systems where measurements have
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Scheme 14245,
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been made25

and from a consideration of the data presented in this
chapter it can be seen that Kg, (Eq.1.2.6) is so much

larger than any of the other equilibrium constants involved, that
consideratién of the system can validly be restricted to the simple
system described so far. However, it should be recognised that to

some extent the relative magnitudes of the equilibrium constants in

Scheme 1.2.6 do depend on the nature of the solvent.
Sceme 142.6.

A - +
B(MEXD L4 + MEX]_4)

A

6 e + -

LIRN

]
FMex )

Despite the errors invoved and the simplifications that have
been made, it is intetesting to note, indeed this is a powerful
corroboration of the method, that the result for AH?(t-BuF+MoF5),
Table 1.2.3. is of the same magnitude as the experimental values

available in the literature. (See Section 1.7.1)



Scheme 1.2.7.

RYC-CH, (g) + R (g)
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%D‘C’C) - I(R") =D{C-C) + I(RéC;C-R) +AH:61(RéC+*CH2~R)
qu102025
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1¢2.6: The initiation reaction.

It has been shown that by consideration of the Born-Haber cycle
for the B.I.E. (@q.1.2.6) valuable quidelines may be drawn as
to which salts might prove promising initiators but in order that
~an initiator will initiate the polymerisation of the chosen monomer
AG24, under the reaction conditions, must be negative. As a

guide to AG,, we use, as usual, the AG?A.

P, + R" + MEx~ ., L4 R-P] + M, Eq.1.2.24
where: P, is the monomer molecuie.

Before discussing the thermodyhamics of equation 1.2.24 it is
worth emphasising that the arguments presented here are about
equilibrium constants and are not cqncerned with the kinetics of the
systems. The latter would require information about the bond
strengths in the activated complexes of the reactions and are thus
beyond the scope of this work. However, for reactions between
molecules and éations in solution it is generally found that if AG is
negative, the reaction’proceeds at a reasonable rate.

In equation 1.2.24 Mtxg+1 appears on both sides, so
that the Born-Haber cycle for the process, Scheme 1.2.7, can be
considered, in the first instance, without reference tb this moiety. A
more detailed enquiry'might take intq account energetic differences
arising from differences in the extent of ion-pairing for the
initiator and the polymer, especially in solvénts of low poiarity.

It is interesting to examine the cycle‘fdr the trityl and dityl
cations as initiating salts for isobutylene and to offer a’
theoretical explanation of thefexperimentalffact (See Section 1.4)1

that trityl salts do not initiate isobutylene polymerisation but



Table 1.2.5

Calculation of AH;& from Scheme 1427,

Where RéC=CH2 = jsobutylene.

Rt I(R") D(R'-tBu)  I(R'-tBu')  AHS,/kJ mol™’
+ +
$,C 658 191 669 +37 +AMZ 1 (R)
+ © +
¢,c"H 706 223 669 =45 +AAHZ 1 (R7)

D(C=C) for isobutylene = 217.6 kJ mol™"
It has been assumed that I(R.) of the initiator-isobutylene

adduct is the same as that for t—C4H8..



dityl salts do. Table '‘1.2.5 shows the relevant data. The solution
energy terms have been omitéed since on the basis of a "tumbling"
radius these two ions are of the same size, but sigce the trityl ion
has a propellor rather than a planar structure agd also has a more
diffuse charge than the dié&l ion, it is probable that the
Asgbl(trityl) is smaller than Angl(dityl).

Further, it is difficult to know what value to use for the icnic
size of the isobutylene adducts of the two ions,but it is probable,
on the grounds that the charge is more concentrated and the
effective ionic size smaller, that the AG:Bl(adducts) will
be greater than the AGg;l(trityl) or AGgél(dityl).

Thus, although no absolute value of the difference in the

solution enthalpies (AAﬂgbfus included in Table 1.2.5,

it is possible to infer that the difference in AHSE for

trityl and dityl aaditions to isbutylene is smaller, and that both
values are probabI§/iess positive, than those shown.

Despite these limitations the results in Table 1.2.5 predict
correctly that dityl salts will initiate the polymerisation of
isobutylene but that trityl salts will not, provided that under the
reaction conditions AH,, has the same sign ‘as Aﬂga and
that the AHSOI(R+) and the TAS terms are such that the AG,, have the
same sign as the corresponding Aﬁga, all of which seems to
be probable.

For any given monomer the terms in Scheme 1.2.7 which show the
greatest variation are I(R") for the initiator and the B.D.E.
for the initiator monomer bond. The minimum required value of I(R'),“
such that the corresponding RY will add exergonically to any
given olefin, can be estimated in many instances because I(R'ﬁ'
~and D(Réé.c-R) usually vary symbatically. Froﬁ the

available data we can estimate thié limiiihg I(R.) for =
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isobutylene as ca.690 kJ mol". For styrene the limiting I(R.’
is probably closer to 660 kJ mol~7,

On the basis of this argument it is probable that the tris-p-
halogen substituted trityl salts may prove promising initiators for
the polymerisation of isobutylene since their ionisation potentials
probably exceed 690 kJ,mol'1,32 and the p-substitution would
inhibit the back~biting reactions which lead to instability for

both trityl and dityl salts.>33




28

142.7: Conclusion.

The discussion presented here demonstrates that the selection
of a carbocation salt initiator is not straightforward. It involves
reconciling the constraints imposed by the desire for maximum
solubility and maximum extent of ionization and by the method of
preparation. Many of these constraints are not compatible. Above
all, the practical stability of the salt has to be considered, and
its reactivity with respect to the monomer under study imposes
further restrictions,

Thus, only by considering the thermodynamics of the various
aspects of the salt initiator and the initiation reaction, albeit
naively, a systematic approach to the choice of novel carbocation
salt initiators can be made.

.

1+2.8: Postscript.

All the data used in the foregoing discussion can be Found in
Sections 1.7.1=11. In addition to the numerical data presented in
the more manageable,‘graphical form;’cther'data available haVe'been
includeqd, (with the reference source) partly because such data were
also used in drawing the overall conclusions and partly because the
collection of such data, which it is hoped will be useful to other
students of’this,topic,'is extremely time consuming. NO‘attempt'is/‘
made to comment on the validity of the individual numbers and for an
assessment of this the sources should be consulted. Neither should
the data given here be considered to exhaust the 1iterature,_,i RS
‘ although every effort was made to find as many data for all tﬁe

e‘energy terms in the Born-Haber cycle as time allowed.;"




1.3: Materials and experimental method.

1.3.1: Materials.

Silver hexafluorophosphate and silver hexafluorcantimonate.
(Fluorochem Ltd.) These compounds were used as supplied. They were
dried by continuous pumping in vacuo for 24 h. before use. Only
white, or very pale yellow, free flowing powders were used for the
preparation of carbocation salts.

Ferric chloride., (Hopkins and Williams.) The anhydrous compound
was put into the apparatus shown in Fige.1.3.1 and vacuum sublimed
into phials (See Chapter 7.). After sublimation the fine, black
platelets had a bright metallic lustre.

Niobium pentachloride. (Fluka. A;G. puriss.) The white, free
flowing powder was rapidly transferred to the apparatﬁs shown in
Fig.1¢3.1. and after drying in vacuo, by continuous pumping for 16 h,
was vacuum sublimed into phials ready for use.

Aluminium chloride. (B.D.H. Ltd.) The grey powder was sublimed
three times in vacuo in the apparatus shown in Fig.1.3.2. The
procedure was as follows: The chloride was put into flask 1 via the
ground glass joint A which was then stoppered . The apparatus was
slowiy evacuated and the joint sealed:off at B. The apparatus was
then thoroughly evacuated and flamed. The two flasks were isolated'
from the vacuum pumps by sealing the restriction, C, and the
AlCl3 could then be sublimed from flask 1 to flask 2 without it:
travellinq into the main vacuum line, When most of tﬁeychloride had 
been transferred to fiésk 2, flask 1 w&s sealed off at D. The
break-seai was broken and after a short period of pumpiné thé

appa#atus was sealed off at E and the,AlCl3 was sublimed into £he,f,‘-;



Fig.1.3.1: Apparatus for vacuum sublimation of FeCla

and Nbcls.

Fige1.3.2: Apparatus for vacuum sublimation of A1C13.
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Table 1.3.1.

The Conductivity Changes During the Purification of Dichloromethane.

T = 298 X
Conductivity/ S cm™! Purification Stage.
1.28 x 10~ After vac. dist®, from CaH,.
1.97 x 1078 After subsequent dist®. from Na.
1,01 x 1078 After dist®, from 2”9 Na mirror.
1.80 x 1072 After dist®, from AlCl, and

subsequent distl, from fresh Na.



phials. NOTE that unless precautions are taken the AlCl3 will
travel into the main vacuum line which is then very difficult to
clean.

Dichloromethane. (Fisons Ltd.) This solvent was initially
purified as described by Grattan34 but after vacuum distillation
onto the first sodium mirror it was distilled onto freshly sublimed
AlCl3 before being stored over a fresh sodium mirror. This
procedure was adopted for two reasons. Firstly, it was shown that
this procedure ensured that for the preparation of
CH3CH2CO+Sng, provided that the method described in
Section 1.3.2 was carried out precisely, no discolouration of the
product occurred, and secondly because it was shown that this extra
purification stage caused a significant reduction in :he
conductivity. (Table 1.3.1)

Hexane.(B.D+,H.Ltd.) This solvent was purified as’vdescribed,35
after which it was distilled from CaH, and then transferred to the
vacuum line where it was stored over CaH,. It was freshly distilled
in vacuo before use.

- Isobutylene. (Esso,Fawley Refinery.Special Purity.) This was

34 1+ became opportune to test the

purified as described.
effectiveness of the materials available for shielding the
isobutylene reservoir. The test was done thus: About 10 ml of
isobutylene was put into a 100 ml pear-shaped flask under vacuumband
the flask sealed off from the line. The flask was then protected,
allowed to warm to room temperature and then struck with a briék.‘
This was done inside a brick enclosureibuilt for the purpose. A
lighted candle insidé the epclosure/gave an indication’of the fo:§é~
of the shock wave, and the efficiency of the shieldiné in cohtainiﬁg‘

the broken glass was visually determined. Table 1.3.2 shows the

materials tested and the results.



Table 1.3.2.

Results of Tests on Screening Materials for the Isobutylene Reservoir.

Screening‘ Efficiency of Containment of: Comment.

Material glass shock wave*

Al gauze (16 mesh) poor No The gauze shield
collapsed.

Stainless steel "Knitmesh"

9031/ss/Nat poor Yes Double thickness
of “stocking" used

9031/ss/0.25/Nat poor No and sealed with
wire staples.

Nylon "Polynet" good Yes Single thickness
only.

Insulating tape good Yes 12 vertical strips

on a 250 ml flask.

w
Yes = candle remained alight, No = candle extinguished.
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Although the tests were only qualitative they do show that
"Polynet" and black insulating tape are the best materials to use
for enclosing the isobutylene reservoir. An additional Per§pex screen
was placed around such flasks by the author to brotect the flasks
from being accidentally hit.

Propionyl chloride. (Koch Light Lab.Ltd.) This compound was
partially evacuated in the apparatus shown in Fig.1.3.3 and the
joint sealed off at A. The C,H,COCl was then degassed and
distilled into the phials. Trichloroacetyl chloride, (Fisons Ltd.)
p=chlorobenzoyl chloride (Aldrich Cem.Co.Ltd.) and
pentafluorobenzoyl chloride (Lancaster Synthesils) were all treated
in a similar way.

Diphenyi methyl chloride (dityl chloride), (XKodak/Eastman) was
dried with Na,sO, and then distilled under reduced pressure; it
gave a colourless liquid b.p. 441 X/20 mm Hg. (Lit.35 440 K/17 mm Hg.)
It was then distilled from CaCl2 into vacuum phials in an
apparatus similar to that in Fiq.1.3.3.

Triphenyl methyl chloride (trityl chloride), (B.D.H.Lpd.) was
recrystallised from hexane. m.p.384 K (Lit38, 384-6 K)

Trivhenyl methanol (trityl carbinol), (B.D.H.Ltd.)} was
recrystallised from cc14. m.p. 434 K (Lit.37 434-5 k).,

t-Butyl bromide, (Koch Light.puriss) was dried with Ca0 and then
distilled in vacuo onto CaBr, in an apparatus similar to tﬁat iﬁ
Figel1e¢3.3, It was freshly distilled into a vacuum phial befbre use.

Trifluorocacetyl chloride was prepared immediately before usé by
‘the reaction of CF,COOH (Eastman Org.Chem.) and C6H5C0c138
(Koch Light.puriss) in the apparatus‘shown'in Fig.1.3.6;. The
reagents were refluxed for 24‘h under nitrogen before ca. 50% of the
expected amount (referred to CF4COOH) of cﬁ3coc1 was collected

in the trap cooled with a dry‘ice/acetone’mixture.
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Fige1.3.3: Apparatus for preparing vacuum phials of organic

chlorides.,

Fige1.344: Ampoule for use with CGHSCOF, SbF5 and SOZ'

P
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Benzoyl fluoride. (Aldrich Chem.) 10 ml of this compound was
transferred rapidly from the bottle to an ampoule (Fig.1.3.4)
containing 0.2 g P,0ge The liquid was degassed by a freeze-punp=-
thaw technique and then vacuum distilled into a graduated ampoule.

Antimony pentafluoride. (Aldrich Chem.) A graduated ampoule
(Fige1¢3.4) was evacuated and the SbF5 was transferred rapidly
from the bottle to the ampoule by sucking the ligquid into the
ampoule. The liquid was then degassed by the freeze-pump-thaw
technique before use.

Sulphur dioxide (Polish supplier) was bubbled through
concentrated sulphuric acid and collected in a graduated ampoule

(Fige1.3.4) containig P,0g and cooled in liq. Noe.
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1¢3.2:Preparation of carbocation salts.
1¢3¢2.1: Introduction.

There are two reactions by which carbocation salts can be
prepared., A double decomposition reaction, (Ege.1.3.1) and a direct

combination reaction, (Ege1.3.2).,
AgtMEXT,, + RX —PAgTX~ + RYMEXT EQe1e3e1
n+1 g n+1 Qe lede

R+ MtX ——> R'Mtx7,, Eqe1e3.2
The double decompésition reaction was used initially by Sharp

and sheppard39 in 1957 ahd it has been used’many times by Oléh et
al. in the last decade.(e.g. ref. 40a’and b.)‘The major difference
between the techniques of these two groups and our work is that most
of-the pfépatatiéhs deécribed in this thesis were carried out
entirelv ih vacuo, since the éxclusién of impurities, and
particularly oxygen, is of paramoﬁhﬁ importance. The tecﬁniques'of
Olah et al.492 yere tried on two occasions to prepare
C2H5C0+Sng but the resulting salt was pale yellow and
was therefore diécérded. Thrée vacuum techniques have‘been used by
‘the aﬁthér in.attempts‘td prepare a‘numbér of salté by thé dbuble
decompositioh reaétion, these Qill be bailéd: 1A, 1B and 1C.

| The direct combinatioﬁ reaction, ﬁethod 2;‘haévaléo been used

with considerable success by Olah et al,40b

to prepare solid salts
and salt solutions in strong acid media. Two attempts were made - by
the author to prepare solutions of salts by direct combination with

CH,Cl, as the solvent,without success. However, in Poland the
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author was introduced to the much more successful method developed
in Bodz for the preparation of C6H5C0+Sng. This will
be described here since it has not been described in detail

elsewhere (See Section 1.3.2.6.).

1¢342.2: Method 1A.

This method, which is fully described by Westermann41, was
used successfully for the preparation of (C6H5)3C+Sng (I) from
(C6H5)3CC1 and AngF6. This gethod should be useful for
preparing any salt which has a solubility greater than
ca, 0.1 mol 1'1 in CH2C12 and also when excess of organic
chloride during the preparation of the salt does not lead to
any undesirable side-reactions, This method was also tried for the
preparation of (CgHg),HC (II), C4FCOY (III) and
CC13CO+(IV) Sng without success. The solutions of II
prepared in this way were not stable, as indicated by the
rapid development of a deep brown colour and later a black
precipitate, When this method’was used for the preparation of III
no AgCl precipitated and the resulting solution in CH,Cl, was
pale red. On freezing, the solution became a white solid but the r'
colour returned wheh the solid melted. When the préparation of IV .
was attempted by this method , no precipitation of AgCl occurred
despite a three-fold excess of the acid chloride . The soluﬁion df
acid chloride and silver salt in CH,Cl, was colourless, and

remalned so for several weeks.



Fig.1.3.5: Apparatus for method 1B,
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1¢3.2.3: Method 1B.

For the preparation of II a modification o% method 1A was
attempted to test whether the instability of the salt solution
resulted from the initial presence of excess (CgHg),HCCl. The
apparatus, shown in Fig.1.3.5, was sealed onto the vacuum line and
evacuated for 8 h, during which time it was frequently flamed with
a large "brush" flame. The phial of silver salt (5.0 x 1073 mole)
was then broken, ca. 20 ml of CH2C12 distilled into A and the
apparatus removed from the vacuum line by sealing off at B. The phial
of (C6H5)2HCC1 (4.0 x 10'3 mole) was then broken and, by
cooling the saturated silver salt solution ,the (CgHg),HCCI
slowly distilled into A. At this stage the solution in A became
bfight orange and much white AgCl was precipitated. Finally, a small
amount of CH,Cl, was distilled into C and washed back into A to
ensure that all the chloride had been transferred from C into A, The
solution was then filtered through the two glass sinters into
vacuum phials. Although ihe initial solution was bright and gave the

expected U.V, spectrum42

after two days in the refrigerator at

ca. 276 X the solutions became cloudy and slowly became’dark brown.
This method was aiso tried for the preparation of

p-ClC6H4CO+Sng,(V) but the pale buff coloured soluﬁion

produced obviously contained AgCl sihce very little precipitation

occurred, The solution became, progressively: brown, green and finally

black, at which stage a black precipitate also formed.



Fig.

143.6: Apparatus for method 1C,

the Nuyken apparatus.
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1¢3+.244: Method 1C.

This method, originally devised by Nuyken43 and later

described by Kipnich,16 is especially useful for the preparation

of relatively insoluble salts and when an excess of organic chloride
causes the salt solutions to be unstable . The apparatus, which was
used successfully to prepare CH2C12 solutions of

C,H;CO'PF; (VI) and SbFg (VII), is shown in Fig.1.3.6.

The inclusion of the "pumping bypass" over the break-seals

(b/s) between the collection flasks allows all three collection
flaéks to be sealed onto the apparatus from the start and eliminates
the more complicated and difficult to operate arrangement described
by Kipnich.16 A more radical modification to the apparatus was made
for the preparation of CF3CO+Sng (VIII). The modification

ensured that the very volatile acid chloride dissolvéd rapidly in
the reaction mixture.(Fige1.3.7 and .8)

The method for both apparatuses was essentially that already
described16 but several points are worth noting: Firstly, it is
important to make sure that as the acid chloride distills into the
reaction mixture it does not form regions of local excess. If this
happens rapid colour development occurs. Secondly, the tempegature of
the reaction mixture must be kept below 273 K at all times. if the
temperature rises above this, the sblutiqn becomes coloured, Lastly,
if the solution becomes coloured it is best to abandon the
experiment since the colour inevitably becomes deeper with time,

The saturated salt sélutions, prepafed by this methbd Wéfe
@istributed into foﬁr ampoules in the appa;atus shown ih Fige1e3.9.
Thevampoules were painted black and‘stored in a‘cupboard at

ambient temperature. For use in the polymerisation tests



Table 1.3.3.
Summary of Carbocation Salt Preparations

by the Double Decomposition Reaction.

- Salt Formula Method  Stable” Silver®
s 1 Ph3c+Sng 1A + -
; 11 PhyHCYsBF; 1A&1B - -
| III CgFCO SbFE 1A - +
ijf ‘ IV cclcotsbry 1A&1C - +
;? V. p-ClC H,CO'SbF; 1B - +
3; VI CH,CH,CO'PF 1c + -
,? VII CH,CH,CO'SbFg 1c + -
4 VIII CF,co*SbFg 1c - +
IX  (CHy)4CTSbFg 1c - ?

* Stable; + = solution did not develop inexplicable colours
and gave a salt concentration which did not vary with time
when analysed by U.V. with trityl carbinol.

§ ¥ silver; + = solution contained measurable amounts of Ag'.
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(Section 1.3.5) and other experiments needing only 1-2 ml of solution,
the contents of the ampoules were distributed into smaller vacuum phials
by using a tipping device.%4
Despite the abundant precipitation of Agci during the
preparation, solutions of VIII were shown polarographically (See
Section 1.3.7) to contain significant amounts of silver. In
addition, after several days the solutions of (VIII) became dark
purple. The preparation of (CH3)3C+Sng (IX) by this
method was also attempted. The reaction mixture became dark brown
even befofe all the t«BuBr had been distilled in. Only one attempt
was made at this preparation.

A summary of the salts which we tried to make by double

deéomposition is given in Table 1.3.3.



Fig- 103073 A i
pparatus for pregarlngCF3co+Sng.
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Fig«1+3.8: Sketch to show details of Fig.1.3.7.
The(F,COCL is bubbled into the salt solution
via tube A from the cold trxap B where it is

collected after preparation.






Fige1.3.9: "Division device"; for dividing large volumes of salt

solutions ready for use with a tipping device,
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During the course of the work aimed at preparing stable salt
solutions in CH2C12 three attempts were made to prepare salts by
direct combination.(Eg.1.3.2) |

The first attempt was the preparation of
p=C1C4H,CO'FeCl]. FeCly (0.01 mole) and p-ClC4H,COCL
(2% excess) were combined in wvacuo in CH2C12 (20 ml). The
resulting solution was initially pale green but became progressively
darker. After 1 h the solution was evaporated until only ca. 5.0 ml
remained and a green/brown solid was precipitated. The remaining
liquid was then filtered off, which removed any excess of chloride,
and a fresh volume of CH,Cl, was added to yield a deep emerald
green solution. This solution was not stable: it became progressively
darker until after two days it was almost black despite being stored
in the freezing compartment of a refrigerator (T = 269 K} and the
concentration of cations, as measured by the U.V. analysis described
in Section 1.3.3, dropped considerably during this time.

Attempts were also made to prepare a solution of

6
carried out in a conductivity cell similar to that described by

p—ClC6H4CO+NbC1 by direct combination. The reaction was

Grattan34 in the hope that the conductvity would provide
information about the extent of rgaction. However, Nbcl5

is almost insoluble in CH2c12 and dissolves very slowly. Thus,
after breaking a phial of NbClg into CH,Cl, the conducfivity
increased almost 1ineatly for about 24 h and then became ccnstént
before all the added chloride had dissolved. At this stage theracid
chlbride was added, with the only result thaﬁ the conductivity‘ |

decreased slightly and then remained constant for several days. The
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addition of the acid chloride did not apparently increase the

solubility of NbClg. It was then decided to abandon this experiment.
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1¢3424.6: Preparation of C6H5CO+Sng.(Work done in the

P,A.N. laboratory in kodz,Poland.)

The apparatus for the direct combination of CgHgCOF and
SbFg is shown in Fig.1.3.10. The procedure was as follows: The
apparatus was attached to the vacuum line via joint A and evacuated
with taps 2 and 3 closed. An ampoule containg SO, (See Fige1s3.4.)
.was attached to the joint B, tap 1 was closed and tap 3 opened to
evacuate the space between tap 3 and the tap on the ampoule., Tap 3
was closed, tap 2 and that on the ampoule were opened and ca. 10 ml
of 502 was distilled into C by cooling the tube C in liq. Nz.
Tap 2 and that on the ampoule were closed and the procedure was
repeated twice more. Once to distil 1.2 ml of CgHgCOF into C and
once to distil 0.7 ml of SbF5 in. The solution was then kept at
240 X for 30 min to allow equilibrium to be attained. About 8.0 ml
of the 802 was then distilled out of the apparatus via tap 1 into
a residue flask and ca. 50 ml of Freon 113 was distilled into C. The
salt precipitated immediately as fine white crystals. Tap 1 was
closed and the apparatus removed from the vacuum line, turned upside‘
down and reattached at joint B A 100 ml flask was attached to the
apparatus at joint A, evacuated via tap 3, and the Freon 113 pulied
into this flask via tap 1 by gentle cooling, so leaving the salt in
C+ The salt was then washed with two fresh volumes of Freon 113, the
procedure being the same as for the first volume. After this the |
salt was dried in vacuo by continuous pumping for 4 h before being
distributed into vacuum phials. (See Chapter 6.) The yield of salt
was ca. 80%, referred to CGHSCOF. No apalysis wag done on: the
salt since this had'already been done in the kodz laboratéry, but

the white crystals in the vacuum phials showed no signs of
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deteriorating after 6 weeks in the refrigerator.(T = ca. 278 K) It
was stated by other workers in Rodz that CH2C12 can also be

used to precipitate and wash the salt.,



Fig.1.3.10: Apparatus used in ®odz to prepare C6H5CO+sté’







1.3.3: Analysis of salt solutions.
1¢3.3+1: U.V. analysis of salt concentration.

For each batch of phials made by means of the tipping device,
one phial was analysed by the method described by Kingston.44 In
addition,‘for several experiments (C635)3cc1 was used as well
as (C6H5)3COH with no significant difference between the two

results for the desired salt concentration.
1.3.3.2: Analysis for Ag® and c17.

For each preparation one phial of salt solution was broken into
a small flask and the solution divided into two., To one part of the
solution a few drops of AgNO; in 95% ethanol were adéed. Lack of
any precipitate was taken to indicate that no chloride was present.

To the other part of the solution a few drops of dilute HNO4
and C,HgOH were added. The mixture was warmed and filtered. Then
a few drops of aqueous NaCl were added to the filtrate. No
precipitate formation was taken to indicate that no silver was
present in the solution. (The results of these tests on the various
salts are shown in Table 1.3.3.)

In addition, phials of CH2012 solutions of II (ptepared
by method 1A), VII, VIII and IX were analysed by |
polarography.45 For this experiment the phial storing and breaking
apparatus shown in Fig.1.3.11 was used. |

Only the solution of IX gaveva polarographic wave indicative‘
of silver in the solﬁtion and only the solution of II gave a wavej

for the carbocation.(Eis +0.39V vs the S.C¢E.)



Figel.3.11: Phial storing and breaking apparatus for use with the

vacuum polarography cell.
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1¢3¢3.3: Analysis by G.L.C..

Lastly, the solutions of the two C2H5CO+ solts prepared
by the method 1C were analysed by gas chromatography in the
following way: A phial of the salt solution was broken intc a small
flask and a few drops of water were added to the solution. After
shaking the mixture it was flitered through a filter paper
previously moistened with CH2C12. The filtrate was evaporated to
approximately one tenth its volume and a sample injected into a gas
chromatograph. The resulting trace indicated that only CH,Cl,

and C2H5COOH were present.
1¢3¢4: Unexplained phenomena.

Before concluding this section it is worth recofding two rather
strange and unexplained phenomena observed during the course of the
kinetic study of acenaphthylene4polymerisation by carbocation salt
initiators,

It was noticed that on breaking a phial of CZH5C0+Sng
in CH,Cl, into C6H5NO2 a slight increase in temperature
was observed. A similar effect was noted when breaking a phial of
AngFG {(in C6H5NO ) into C6H5N02. The latter effect - |
was measured twice in the new calorimeter (See Chaptér 4.)
when the AH was foond to be ca. 2.1 x 10° kJ mo1~]
referred to the AgSbFg. (A ﬁighly exothermic reaction Was
~also observed by Mathios50 when HC104'was’added to ¢2H5N02,)o ‘

Since the addition of salt solution to C6H5N02 was always
followed by addition of monomer, the solutions, at the end of the’ﬂ :

"; polymerisations, were deemed too “difficult” to be‘analysed with'a1*~‘f
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view to elucidating the origin of the initial exotherm. Thus, no
explanation is offered for these phenomena but they must

certainly be due to some catalytic effect of the salts.
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1¢3.5: Conclusion.

From the results of the methods of prepar;tion for carbocation
salts described in Section 1.3.2 it should be apparent, and this is
the view held by the author, that of all the methods tried the
easiest and quickest technique is that developed in kodz for the
preparation of C6H500+SbF6. It remains to be seen whether
the technique can be applied generally.

In retrospect, it is clear that the presence of silver in the
salt solutions is not only undesirable, from the point of view of a
clean polymerisation system, but it is probably a contributing factor
in the instability of the salt solutions. The direct combination
reactioﬁ eliminates the possibility of residual silver in the salt

solutione.



Table 1.4.1.
A Summary of the Polymerisation Tests.

T = 190 K

Ssalt Formula Polymer yield (in % referred to initial
. welght of isobutylene.)

Oligomers Precipitated Polymer Total
I Ph,CsbFy 0 0 0
II  Ph,HC'SbFg 0-5 90 90-95
III CgHgCO'SbFg 10 70 80
Vv  p=ClCH,CO"SbF; 20 50 70
VI  CH4CH,CO'PFg 30-40 20=30 50-60

VII CH3CH2co+Sng 30-40 20-30 50-60
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1.4: Polymerisation tests.

Since the initial aim of the work was to sgudy the
polymeri;ation of isobutylene with carbeocation salt initiators most
of the salts prepared in this work were tested with this reaction.

The apparatus used for such tests is shown in Fig.l.4.1. The
procedure was as follows: The phial of salt solution was placed in
the side arm of the apparatus, the apparatus was fused to the
vacuum line and thoroughly evacuated and flamed for several hours.
Isobutylene (1.0 ml) and CH,Cl, (20 ml) were distilled intd the
apparatus which was then sealed off from the vacuum line. Then,
having tipped the initiator phial into the isobutylene solution, the
central tube was immersed in a cold bath for ca. 10 min (T = 190 K)
. after which time the initiator phial was broken, the contents mixed
with the bulk solution and the tube replaced in the cold bath for a
further 10 min. The reactlon was stopped by opening the apparatus
and pouring the contents into ca. 100 ml of methylated spirits. Any
precipitated polymer was then filtered off and the remaining solution
was analysed by G.L.C. for low oligomers and residual isobutylene.
The solution was then evaporated to recover the low oligomers. A
summary of the :esults obtained is given in Table 1.4.1,

In addition to the information presented in Table 1.4.1 it
was noted that salts VI and VII d4id not produce a rapid
polymerisation of isobutylene. For the other four salts, since only
I.was-stablé enoughbto allow avconcentratibﬁianalysis, there‘was o
little point in anélysing the polymers‘produced and the bnly
conclusion that can be drawn is that except fqr,I all these salts
do polymerisé isgbutylene. |

Since VI and VII could be prepared as stable solutions in -
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CH,Cl, it seemed worthwhile to try to elucidate why they did not
produce a rapid and complete polymerisation of isobutylene.

A further test experiment was carried out with each of these
salts using 50 ml of salt solution and 1.0 ml éca. 0.7 g) of
isobutylene at 190 X, under vacuum. Both reactions were terminated
with methylated spirits and the solution evaporated yielding
0.4 g of a colourless oil. The I.R. analysis of these oils showed no

-1

absorption between 1600 and 1800 cm ', but they did have strong

absorption maxima at 1110 cm'1. The inference that the oils
contained no carbonyl groups was corroborated by our failure to
prepare a 2,4-DNP derivative from them. In addition, G.L.C.
suggested that up to 10% of the oils consisted of molecules made up
of 3,4 or 5 units of isobutylene. Although an attempt was made to
identify these compounds by G.C./Mass Spec. the low resolution of
the readily available machine meant that identification was not
conclusive. It should be noted that isobutylene and C2H5C0+
vhave molecular weights of 56 and 57 respectively. At this stage it
was decided to abandon further analysis of this system but it is
interesting to speculate on a possible explanation for the above
results.

After addition of two units of isobutylene to C2H5CO+,

ion X would be produced which could cyclise as shown in Eq.1.4.1

to produce ion XI.

é CHy
| CH
Q CH T
CHCH &Cng—}- gH CCHEHC C(CH3 Eqe1ede
(xy - (XI) .

Ion XI is significantly less reactive than X with respect to
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_ electrophilic attack on the monomer, and its likely neutralistion
products contain no carbonyl group. Several reactions can be
envisaged by which ion XI might be neutralised, but without
additional evidence that this type of cyclic ion.is present in the

system, further speculation would be futile.



Fig.1.4.1: Apparatus for polymerisation tests on carbocation salts

with isobutylene.
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1.5: Summary.

In this chapter a theoretical approach to the understanding of
a relationship between molecular structure and the desirable
properties of an ideal cationic initiator have been elucidated.
Thus, the choice of an initiator for a kinetic study of an olefinic
monomer can now be made systematically, provided that the necessary
thermodynamic data are available.

In addition, the study of several methods of preparation for
stable carbocation salts has been described and it is suggested that
the direct combination of an organic halide’and a metal halide is the
moét convenient method.

Our results show that, even if the initiation reaction of the
polymerisation is thermodjnamically possible, comp;icatiogs may
arise during the early staées of the propagation réactione (For
example with the C2H5C0+ salt initiation.) In addition, the
testing‘af (C6H5)2HC+,salts as initiators has allowed the -
practical corroboration of the thermodynamic approach to the
yiniﬁiatién reaction. 

‘The difficulties that were encountered by the author in the
preparation of salt solutions have thus led‘to th§ Qo:k in thié
chapter which provides a basic understanding‘of a‘theoretical aﬁd |
practical Approach to cationic oléfin poiymerisations initiatéd‘by

stable carbocation salts.




1.6: Suggestions for further work.

If the time available had allowed it, the author would have
attempted the preparation of (p—ClC6H4)3C+Sng by the
direct combination method or by method 1A. This salt should be a
useful initiator for a kinetic study of the polymerisation of
isobutylene and thus the initial aim of the work could have been
achieved.

During the course of the'work described in this chapter it
became apparent that the whole field of B.I.E. of the organic halide
+ metal halide systems is very poorly studied and fundamental work
on these systems is necessary for a ¢omplete undérstandiné of
catignic polyme:isations involving comélex metal halide an;ons.

'In'addition,'seVeral gaps in the thermodynamic data with
reference to these systems'have been exposed., Particularly, the
termé‘relating'td the addition of a halide ion to a metal halide and
a number §ffi§niz§tion potentials‘for halogen substituted organic

halides.
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1e7¢1: Equilibrium data for alkyl halide + metal halide systems.

K .
N K, o
RX + MtXn === R MtXn+1 == R + Mtxn+1
System Solvent K /1 mol™? Kp/mol 1~ AH?VRJ mol™! AS /J mo1™! k!
$5CC1+HgCL, CHNO, 1.5x10%  1.3x107®  o0.84 -50.1
, -4
$3CCL+HgCL, CoH,Cl, 0.43 1.3%10
$yCF+ASF CH,CL, 1.9x107% 9.2 -105.0
CF+SbF, CH,C1 2,4x107%  -9,2 -103.0
3 5 261
$,CC1+SbCl CH.,CL 1.85%10"%  =3,4 -83.7
3 5 2€1s
$;CC1+SbClg CH,C1, 3.1x1074 -8.4 9640
CH,COF+SbFyg c52c1é 1.2x1074 “2.6 “84.6
, -4
¢3CBr+SnBr4v C,HgBr 8.6 1.6x10

AGZ/%3 mol”!
(P-C1)$,CCL+HGCL, CHNO, 4.9x102  1.3x107¢ 4.2
(p-Me)$,CCLHHGCL, CHNO, 2.1x10%  3.9x107% 1.7

al -6
(p-C14) ,CCl+HgCl, CH3NO, 3.0x10 8.0x10 4.9

Reférences.
1. J.W.Bayles, A.G.Evans & J.R.Jones, J.Chem.Soc., 1955, 206.
2. S.S.Bos &F.E.Treloar,'Austral.J.Chem., 1978,“31, 2445. o

3. W Gogolczyk, S.Stomkowsky & S.Penczek, Je Chem.Soc., Perkin II,
1977, 1729., ; ;

4, N. Kalfoglou & M. Szwarc, Je Phys.Chem., 1968, J2, 2233.‘

S5« P.M.Bowyer, A.Ledwith and D.C. Sherrington, J.Chem.Soc. B. 1971,
1511., : : ,

Ge S.Kipnich, PheDs Thesis, Technische Universitét, Muhcheﬁ;;‘1978.
T FoFairbrOther & B.Wright, JeChem«S0Cs, 1949, 1058--

‘8. J.W.Bayles, A.G.Evans & J.R.Jones, J.Chem.Soc., 1957, 1020.
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1.7.2: Equilibrium data for the ionization and dissociation of

alkyl

RX

System

(C6H5)3CC1

(CgHg) 5CCl

(C6H5)3CBr

halides.

K -
-—£> R+ + X

Solvent

MeNO2

m-cresol

m=cresol

(p—MeC6H4)3CCl MeNO,

nt, s

T/K

289
291
291

289

(p=MeCgH,),CCl CH,CICH,Cl 293

(p-MeC6H4)2 ccl "

(p-Me06H4) 2CCl "

References:

1. A.Bentley, A.G.Evans & J.Halpern,

2. A.G.Evans,

3. A.Bentley, A.G.Evans, J.Chem.SoC.,

4. A.G.Evans,

I.H.McEwan,

‘A-Pri

293

293

K;/ AHY/ s/ Ref.

mol 1™ kJ mol~! I mo1”! k™!

4.4x107% 9,83 -30.5 1
0.56 -12.6 -48.1 2
2.12 -10.4 -28.9 2

1.7x10"1 -2.72 -23.9 .3

3.3x107% 4

2.7x107% 4

3.3:4:10"5 4

Trans.Faraday Soc., 1951, 47, 711.

A.Price & J.H.Thomas, J.Chem.Soc., 1955, 3098,

952, 3468,

ce & J.HeThomas, Trans.Faraday Soc., 1956, 52, 332,
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1+7.3: Reorganisation energies*. (E,./ kJ mol™ )

Metal/Halide F Ccl Br I

B 202.,0 126.7 109.6
Al 132.2 116.7 7842

2

* The earlier data of Eley & Watts® have not been

included. All the figures are taken from Cotton & Leto.1

References.,
1) F.A.Cotton & J.R.lLeto, J.Chem.Phys., 1959, 22, 993,

2) DeDsEley & H.Watts, J.Chem.Soc., 1954, 1319,
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1s7.4a: Gas phase halide affinities for metal halides.

Ref.
- - -1
WFg + F ——> WFg jAg= = =447 kJ mol 1
BFy + F -———> BF , ;Ag= = =259 kJ mol 4
- 2=

oMex| o+ 2T ——>Mex2T, eA,-

MEX X ~Ayy=/kJ mol™} Ref.

Wel,  cl 176 2

WBr, Br -50 2

Ticl, Cl 76 3

sncl, Cl 192 3

NbCl, €1 171 3

Tacl, cl 222 3

MoCl, Cl 163 3

147.4b: Electron Affinities of metal halides (E,/ kJ mol™')

Ref.’
’BF4(g) t e (g)~——~aBF4(g) v E% = «391 4
WFg(g) + e (g)———~>WF6(g) 8 ﬁa = -502 5.
' wcle(q5 4' 2e” (g)—-—-—vwcl6 (g) E,, = =498 2
WBrs(gf + 2e” (g)-——-—-»WBr6 (g) .E2a1= —456 ' 2'

References.
1) J. Burgess & R.D Peacock, J.Fluorine Chem., 1977, 10.

i 2) J. Burgess, S. J.Cartwright, I Haigh,R.D. Peacock, P.Taylor, e
He D B.Jenkins & K. E Pratt, J Chem.Soc., Dalton, 1979, 1143.‘,'

- 4) F.A.Cotton & J R.Leto, J Chem.Phys., 1959 30(4), 993.

3) H.DJB. Jenkins & K.E. Pratt, Adv.Inorg.Chem.Radiochem., 1978, 22,'1.>
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1.7.5: Ionization potentials of some organic radicals./eV

R’ I(R) Ref.
X
X= @-CH 2
m=CN 8.58 1
m--NO2 8.56 1
p~CN 8.36 1
m-Cl 7.95 1
p-F 7.78 1
m~F 7.76 1
m-CH3 7.65 1
p*CH3‘ 7.46 1
p=iPr 7.42 1
p-CH;0 6,82 1
References:

1.
2,
3.

4.

5.

6.

(CH4) 5C
Ccl3
CF4
CH,Cl
CH,F

CH3C0

I(R)
6.82
7.32

7.73

9.95
9.32
9.35

10.3

Ref.

A.G.Harrison, P.Kebarle, F.P.Lossing, J.Amer.Chem.Soc., 1961, 83, 777.

A.G.Harrison & F.P.Lossing, J.Amer.Chem.Soc.,

1960, 82, 1052,

FeA.Houle & J.I.Beauchamp, J.Amer.Chem,Soc.,1979, 101, 4067,

V.I.Vedenyev, L.V.Gurvich, V.N. Kondraty'ev, V.A.Medvedev &
Y.L.Frankevitch, Bond Energies, Ionization Potentials And Electron
Affinities. Edward Arnold. Londcn 1962. -

NeSe Hush & J.A.Pople, Trans. Faraday Soc., 1955, 51,;600.'

F.P.Lossing, P.Kebarle, J. B.De Sousa, Advan. Mass SPectroscopy, 1959,

431,
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1+7.6: Bond dissociation energies. D(R-X)/ kJ mol™ 7,

R=/X= F cl Br 1 H
CHy 455.8  351.3 296.5 234.2  439.9
C,H, 443.3  338.7 284.4 221.6  409.8
CH4C=0 497.7  338.7 280.2 209.1  359.7
cCly 426,6 305.3 230.0 401,5
CFy 543.7  359.7 292.7 225.8  443.3
CgHgC=0 307.8 238.52
CgHsCH, 284.5 213.4 167.4 347,33
(CgHg) ,CH 234,33
(CgHg) 5C 200.83
(CH3)5C 330.4 263.5 196,73
Micellaneous.

X= CH, C,Hg  nCaly CH,CeHs

CeHsCH,  265.7 240,58 2720 196.7

D((CqHg) 3C=C(CgHg)y) = 173.3%

nebe All data from reférence 1 unless sgecified,
References: |
1; Js A Ke?r, Chem.Rev., 1966, 66, 465.
,2; T.L.Cottrell, Strengths of Chemical Bonds, Butterworths,41954.
3. V.I, Vedenyev, L.V Gurvich, VN Kondraty ev, V.A.Medvedev &
Y.L.Frankevitch, Bond Energies, Ionization Potentials and

Electron Affinities, Edward Arnold, London, 1962._ 

4, I Preckel & P Selwood, J Amer.Chem.Soc., 1941,1§£, 3397.L.
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1.7.7a: Average bond dissociation energies. D(Mt-X) / kJ mc:l"'1

Mt /X
Sn(1IV)
Ta(V)
AI(III)
B(III)
P(V)
P(III)
Sb(V)
Sb(1I1)
As(III)
w(v)
W(vI)
Ti(IV)
Mo(VI)
Hg(II)

Fe(III)

References:

T

2.

3.

4,

5.

T L.Cottrell, The Strengths of Chemical Bonds, Butterworths, 1954.

GeHo Aylward & TeJeVe Findlay; s I.Chemical Data, J«Wiley & Sons,

London,

V.I.Vedeneyev, L.V.Gurvich, V

6042
4864
5812

4612

4643

5074
588°
4484
304"

390!

1974,

cl
319"
429°
308
3932
260°
326°
2534
314,74
2923
3564
349
427°
3144
3371

217!

Br ' I
266
362°
255%

3092

263° 1845

2423 1803
3284
292°

367°

2951 2501

1951 1441

.N.Kondrat'yev, V.A.Medvedev &

Y.L.Frankevitch, Bond Energies, Ionization Potentials and
Electron Affinities, Edward Arnold, 1966,

270-3,4,

F.A. Adedeji, K.J Cavell, Je A.Conner, A, Pilcher, H A. Skinner & R
M.H. Zafarani—Moattar, Sl : :

1968,

1978,

Selected Values of Chemical Thermodynamic Props., Ne. B.s¢ Tech.Note



1+7.,7b: Variation of average bond energy, D(Mt-Cl)/ kJ mol™’ with

formal oxidation state of the metal.1

First dissociation energy, D1(Cln_1Mt-Cl)/ kJ mol™! compared

with the mean dissociation energy, D(Mt=-Cl)/ kJ mcl"1 of Mtcl.1

Mt
Ti
Nb
Ta

Mo

Reference.

1o J.A.Coﬁnor, prics,in Current Chemistry, 1977, Zl, 71,

Nb

406

439

477

Ta

431

456

o

430

406

430

314

347

Mo
314
360

385

343
272
322
113

201

349
376

423

A= D - D,
87
134

108

192

146




1.7.8: Enthalpies of sublimation and vaporization*

61

metal halides./ kJ mol~!

for various

Mt / X F c1 Br I
- 8Sn(1Iv) 63

AL(III) 312 60 45 64
B(III) 30" 2

P(V) 69 60

sb(V) g9,3% 13

W(V) 31,22 1002 98.3%

T4(1V) 95 52 68 46
Hg(II) 129 83 86 91
Mo(VI) 33

Fe(III) | 146 144

n.b. All data from reference 1 unless speci?ied.

References.

Te G-H.AylWard & TeJe.V.Findlay, S.I.Chemiéal Data. J.Wiley & Sons Ltd.
‘London,. 1974. S

2¢ JeAN.E.F+s Thermochemical Tables. an Ed. NSRDS~NBS 37, 1975.

3. NeB.S. Technical Note., 270=1, 1965.
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1.7.9: Data for calculation of crystal radii of ions.

AlCly from Li+A1Clz: Al-Cl = 213.9 pm
Cl=Al=Cl = 108.6°

G.Mairesse, P.Barbier, J.P.Vignacourt & F.Baert, Cryst.Struct.Chem.,
1977, 6, 15.

ALF; from K+A1Fz: Al-F = 169 pm
F-Al=F = 109°

V.P.Spiridonov, E.V.Erokhin, Russ.Je.Inorg.Chem., 1969, 14, 332,

Ang from SnF+Ang: As=F = 171.5 pm
F=As=-F = 90°

LQGOliC & I‘LEban' Acta. Crysto, 19771 BB3I 232,

SbF; from K*Sngz SbeF = 184.5 pm
F~Sb=-F = 90°

GeJeKruger, CeW.Fo.T.Pisterius, A.M.Heyns, Acta.Cryst., 1976, B32, 2916.

- BF from K'BFj: B-F = 138.5 pnm
F=B~F = 109°

G.Brunten, Acta.Cryst.,'1969, B25, 2161,

‘ BClZ from stcl;BCIZ: FB-C;Vf 185.6 pm

"cl—B-cl = 109°

O«Glemser, B.Krebs,yJ.Wegener, E.Kindler, Angew.chem., 1969, 81, 568.
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Section 1.7.,10: AH@AP of some organic halides. / kJ mol™ ]

R/X F cl Br I
CH,CO 24.8  30.1%  47.9

C,Hg 23,0  26.4  28.4 33.0
CH, 16.7  22.5  24.8 27.9
ccl, 26.9  32.0

CF, 12,6 1647

CgHgCO 47,9  50.5

All data from reference 1 unless otherwise stated.

References:

1. Handbook of Chemistry and Physics. 56th. Ed. 1975-6,

e, The Chemical

2. DoR.Stull, EthweStrm & GoCoSink )
dse. J-Wiley & Sons. NoYe 1969,

Thermodynamics of Organic Compoun




107.11:

The general equation devised by Abraham et al.' is:

o
AGT = AGT + AGY
= 69.4z2((1/el)-1)((1/a)*(1/b)) + 69-422((1/60)-1)(1/b) +-AGg
Where: e = 2, a = the lonic crystal radius in nm, and b = (a+r)

' where: r = solvent radius in nm; z = charge on the ion. The

overall AGZ'is in kJ mol~?t.

For CHZCIZ: e, = 8.93 at 298 K and r = 0,2375 nm so that:

AG: = «34,7((1/a)=(1/b)) - 61.6(1/b) + Acg

In addition, for ions with a < 0.3 nm, AGg can be calculated by:

.

AG® = -128.4a + 41.68 / kJ mol™'e

For larger ions a suitable model solute for which AGT is known
must be used. It should be noted that the equations given above are for
the process: ion(1 atm) —sion(sol, unit mol fraction)."For’the process:

ion(1 atm) — fon(sol, 1 mol 17') a correction must be made:

: %e’a" ‘e-_ R 41
AGQ ’ AG§'+ AGT - 6.65 / kJ mol | | | |
~ Where: the correction factor is RTIn(1000V ) where; V_  is the ‘

‘molar volume of the solvent. -

1. This is an extract from a private communication from M,Abtaham to Prof.

P.H.Plesch, 1979,
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Chapter'Z: A Short Study of the Kinetics of Acenapthylerie.

Polymerisation by Carbocation ‘Salt Initiators.

2+7: Introduction.

The cetionic polymerisation of acenaphthylene has been studied
by numerous people both under high vacuum' and under nitrogen2
using a veriety of initiators and solvents.3'4'5' However, no
reliable kP values have yet been established.

As a continuation of the earlier work of Kingston ‘in this
laboratory it was decided to attempt to obtain some more kinetic
data for the polymerisation of acenaphthylene in CgHgNO, with

stable carbocation salt initiators.

Initial resulte showed serious descrepencies between this work
and the earlier study. The results are therefore presented as they
stend and some attempt will then be made to explain the differences
betweeh‘the two eets of tesolts.p | |

In the present work, in addition to dilatometry and
epectroscopy, reaction-calorimetry has been used for several kinetic
experiments to examine the effect of considerahly higher initiator
concentrations which produce reaction rates too great to be measured
dilatometricelly. | | | » |

Despite the simplifications resultinq £rom the use °f a highly
polar eolvent and carbocation salt initiators, the system remains B
complicated. However a value for the rate constant of free ion
propagation (k ) has been obtained and some explanation of the

complexities will be put forward.
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2.2: Experimental,

2.2.1: Materials.

Nitrobenzene (Analar B.D.H.), was fractionally crystallised
three times by placing five litres in a cold room (273 K)
oVérnight and then decanting off the remaining liquid in the
morning. By this procedure the volume was reduced by half. The
CgHgNO, was then poured onto freshly baked alumina and
degassed on the vacuﬁm line by the conventional freeze-pump~thaw
techhique. It was'then'distilled off the alumina inté a blackened
flask under vacuum. A splash head between the two flasks ensured
that nd alumina was’carried over during the distillation. The
CGﬁSNOé was gfavity-fed télthe reaction vessel.® The final
product was almost colourless and’had a‘conductivity of
1.0 x 1078 5 em™ s

Acenaphthylene (B.D.H.Ltd.), unless specified otherwise in
Table 2.2.1, was zone-refined in sealed tubes (water pump vacuum )
,aﬁd then recrystallised,from hexane to yield fine, canary yellow,
platelets. m.p. 366 X (Lit.’ 366 K). Recrystallisation is
essential since during the zone‘refining process some polymerisation
occurs even in sealed.tubes. After recrystallis@tion the product was
put into the appératﬁs éhowﬁ in’fig-2-2-1, the apparatus evacuated
and the joint séaied off at E.;The acenaphthylehe was then sublimed
in vacuo from A to B (Fig.z 2.1) until ca. 20% of the original
Vamount remained in A. This was then sealed off at C and 20 ml of
CgHgNO, run into B. The apparatus was then sealed off from the
vacuum line at D and turned upside down 80 that the vacuum phials

J” ;were filled with the solution of acenaphthylene in C6H5N02.“”
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8 and the

The phials were then sealed off in the usual way
concentration of the solution in the phials was determined
by measuring the U.V. absorption at 465 nm for two phials
ffom each batch. The remaining phials were stored in the dark until
use.

Diphenyl methyl chloride (dityl chloride) (Kodak/Eastman) was
prepared as described in Section 1.3.1. Solutions of
(C6H5)2HCC1 in CgHgNO, were made in the apparatus shown
in Fig.2.2.2, |

Silver Hexafluoroantimonate (Fluorochem Ltd.) was used as
supplied. It was dried by continuous pumping in vacuo for 24 h
before CgHgNO, solutions were made using the device shown in
Fige2.2,2,

Propionyl hexafluorophosphate was prepared as described (Section
1¢3.2,4). It was stored and used as a CH,Cl, solution. Such
solutions.were colourless and 4did not form any pre&ipitate even

after storage at room temperature, in the dark, for nine months.




Expe.

SPAN4
5
6
8
11

12

10
14
16
17
18
19
20

22

Table 2.2.1

Experimental Details of Kinetic Experiments.

Pumping Time

/h
22
16
16
18
18

4
16
17
24
16

2
16
18
18

18

Monomer Source

+

+
As supplied:

Unopened
bottle

+
+

As used by K
+

As used by K
+

+

6

6

L 4

Apparatus Comments

b
As used by K.6
%
%
E 3 No colour
Calorimeter

As used by K? No colour

Calorimeter

E 3 Killed
] before colour
3 developed.

+ Monomer for these experiments was purified as described in the

text.

¥ Tap dilatometer (Fig.2.2.3)

N.B. All dilatometer experiments were carried out with the

dilatometer in a water bath thermostated to 298.1 0.1 XK.
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2¢2,2: Methods.

Table 2.2.1 gives details of the experimental methods and the
source of monémer for the kinetic‘experiments. For most of the
‘dilatometric experiments it was found convenient to use a
dilatometer contaihing a tap (Fige2.2.3). This design circumvents
the broblems encountered when trying to fill the more usual design of
vacuum dilatometer (e.g. ref. 6) with a CgHgNO, solution, and
provided that reasonable care is taken when closing the tap,
the volime of the dilatometer remains essentially constant for all
experiments. The generél piocedure for the dilatometerkexperiments was
‘as follows: The monomer and initiator phials were put into the main
tube (A,Fig.2.2.3) and the appératus sealed onto the vacuum line at B,
The apparatus was then pumped and flamed out for the required time
after which 20 ml of CGHSNOZ was run into the apparatus which was
then sealed off from the line at Be. The whole apparatus was then
immersed in a constant temperature bath at 298 +0.2 X, for 30 min.
The apparatus waé then removed from the bath and the monomer and
initiator phials broken as rapidly as possible with the
magnetic "demon". Havinq mixed the resulting solution in A, the tap
was opened until the dilatometer filled to the desired level at
which stage the tap was closed and the apparatus returned to
the constant temperature bath ready for the first cathetometér
readingQ,Generaliy,‘the first cathetometer reading was taken after
2 min of the apparatus being removed from the bath.

The calorimeter used for experiments SPAN 16 and 18 is
described in Chapter 4’ of this thesis.'

Most of the experiments were terminated by addition of methanol

i to the reaction mixture. Experiments SPAN 4 and 5 were killed
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with 1, 1=diphenyl ethene, but this method was abandoned for later
experiments since the absorption maximum of the resulting cation is
at a shorter wavelength than the solvent cut-off. All polymer
solutions were then treated in the following magner: The polymer
was precipitated in methylated spirits, filtered, dissolved in
toluene, filtered, precipitated in metylated spirits, filtered,
washed twice with 20 ml of cold hexane and vacuum dried 24 h.
The second hexane washing was examined by G.L.C. for CgHgNO5 e
Less than 0.,01% by weight of CgHgNO, referred to
the resuiting polymer, was present in these second washings. The
use of two successive precipitations was initially to remove the
AgCl which was present in those reaction mixtures for which
(CBHS)ZHc+Sng had been used as the initiator, since
AgCl is slightly soluble in CgHgNO,» The method was
subsequently used for all experiments since it also ensured more
comolete removai of C6H5N02 ffom the polymer. |

Molecular Weights were measured in chloroform solution with a

Mechrolab 3071 vapour pressure osmometer.




1
i
k]

Fig.2.2.3: A "tap dilatometer"”.
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Fige2.2.1: Device for vacuum sublimation of acenaphthylene and
subsequent preparation of phials of CgHgNO, solutions

of the sublimate,

Fige2.2,2: Tipping device for preparation of dilute solutions

from a phial of reagent.
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Table 2.3.1.

Summary of Data from Kinetic Experiments.

Exp.  10%_ m  mm 103ky/sT! vield/s  bp.p.

. -
Initiator C2H5C0 PF6

SPAN4 4.5 0.2 10.2 >90%
5 2.4 0.22 2.8 >90% 6.6
6 . 243 0.37 1.32 >90% 112
8 3.9 0.27 3.32 >90% 5.6
11 3.7 0.20 4.65 >30% 6.8
12 2.0 0.23 o 3.41 70%

+ -
Initiator (C6H5)2HC SbF6

2 2.8 0.29 3.33 >90%
10 5.4 0.22 8.23 >30%
14 6.6 0.20 4.45 60%
16 27.2 0.12 61.9 >90%
17 5.0 0.21 1.4 60%
18 26.4 0.11 55.7 . >90%
19 3.8 0.37 4.45 60%
20 2.0 0.39 .42 60%

22 2.1 . 0.14 5.23 80%
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2.3: Results and discussion.

The results of the kinetic experiments are summarised in Table
24341+ Fig 2+3.1 shows typical first order plots of the data from
SPAN 4 and 5 from which it can be seen that there is a well defined
point after which the reaction deviates from first-order behaviour
with respect to monomer. This break point occurred simultaneously
with the development of a strong colour in the solutions and was
also the point after which further data caused the computer

10 to enter

programme, used to analyse the data by Moore's method,
into a non-terminating loop. For these reasons the results are
presented here only in terms of the first ca. 70% of reaction.
Attempts to fit the data to zero- and second-order expressions were
not successful, neither were efforts to fit the dapa to two
consecutive first-érder expregsions, since no con&istent pattern
could be found in the results for the later stages of the
rreac+ion. Fdr this reason experiments SPAN 19-22 were terminaﬁedv
before any colour developed in the solution by tipping the contents
of the dilatometer'into methjlated spirits. Yields of polymers from
those experiments which were allowed to run to completion (See Table
2.3.1.) were generally greater than 80%, although‘difficulty in
filtering thé semi=-colloidal solutions means thét the
‘gravimetrically determined yields1are unreliable. A bettér measure
of the extenﬁ of réaction was obtained from the abgorption a£‘465 nm
(characteristic ofrthe monémer) in‘the filtrate from the first
polymér 1solati§h.,The resulﬁs are shown in Table 2Q3.1.} |
If,Kfor’the polymerisation’cfkacenaphthylene initiated bv
; carboéation salts, the‘initiatiod sﬁeé is effectively.instéﬁténeous‘:

~ compared to propagation, then the rate-determing step is the
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Plot of k1 ve ¢, for all data shown in Table 2,3.1,
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bimolecular reaction:

+ +
Pn + M —> Pn+1 Ege24341
and: -am/dt = kp[P;]m Eqe2.3.2

where m = [M]

For as long as the concentration of growing ends remains

constant, equation 2.3.2 can be reduced to a first-order expression

with respect to monomer (Ege.2+3.3):
-dm/dt = k1m Eqe243.3

Our experiments conform to such an expression for the first

ca.70% of reaction . In addition, if the initiation is quantitative,

and there is no termination:

(p}1 = ¢§ | Eqe2.3.4
where+ c, 1s the stérting initiator concentration.

Fromfequatioﬁs 24342, 3 and .4 it can be seen that a plot of
k’ against ¢, should yield a straight’line with a slope'équal to
kp. Such a plot for all the data in Table 2.3.1 is sﬁown in
Fige2.3.2 Ang‘a detéil’ofréhis graph4is‘shown’in Fig.2.3.3. It can |
be seeﬁ that except‘fofyﬁhe éata from experiments SPAN‘14 and 17, a
single Straigﬁt-liné'fits all the data, regardless of the type of

initiator used. Thus, it is reasonable to assume that the kp &alue

“ob*ained from this line is indeed kf: 22.9 #0.06 1 mol™'s™',

iIt ia,worth‘noting also that whether the monomer was rigorously =~ =
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purified as described in Section 2.2.1 or whether it came directly
from an unopened bottle did not affect the kinetic results

significantly. However, the monomer prepared by Kingston6 did give

significantly lower rates of polymerisation.

The intercept of the plot in Fig.2.3.2 gives a measure of the

residual impurities in the system, c; = 1.26 (+0.3) x 1074 mo1 177,

Since some of the initiator is effectively neutralised by these
residual impurities, the relationship between k1, k; and»

Cs is given more precisely by equation 2.3.5:
k1 =‘ k;(co"ci) ’ N . Eq020305

If there is any residual impurity in the monomer which

effectively neutralises the initiator, equation 2.3.5 becomes:
k1 = kp(co-ci’pmo) ‘ . Eq.2.306

where: m, is the concentration of the residual impurities in the

monomers Equation 2.3.6 can be rewritten in the more useful form of

equation 2.3.7:

ky/(egmcy) = ky = kgpmg/ (Co=cy) | »Eq.2.3.7
A plot of k1/(co-ci) agéinst mo/(cofci): using the
value of ¢y - obtained from Fig.z 3.2 and the data from Table 242, 1
is shown in Fig.2 3 4- (The data from experiments SPAN 14 and 17
have been omitted.) The value of kp obtained from the

1; is in excellent

‘ agreement with that obtained from Fig.2 3. 2, but the wide scatter

'in the data makes the exact value ofp.1 s<+o 9) x 10 4,‘1essj
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reliable. However, the order of magnitude suggests that in the
reaction mixtures the concentration of effective impurities derived
from the monomer is ca. 1072 mol 177; thus, ca. 10% of the
initiator is neutralised by an impurity which i; not removed by our
purification procedure. From equation 2.3.7 and our k; and
cy values it follows that B for the monomer prepared by Kingston is
ca. 1.7 X 10'3, which is an order of magnitude greater than for
our monomer. The data from SPAN 17 are unlikely to give a reasonable
result for B by this treatment since c¢; almost certainly depends on
pumping time6 which was unusually short for that experiment.
Although the evidence from one experiment is inconclusive, it is
not unreasonable to suppose that Kingston's monomer was much less
pure than ours. This might explain why Kingston's k; values
were much smaller than ours.

For a polymerisation initiated by a carbocag;on salt in a
medium of high polarity only free ion reactions need to be considered

and the reaétion scheme has therefore been simplified to:11

+
k N
+ +
Pn + M ——-'2—9 Pn+1 Eq.2‘308
xt -
P; + M ._.S.!E, Pn +’_ P:". . Eq:20309
+
P+ MexT K¢ L opx o+ mex EQe2.3410
n n+1 > ¥ ‘ n Gecede

For free ions the "self-termination” reaction, (Eq.2.3.10) is

of second~order withrrespectfto the growing end concentration since,

73] = prex, I

Therefore, the Mayo equation for this simple scheme is:

VPR = O brodeh g B2



2 Fig.,2,3,5,
o f Mayo plot after Mande] ang Kennedy,

10 2.0
103¢/m_



Fige«2.3.5 shows the plot of 1/DP against co/m (Since Co = %;ﬁ
which despite the paucity of data, suggests that both
transfer to monomer and a termination reaction,'éuch as that in
equation 2.3.10, are présent. However, the situation is not as
simple as this scheme suggests: It is reasonable to assume, by
analogy with other catiqnic olefin polymerisétions, {provided that
no rearrangement occurs) that a B-proton transfer from a polymeric
ion to a monomer molecule produces a polymer chain terminated by a
double bond I. For the polymerisation of‘acenaphthylene this
species may then react, by hydride transfer, with another carbenium
ion to produce one chain terminated by an alkane moiety IT, and

one terminated by an allylic ion II «(Eg.2.3.12)

P | ] Kerh a\.z' h '_;' R
S 55

(I) (11) (111

qu2-3-12.

Such allylic ionsg are unlikély to give rise to further
polymerisation since they are significantly mote stable than the
acenaphthehium'idn. (See Chapter 3 and also ref 12 and references
thereing) ‘ |

The presence of'such a~termination’s§ep in the reactién schéme
will add a further term to the Ma?o.equation such that it becomes:

Cape = (xE_ )+ (PR + kpopn [Ph) /K m o

| Since'the cohcentratiod of dead polymer chains, terminatéd by a
dcuble bond ([P ]) will change during the course of tha reaction.
equation 2 3.13 is not amenable to simple graphical analysis.'

| That allylic lons are fomed durmg the Poiymer:sat;on of
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acenaphthylene is corroborated by the oberved absorption maximum at
570 nm and the strong colour development towards the end of the
polymerisation. (See Chapter 3) However, despite the absorbance at
the maximum being proportional to the starting concentration

of initiator, (see Fig.2.3.6.), it also depends on the type of
initiator used, which suggests that the reaction is more complicated

than the simple scheme presented here.

Infra-red spectra were run on a representative sample of
polymers initiated by both (C6H5)2HC+ and C2H5CO+
salts, and although the evidence is not very clear, it is possible
to infer the presence of a carbonyl end-group for the polymers
initiated by C2H5C0+ salts. For comparison, Fig.2.3.7 shows
the infra red spectra of the polymers initiated by both
(CeHg) HCY (SPAN 19) and C,H,CO' (SPAN 4) salts and in addition
those of Kingston's polymers initiated by both C2H5C0+ (8K 135) and
NO; (SK 154) salts. All these spectra were recorded by the |
Present author.

No attempt was made during ﬁhe course of this study to confirm
the nature of the other end group of the polymers by either U,V or
NMR methods, since in the short time remaining for this project it

was not felt that this area would rapidly provide useful information

additional to that aiready given in the earlier work.®

In addition to thé possibility that the monomer ﬁseélby
Kinéston contained more impuritiésythan that used in_this work, there
is an alternaéive explanation of the difference between Kingston's
results and ours.

Pige2.3.8 éhows‘the‘éomp;ter fitted least squares lines
obtained from the Aatatof‘Kinggtone'for différent buﬁpihg/times

and also the straight line from Fige.2.3.2 of this work where




Fige243.7: Infra-red spectra for comparison of polyacenaphthylene
initiated by C,H,CO' (SPAN4 and SK135), NOj

(SK154) and (CgHg),HCY (SPAN19) salts.

Note: 1720 cm™ ) band can be assigned to -CO group and
the bands at 1450,1585 and 1660 can be assigned to -NO,

group.
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Pumping time was generally greater than 16 h. It can be seen that
increasing the length of the pumping time not only decreases ¢y but
also increases the slope of the line, which implies that k;
increases with pumping time. A possible explanation of this effect
can be drawn from the recent evidence obtained by polarography13.

It has been shown that oxygen complexes with some carbocations in
CH2C12 and that the resulting ions have a less negative E% than

the uncomplexed carbocations. From this it may be inferred that the
k; of the carbocation + oxygen coﬁplex will be smaller than

that of the uncomplexed ion. Thus, as the concentration of oxygen is

reduced by longer pumping the proportion of carbocations which are

complexed with oxygen will decrease and the observed rate-constant

will increase.



2.4: Conclusion.

Although the work did not achieve the initial aim of
corrobofatipgrxingston‘s results, it has been successful in that a
value of k; = 22.9 +0.11 mol™'s"1, T = 298 X has been
established’for the polymerisation of acenaphthylene in
CGHSNOZ' The work has élso presénted some possible answers to
the enigma of the colour development in‘the polymerising mixtures
and the deviation from first-érder behaviour shown by this reaction.
The work has also offered some tentative explanations for the
differeﬁces bétween the results presented here and those of
KingstopG. Most important is the evidence that the rate of
Propagation is independent of both the anion and the cation of the
salt initiaﬁér which confirms the basic tenet that in CgHgNO,
solution the polymerisation is propagated by a free cation, at least

for the first 70% of reaction



2.5: Suggestions for further work.

The first problem which has to be answerea for this s&stem is
what is the impurity in the monomer that neutralises the initiator,
and how can it be removed.

It is clear too, that there remain several problems with regard
to the nature of the termination reactions which need to be explored
further. Indeed, the U.V. work presented in Chapter 3 might prove a
‘ starting point for such work.

Another‘interestinq approach might be to examine more precisely
the effect of oxygen on the kinetics of the system.

Finally, once these three problems had been examined, a full
kinetié analysis with a range of carbocation salt initiators would be

appropriate.
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Chapter 3:The Ultra Violet Spectrum Of The Acenaphthenium Ion.

J.1+1: Introduction.

During the short study of the cationic polymerisation of
acenaphthylene in nitrobenzene it was noticed that the development
of ihtense colour was not coincidental with initiation of the
polymerisation. Indeed Kingston1 observed no c¢olour development
when the polymerisation was initiated by CH3CH2CO+SbF6. In view
of the kinetic evidence in Chapter 2 these observations suggest
that either the growing acenaphthenium ion is not coloured or
that for the major part of the polymerisation the prOpagatlon
was due to some species other than the acenaphthenium ion.

Gandini and Plesch2 suggested that the spectrum of the
‘acenaphthenium ion (I) has a maximum at 640 nm., Young3 disguted

this and assigned the absorption at 570 nm to jon (I) and that at

640 nm to ion (II)'

N +_.’] -

The aim of the work described in this chapter was to find out
whether any of the absorption maxima from 555 nm to 650 nm_are due
“to ion (1) and. to show definitely where the absorption maximum of |
ion (I) is. The methods adopted were developed from those of ‘}1

Bertoli.




3.2: Experimental.

3.2.1: Materials.

Acenaphthylene (B.D.H.Ltd.,) was purified as described in Chapter
two.

Sulphuric Acid (Analar,B.D.H.Ltd.) was used as supplied, as were
glacial acetic acid (M.& B.Ltd.), chlorosulphonic acid (B.D.H.Ltds)
and trifiuoromethane sulphonic acid (3M Co.Ltd.).

Dichloromethane was purified as already described in Chapter

one.

Nitromethane (B.D.H.Ltd.) was distilled under reduced pressure

and stored over calcium sulphate.

Acetoxyacenaphthene was prepared as described by Flowers,5
the only modification to the method being thét tﬁe product was
phrified by column chrdmatography using alumina (Activity 4) with
toluene ag the eluent. Yield: 60%, bep+s439K/5mm Hg. (Lit.6:439-

1H NMR.

447K/5mm Hg.) The structure was confirmed by '3C and

Acenaphthenol was prepared from aceto;yacenaphthene by the
method'described by Casbn.6 Toluene was used instead of benzehe.
Yield: 76%, m.p.416-7K.(Lit.6:417—81<)

1~Bromoacenaphthene was prepared as described by Julia and’
Baillarge.7 It should be noted that this material decomposes very
rapidly and for ‘use in the following experiments it was. prepared -
immediately before use. No attempt was made to confirm the P ~

structure.f

All other reagents were used ag supplied and were of standard

laboratory grade.




Fige.3.2.1: Spectrum of acenaphthylene in H,80,.
Solid line = ca., 5 min after mixing.

Dotted line = 24h after mixing.

Fig.3.2.2: Spectrum of acenaphthylene and Hc104 in CH2C12

Fige342.3: Spectrum of acenaphthylene in C1S04H.
Solid line = ca. 5 min after mixing. -

Dotted line = 24 h after mixing.
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3.2.2: Methods and Results.,

Fig.3.2.1 shows the spectra obtained from a solution prepared by

adding, slowly, a 10'4M solution of acenaphthylene in glacial
acetic acid via a fine capilliary to ice cold, vigorously stirred,
sulphuric acid. The mixture initially appeared blue but before
addition was complete it turned deep, emerald, green. In order to
obtain the spectrum showiﬁg the well developed shoulder on the long
wavelength side of the 640 nm peak it was found to be important to
- keep the temperature of the mixture below 273 K. It can be seen that
the peak at 640 nm also has a shoulder on the short wavelength side
which dis~appears with time. Initially the absorbance at 640 nm was
ca. 0.7vbut after 24 h. this had increased to ca. 1.2. (Concentration
of acenaphthylene in solution: ca. 1x107°M, cell length 1.0 cm.)
Similar spectra were obtained by substituting acetcxyacenaphthene
and acenaphthenol for acenaphthylene in the above procedure. The
‘differences in the spectra derived from tﬁese compounds were in the
‘pair of peaks at 412 nm and 438 nm. Although these peaks are well
fdefined for acenaphthylene and acetoxyacenaphthene,»only a'plateau
Mfrom 400~450 nm was recorded for acenaphthenol. iifv~m~ |

~ Changes in the spectra over a period of time were- recorded when‘
using all. three compounds. The spectra ‘were then extrapolated to
~zero time. No extra, usefuly data were obtained except thet,noe,‘
“i{sosbestic point was fcund between the peak at 640 nm and the longer -
or the shcrcer'wevelenéth‘Shoulders to £his peak.i'iv ‘
':Additioh efywatet tc th64COncentfated ecid SQlﬁticheiceueed e“(:
.[rapid loss of cclour but it was noted that the sherter wavelength |
shoulder to the 640 nm peak was the most persistent and if 60% ‘”ef'n/"

2504 rather than concentrated acid was used at the mixing g'
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stage two clear peaks were seen: one at 640 nm and a stronger peak

at 575 nm. However, neither of these peaks had an absorption greater

than 0.1 but the peaks at 412 and 438 nm were just as well developed

in this solution as they were in the concentrated‘acid solution.

In order to determine the nature of the species giving rise to

the spectra preparative scale (0.1 g) recovery experiments were

attempted: 0.1 g of the test material was dissolved in 2.0 ml

glacial acetic acid.This solution was then added via a capillary

into 5.0 ml H,S0, at 272 K while the mixture was vigorously

Stirred. When the addition was complete the mixture was added

Slowly and with vigorous stirring to gaturated aqueous NaOH

The resulting aqueous solution was then extracted with

CH2c12 and evaporated.

With acenaphthylene the CH,Cl, extractions yielded no

involatile material and the aqueous layer retained a brown

fluorescence. Despite attemptsrto modify the procedure by extracting

3 CH,Cl, solution of acenaphthylene into HpSO4 and

then neutralising with methanolic NaOH at 1ower'

temperatures, only water’soluble‘products, ‘possibly ring substituted

Sulphuric acid derivatives of acenaphthylene, could be obtained., -

From acetoxyacenaphthene the above procedure yielded o 03 g of a

vis°°u3 yellow Qll, the T. L.C. and NMR of which indicated that it s

contained at least three compounds- acenaphthylene (40-50*),

acenaphthenol (20-30%) and‘20-30% of an unknown compound which was

strongly fluorescent and had an R value which was 1ower\than,that\;;
of the other two compounds.

material-was also recovered.

U Fige3.2.2 shows the spectrum obtained from a solution prepared

by adding 50 ml of a CH2C12 solution of acenaphthylene (0. 01 M)

‘Eé 100 ml of a CHZClz“solution of HCL04,'

‘This could be biacene. 0.5 g of ?Olymeric o




(0,01 M) in the manner already described. No blue colour was
observed at any stage; the mixture appearing green after the first
drop of the acenaphthylene solution had been added. It should be
noted that the Age2 when compared with that produced in
H,80, at much lower concentration is very small and also
that the peaks from 400 - 450 nm are relatively well developed.
Neutralisation of this solution with methanol led to an immediate
loss of colour and the formation of white precipitate which was
shown to be polymeric by T.L.C. and NMR. The yield of this material
was 85% referred to the initial amount of acenaphthylene,

- Fige3.2.3 shows the spectrum obtained from a solution prepared
by adding a 10'3M solution of acenaphthylene in glacial acetic
acid in the usual way to H,S0,. No colour was observed evon after
two days. A larger scale, preparative experiment involving an extraction
from CCl, into H,S0, produoed a deep green colour in the acid layer.,
Neutralisation of the resulting mixture with both agqueous and
methanolic NaOH proved very dangerous and it was
extremely difficult to keep the mixture at low temperature. Finally
the neutralisation was achieved by‘first diluting the mixture with
glacial acetic acid four fold. However only.P91Ymeric material was
isolated, Repeating‘the e#périment with acetoxyacenaphtheho gave
similar results. | |

Fiq.3 2.4 shows the spectrum obtained from a solution prepared,

in the manner described, from acetoxyacenaphthene (10 3M) and
trifluoromethane sulphonic acid. The solution remained blue-green
for seve:al hours. A preparative scale experiment with a | |
CHZCIé solution of acetokyacenophthone, after treotment
rwith aqueous NaOH and extraction of ‘the aqueous 1ayer

twith CHzclz, yielded an orange viscous oil whose T L.c. e

; 'showed only two spots. The major component was’ acenaphthene. The



other component, whose Rg value was greater than that acenaphthene,

was not identified but was highly fluorescent.




Fige3.2.4: Spectrum of acetoxy-acenaphthene in CF3SO3H.

Fig.3.2.5; Spectrum of acenaphthylene in CH2C12 after addition

of AlCl3 .

Fig.3.2.6; Spectrum of acetoxy-acenaphthene in 80% (v/v) sto4.
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Fige3.2.7: Spectrum of acenaphthene in H2804.

Fig.3.2.8: Spectrum of 1-bromoacenaphthene in CH3N02 + HyS0,.
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Preparative experiments were tried with both AlCl, and
TiCl, in CHZ.C].2 at ca. 268 X. The SPectrum from the
reaction of AlCl3 with acenaphthylene, after dilution with
CHzclz, is shown in Fig.3.2.,5. The spectrum obtained from
the reaction of 'I'iCl4 andvacenaphthylene was almost identical.
Neutralisation of these solutions with both agueous and methanolic
NaOH yielded only polymeric material. However, on one
occasion small amounts of acenaphthene, identified by NMR and T.L.C.

were isolated although this experiment could not be repeated.

Addition of H 80, to a glacial acetic acid solution of
acetoxyacenaphthene (1073M) until the mixture was S0% v/v
H,50, yielded the spectrum éhown in Fig.3,2.6.

Acenaphthene in glacial acetic acid (10"2M) when slowly added
to H;80,, in the usual way, yielded the spectrum shown in
Fige3.2.7,

When HgBrz‘was added to a fresh solution (107°M) of
i~bromoacenaphthene in CH4NO, no maxima were observed above the
U.Vs cut off of’the solvent; 390 nm. To another 10 ml portion of the
same solution 1 ml of H,80, was added. The spectrum is shown in
Fige3.2.8.

In an attempt to obtain’a clean spectrum of ion I,
1~naphthylena'methanol was dissolved in glacial acetic acid (10'3M)
and added to H,80, ih the usual way. No colour was observed
and the spectfum was very similar to that of the benzotropylium ion
which is an isomeric form of the ‘%~napthyl methyl cation. Attémpts‘

to extract the ion from CH,Cl, solution (10% w/v) into
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HZSO4 were unsuccessful. Even with very slow addition of

the CH,Cl, solution to a well stirred acid at 247 K the

droplets of CH2C12 became deep green-blue and an inscluble

- precipitate formed. After leaving overnight the acid layer became
pale~blue . The spectrum of the acid solution is shown in
Fig.3.2.10. The polymeric material was not analysed as it proved
to be insoluble in all common organic solvents and in water.
Attempts £o recover the absorbing species from the acid were
unsuccessful. The T.L.C. plates of the CH2C12 extractions

from the neutralised acid layer gave only one spot which would not

move even with ethyl acetate as the eluent.




Fige3.2.9: Spectrum of i1-naphthylene methanol in sto4.

5 Fig.3.2.10: Spectrum of H,50, extraction from CH,Cl, solution
; of 1=-naphthylene methanol.
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Table 3.3.1.

The Calculated Absorption Spectra of Ions III and IV.

(Oscillator strengths are given in'parentheses)

Ion III

Asgg (0.024), A435 {(0.355), A293 (0.338),

Ion 1V
Agog (0.047), *550 {(1.675), A498 {(0.005), A411 (0.063),

A39g (0.043), X337 (0.545), X295 (0.173).,



3.3: Molecular Orbital Calculations.

In addition to the experimental work it was thought useful to
calculate by S.C.F. methods with configuration interaction8 the
spectra of the two ions, III and IV. These calculations were performed

by computer with the help of Dr.H.H.Greenwood.

+ +

OO Q0 ©Q

‘III ' v

The results from the calculations for these ilons are given in
Tabie 3.3.1 which'gives the oscillator strengths for those
transitions with an energy greater than 4.955 eV (A= 250 nm),

For both ions the band at the longest wavelength,is very
sensitive to the core integral value. The major,'p, band at slightly
shorter anelength is very insensitive to this parameter, It should
be nqted that these calculations tend to present an upper limit for

the Amax'values.




3¢4: Discussion.

It is clear that although the spectra show some considerable
similarity despite the use of a variety of technigues and starting
materials in our aﬁtempts to generate the acenaphthenium ion the
numerical reproducibility is poor.

Before d;awing any tentative conclusions it is important to
review the other gualitative information available from the kinetic
experiments reported in Chapter 2 and also to examine some
information from the literature.

During the kinetic work the U.V. spectra recorded after the end
of the’kinetic runs, not in vacuo, always showed a strong absorption
at 575 nm and often showed a weaker absorption at ca. 650 nm. In
those kinetic runs for which the initiator was
(C6H5)ZHC+Sng the solutions almost always developed a
green colour whereas those soiutions in which tn; initiator was
C,HCO'PFg the colour which developed was a burgandy
red.‘In oéétion, in two experiments in which the system was thought
to be wetter than normal the dityl-initiated polymerisation mixture
developed a deep red ¢olour, not qualitatively the same as the
colour for the propionyi initiated mixtures. on opening tho
’ polymerising mixtures to the atmosphere both the green and red e
solutions became dark brown. | ’

LaStly it is important to note‘thntideépite ﬁhe:enidénco‘from ;
the kinetic work that the polymerisation is of‘aloaﬁionio ﬁype in
which the propagating species would be, in terms of the absorption - ,f

spectrum, the acenaphthenium ion, no colour developod until the

reactions ceased to be of first—order with respect tc monomar.,n,"»tfﬁJf'

It is difficult in the light of the results presented here; the'[u,,}i;_-

i spootral, the kinetic and the-molecular orbital calculations, to;;;;fi';
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assign the peak at 570 nm to the acenaphthenium ion.

It is interesting to examine the evidence of Mackor et al.?
who have used more sophisticated experimental techniques to obtain
the spectra of conjugate acids of several polycyciic aromatic systems
and have found good correlation between the calculated (S.C.F,C.I.)
and experimental results. A major feature of that work is that the
conjugate acids of pyrene and benzopyrene which have a
perinaphthenium ion base structure, a higher homologue of the
acenaphthenium ion, absorb between 400 and 500 nm. It seems unlikely
that the lower homologue, with fewer electrons, will absorb at
considerably longer wavelengths.

Finally, it is interesting to quote Reid's1° observation with
respect to the pyrene, HF, BFy system: " Absorption bands appeared
in the red and infra-red [which] bore no consistent relationship to
the absorption band around 400 nm".

SeVeral points of crucial importance can be éxtracted from thé
experimental work described here despite the variability of the
spectra obtained: Firstly, for those experiments where monomeric
material was recovered from the acid solutions an absorption maximum
at 440 +10 nm was observed. (Fige3.2.1, 4 and 5.) Secondly, the
peaks at 560 + 10, 640 + 10 and 700 + 10 nm are very
variable, in position,*persistence and relative;size. Lastly under
the mild conditions used to obtain the spectra in Fig.3 2.6 and 8
the peak at 440 + 10 nm is considerably larger than those peaks at .
longer wavelengths.f |

In the 1ight of the experimental evidence summarised above and
the molecular orbital calculations it is felt that the absorption |
maximum at 440 + .10 nm is the major absorption of the <
acenaphthenium ion (I) above 300 nm. The absorption maximuﬁ at

_560 x 10 nm probably arises from the p-band of the acenapthenium ion (I)




and the f-band of the dimeric ion II and thus the exact position and
intensity of this absorption band vary with the proportions of

these two species in the solution. The maximum at 640 :.10 nm is
probably due to the dimeric ion II although both this band and that
at longer wavelengths must also, in part be due to other, as yet

unidentified species.
3.5: Suggestions for further work.

Although it now seems clear from the work described in this
Chapter that the acenaphthenium ion absorbs at ca. 440 nm, no clean
spectra of this ion have been obtained. This must certainly beﬂthe
first target of further experimental work.

This work also leaves open the identity of the absorbing
species responsible for the absorption maxima at ca. 700 nm and
clarification of this éhould also be the aim of fﬁrther worke

It is possible that both these goals might be achieved by doing
experiments in suPeracid media using the techniques of Mackor et al.9

The molecular orbital calculations and the literature survey
which accompanied‘this work revealed that the theoretical aépects of
the acenaphthenium and similar ions are of considerable interest and
COuld well reward further, more intensive, study than the p;esent

author had time for.
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Chapter 4: Adiabatic Reaction Calorimetry

4.1: Introduction concerning the theory.

- For many years adiabatic reaction calorimetry has provided a
powerful -technique for studying the kinetics of cationic
polymerisations of various monomers. From the early designs of
Plesch’ the Biddulph=-Plesch calorimeter? 3 (B.P.C.) was
developed after some ten years of continuous research. That the
BsPuCe is a very successful design.is clear from the number of years
for which it has been used both at Keele and elsewhere without major

4'5. Nevertheless, some of its imperfections are clear

modification
from those modifications which have been made to the basic design
(esgs ref. 6) and also from the use of very different designs of
calorimeter for similar work. (e.g. ref. 7 & 8)

A conventionallf stirred reaction calorimeter, for examplé the
BePeCo, with careful experiﬁental deéign and operation, can
effectivély measure thé‘kinétics of reactions with half-lives from
several seconds to severél minuﬁes. The lower limit depends’on ;
number of variables, but especlally on the efficiéncy ofiﬁixing of
the reagents and the response time of the teﬁpefatqre measuring  _
device. The upper limit depends on the overéll{thgrmal |
characteristics of the apparaﬁus. In addition té_being applicable
over a useful range of reactién rates, reaction ;élbtimetxy can be
applied to a Qide rahge’of mohcme:é ;ﬁd over a Qide, flgxible,‘

temperature range, It is especially useful‘for studying the"

polymerisation of ‘alkenes, for;éxample isobutylene, whiéh,dcﬂnot;{!»-357“’*"

exhibit a U.V.fabsdrpﬁion maximum. A further advantage of reaction.

calorimetry as a technique~foristudying the kinetics vof,aﬁy'ioni¢7> '»;xﬂnqu




polymerisation is that, with reasonable experimental dexterity it
can be operated under high vacuum conditions without considerable
expense.

With the development of stable carbocationAsalts for the
polymerisation of vinyl monomers, especially isobutylene, there
arose several problems with respect to the use of the well
established B.P.C.. It was decided therefore to reassess all the
features of the old calorimeter, and to try to develop a new
caiorimeter whiéh cduld fulfill a similar task, but would also be

useful with the new initiators and would have fewer limitations.
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4.2: A critical assessment of the Biddulph-Plesch calorimeter.

A full description of the operating procedure for the B.P.C. is
given in Panton's Thesis® and only those details of the method
which are of immediate interest will be discussed here.

The addition of initiator to a monomer solution in the B.P.C. is
normally effected by breaking vacuum phials (See Chapter 7) of
initiator with the magnetically controlled glass breaker.,(Fig.4.2.1)
For both the models of the B.P.C. presently in use at Keele the
maximum number of thals that can be broken is three. The limit is
controlled both by the number of "stops" (See Fig.4.2.1) built into
the breaking mechanism and also by the requirement tﬁat the phials
must be broken at, or beneath the surface of the liquid. For some
€Xxperiments, for example where sequential addition of initiator is
desirable and a killing reagent is to be added via a vacuum phial,
More than three phials need to be used. Thus, thé first improvement
cpncerned a faclility for adding a larger number of phials to the
System. In addition to the,wéll defined problem regarding the number
of phials which éan be used for any single experiment, there are two,
more nebulous, probiems with the phial carrier in the B.P.C..
Firstly, the apparatus is yery fragile and, being a part of the
Calorimeter which suffers considerable mechanical sho;ﬁ during
hormal operation, it is a frequent site of repair. Secondiy, unless
the Phials are carefully secured into position with platinum wire
the second and third phials have a tendencyytb jﬁmp free of the
carrier wheh the first phiaivis bréken. | |

Having considered the phial'storing and breaking mechanism iﬁ :
the B.P,C. it Qas apparént that a radically different device was

heeded,




Fig.4.2.1: The phial breaking mechanism of the Biddulph-Plesch
calorimeter,
Key: A= glass enclosed iron slug.
B= the glass rod breaker.
C= the "breaker stop" and glass enclosed metal slug.
D= the phial carrier showing the phials sitting in
the carrier on glass "riders" and secured by

platinum wire.
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Krummenacher's7 apparatus, which was "bequeathed" to Prof.
Plesch, was modified during the work described in Chapter 5 of this
ghesis to allow the sequential addition of several phials (See Fig.
5.24)¢ In Krummenacher's design the unbroken phial is not in contact
with the reaction mixture so that its contents are not in thermal
equilibrium with the reaction mixture and also some of the contents
may remain adhering to the phial fragments above the reaction
mixture. These problems are easily remedied by increasing the length
of the tube holding the phial ready for breaking so that the phial
floats on the reaction mixture in the end of this tube. Several
holes in the walls of the tube allow the contents of the phial to be
efficiently mixed with the reaction solution. With these
modifications the mechanism is both robust and reliable.

Cooling the reactants in the B.P.C. is a simple and convenient
process: a cooling bath is raised around the :eaction vessel until
the desired temperature is reached, the jacket is then evacuated to
achieve approximately adiabatic conitions. The conditions are, in
fact, closer to those of an isoperibole calorimeter since heat input
is balanced against heat loss to achieve a stable, ideally
isothermal, baseline. For the B.P.C. the rate of heat input, largely
via the thermal gradient in the glassware above thevcaicrimeter,
depends on essentially uncontrqllablekparameters such as the ambient
temperature. The rate of heat loss is controlled by the height and
temperature of the cooling bath around the reaction vessels -

In ofdér‘toyéchieve bettefytempefatﬁre stability it is‘
necessary to have more'effective.the:mal'isolatian cf{the‘ieaétioh
vessel'and‘its contents. For the B.P.C. difficulﬁies arise bécause
of the thermal gradieht abévé'the‘réaction Vessélyllﬁrthé Paris
laboratories6 the reacténts iﬁ tﬁé,calorimeter ara éoqiéd~onitﬁe;~ 

surface of a large condenser situated above the reaction vessel . ==~




Fig.4.2.2: The basic design of the Paris Reaction vessel.
The sketch shows the large overhead condenser, A,
and the reaction vessel, B, and Dewer space, C,

constructed from a B60 cone and socket.

Figs4.2.3: Device for addition of known large volumes of
reagents to vacuum systems .
Key: A= magnetically controlled glass breaker.
B= connection to a burette containing
initiator solution.
C= fragile end to tube to allow easy

breaking.
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(Fig.4.2.2), so that all the glassware below the condenser, provided
that it is well insulated, is in thermal equilibrium with the
reactants, A simple vacuum jacketlaround the reaction vessel then

maintains reasonable thermal stability. additionally, with such an

arrangement, the vacuum jacket can be permanently, and therefore

more thoroughly, evacuated.

The stirrer of the B.P.C. is, because of the method of cooling,

driven from above through a magnetic ¢lutch by a rotatinq

horseshoe magnet. One of the undesirable features of the B.P.Ce i3

the considerable vibration arising from the slightly eccentric
motion of the horseshoe magnet and the considerable length of the

stirrer itself;‘If the contents ofythe new calorimeter could be

cooled by an overhead condenser, the stirring could be achieved,from

below by a conventional plate type magnetic stirrer with a magnetic

"demcn"- In the B.P.Ce. the most efficient stirring has been shown to

be produced by a paddle type stirrer. This is also the design |

favoured by Arnettet al.9 for their calorimeter. However,. with

stirring controlled from below the commercially available "star" :

stirrer is‘equally efficient. It is important too, to notice that ini 

the B, P.CQ planar flow develops above the”level of the former of the

Platinum resistance thermometer under certain, rather’ill definedé'

“conditions and that althouqh the site of the stirrer, below the

temperature probe does produce the best stirring. the glass former

Prevents efficient mixing. For any new type of calorimeter the

‘design of the internal glassware needed to be testad carefuily with
| reSpect to efficiency of mixinq. (See Section 4.3)

" In the oriqinal BePeCo rheﬁeaﬁevpietihum wire:operated as both
a heatinq element and a thermometer. sinoa'the origiﬁal'selfé'

ibalancing bridge has fallen inta disrepair the change in the

"fi‘resistance has been measured as the out of baLAﬁée'current ina
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conventional Wheatstone bridge with the platinum resistance
(Rpt+R1) in one arm and a set of dummy leads (R;) in the

other. Provided that the temperature change does not produce more
than ca. 10 change in the resistance, the method is reasonably
accurate but it must be realised that the out of balance cqrrent is
Rot linearly related to the change in RPt10-(See also Eqededse)

In the B.P.Cs it is not possible to measuré the tempgréture in
the calorimeter while’electfical heating is applied. Thus, the
effective rate of heat transfer from the heater cannot be monitored.
Furthermore, when switching from the heating to the temperature
sensing mode the galvanometer becomes temporarily overloaded by
feedback, Both these problems are overcome by 1nc;ud;ng’ayéepardte
heater in the calorimeter design., This arrangement has the added
advantage that the thermal mixing of the reaction mixture can also
be monitored.

Although . the problem of hyéteresis and non-linearity of "
response of thermistors can be overcome, the gpeed of response, ease
of construction and sensitivity of the platinum resistance
th??m°met9r make the l“ttgrfthe preferred temperatqre,sensor‘for
Vacuum calorimeters. - L :

‘In addition to those problems already O“tlined' the major
difficulty in using the B.P.C. for kinetic experiments With v
Carbocation salts as initiators aroae because the size of the
reaction vessel is unsuitable if the initiator is to be added in
SOIution. The minimum volume of reaction mixture that can be used in
the B.P, C- 15 ca, 200 ml. Under optimum conditions the concentratian,
of water, the major effective impuritY: can be reduced t° o
ca. 107 5 mol 1 1.'In order for this to be.ca. 1% of the
: initiatcr concentraticn, ‘the minimum concentration of initiator in the

'qqreéction‘mixtuxe needs to_be 1DE§_mo}W; 1,,I£ two 1ml phials
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can be broken simultaneously, the minimum concentration required

is ca. 1071 mo1 177, However, this is near the solubility limit,

at ambient’tempe;atures, for many of the salts considered in this
Work. (See Chapter 1) |

The problem coold be solved by adding more initiator’solotion,
for example oy breaking the end of a tube conta;ning a known volume
of solution; the apparatus for this is shown in’Fig.4-2.3. However,
for larger volomes of initiator solution the problems of thermal
equilibrium and efficient mixinq’become more acute. An alternative
solution to the problem is to reduce the overall volume of the
teaction vessel by about a factor of ten.

One feature of the B.P.C. for which no improvements Cd“ld be
envisaged,is the conductivity electrodes. Since this work involved
lonic propagating species, conductivity could provide useful
information.

Finally, the emptying and cleaning‘of the §>PQC. 15 one of the
most convenient aSpects of the apparatus.3 However, the flange
joint, sealed with Apiezon Q compound, ls a frequent site of leaka

~and 1ncreases the length of pumping time required t° reach a 9°°d
working vacuum (1074 to 10™3 mm Hg) . and to reduce the level of
water to an acceptable‘ievel. Both the Paris calorimeter “‘v
‘F19.4.2.2) ‘and the xrummenacher reaction vessel have na greased
"or waxed joints on the reaction vessel, which eliminates a source
of leaks, reduces the necessary pumping time and increases the
OVerall reproducibility of the results- |

It follows therefore, that there are several waYS in WhiCh the
-P.c. can be developed and improved: 1) A new phial breakinq

mechanism similar in design to that of Krummenacher 5+ 2) The
facility for multiple phial storaqe in a side arm, 3) Overhead

‘f;cooling on the surface of a 1arge condenser or eold finger. 4) A
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Permanently evacuated vacuum jacket for the reaction vessel. 3)
Stirring operated from below by a conventional plate type magnetic
Stirrer and, 6) the inclusion of a separate heating probe.

It is clear that the new design should have temperature and
Conductivity probes similar in design to those in the B.P.C. and that
all these considerations must be included into a design which has a

reaction volume of ca. 30 ml, some ten times smaller than the B.P.C.




Figs.4.3.1: Outline sketch of the new calorimeter.

Key: A= cold finger,

B= magnetically controlled glass breaker.

C= the phial magazine

D= the resistance thermometer and dummy leads.

E= the conductivity leads,
F= the heatef leads,
G= "“star stirrexr".

H= vacuum jacket.






Figs.4.3+2: An early model of the new calorimeter without the

vacuum jacket or the heating element.
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4.3: A new adiabatic calorimeter.

The most difficult problem with the new design was to reduce
the operating volume to one tenth that of the BeP.Ce and at the same
time retain all the necessary fittings. Fig.4.3.1 shows how the
suggestions made in Section 4.2 have been realised. The
accompanying photograph, Fig.4.3.2, shows the model of the
calorimeter before assembly and before addition of the heating
element.

In Fig.4.3.1 the modified, Krummenacher type, phial
StOrin:;/breaking mechanism is shown. The phials are pushed out of
the magazine with a magnetic “"demon" and then fall into the main tube.
The bottom of the main tube is slighly restricted and holds the
phial at the surface of the liquid until the phiel is broken. Six
holes in the walls of the main tube where the phial is held, allow
the reaction mixture to wash over the phial and so achieve thermal
equilibrium and efficient mixing. Despite these holes the structure
remains quite robust. The phiallmAgazine can store six phials butva
Simple modification could allow a greater number to be used.

’ The solvent (and monomer, if it is not added from a phial) can
be distilled into the apparatus via the cold finger (A, Fiq.4 3.1)
which is also used to cool the reaction mixture. With a dry k ‘
ice/acetone mixture in A the reaction solution can be cooled to
ca, 200 X, provided that all the ~glasgware up to the level ot Als
1aqged with thick glass rope. At 200 K the rate of temperature rise‘
after ccoling had been stopped (by removal of the oooling mixture |

- from the cold finger) was found to be < 0 1 K min LA test the

Speed with which the contents of the phial achieve thermal

».°quilibrium with the bulk solution,phials of solvent were broken at "u“i
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Fig+4.3.4: Section c¢~d on Fig 4.3.3.

3: Section across the top of the B45 cone on the
new calorimeter.

the main tube,

Pt resistance thermometer.

conductivity electrodes.

heater.

Key: A-D as above,

Em=

F=

G=

H=

I=

=

4 mm O.D. Pyrex tube.

Pyrex/Soda graded seal.

B45 cone.

4 mm Q.D. Soda glass tube.
insulated‘copper leads.

Ptvwire silver soldered to the copper wire

and the lead glass bead which maintains the

~cell dimensions.

L
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Fig04030

Key: A=

B=

D=

E=

G=

5: The platinum resistance thermometer probe
for the new calorimeter.
resistance thermometer leads
dummy leads.
tungsten through glass seal.
tungsten to platinum silver soldered joint.
fine’glas capillary insulation for leads.
0.1 mm diam., Pt wire of the resistance thermometer.

holes in the glass former to allow efficient mixing

and heat transfer,



=R azroic




102

200 K after being held in position for 2, 5 and 10 min. Only the
2 min test showed any temperature jump when the phial was broken.
Provided that the glass breaker is kept as far down the calorimeter
as possible at all times the temperature jump Aue to dropping the
breaker is always less thn 0.07 K.

The base of the calorimeter is made from a B45 cone which
allows easy construction of the vacuum jacket from a B45 socket. The
joint was sealed with black wax and then evacuated by pumping with
frequent fleming for 24 h before sealing off from the vacuum line.
The vacuum was still "black" to a powerful Teela;ceil discharge
afterisix months;

The effieiency of mixing in the calorimeter was tested in two
ways: qualitatively with KMnQ{ solutions invacetone and
quantitati?ely with aqueeus\KCI so}utions. Using‘KMnO4, either
| es‘ctyetals or es‘a concentrated eeidtion'the'movement of the phial =
| centents eftef hteakihg'ean'be observed. Thishines useful
information with‘respeet;to the varioes'devLeee ih the calerimeter -

and the'ameunt of‘obstruetion‘that‘tbese present to efficieht“”'
 mixing. With aqueous KCl’solutiens the conductivity can be mohitered,
and the length of time taken to achieve a level trace’eah be
meaéured; For the final model of the caloriﬁeterlin whieh e'“star
demon“ (S G.L.) did the stirring, the time taken to achieve constant
’conductivity was cas 0 5 s.v‘ | 7 o | t

The platinum resistance thermometer and the ccnductivity
electrodes proved to be relatively simple to reduce in slze. The
h"preciee designs of these two probes are- shown in the diagrams of
B Fig 4.3, 3-5. The major problem with these probes was providing

'efficient, robust insulation for the individual wires. This ‘was |
h finally achieved by threading the wires through fine glass'5‘ ©

“'qapinaries‘before assembly.yln,cont;ast to theyﬁ.P.C.'the‘duminl_
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leads for the thermometer are in the same tube as the actual leads
of the thermometer which is simpler and more efficient. The holes
down the length of the glass former of the resistance thermometer
reduce the obstruction that this probe presents to efficient mixing
and also increases the sensitivity of the thermometer. The
conductivity and resistaoce thermometer probes are shown in the
Photograph of Fig.4.3.5.

The design of the heater was not so straightforward and
Numerous designe were tested before a satisfactory construction was
fOuno.(Fig.4.3.7) The heater needed to have a resistance of at
least 30 0 and at the same time it must be both mechanically strong
and chemically inert.

The initial design incorporated the heater into the
conductivity probe as shown in Fig.d. 3>8. The first oodel of
this design had a fine platinum wire (0.1 mm diam.) as the heating
element but this suffered from two disadventages.,?irstly, it was
mechanically very weak and tended to get broken by pieces of glass
’from spent phials, Secondly, local overheating of the wire, where it
bassed through the glass tubing caused the wire to enap and, on one p
occasion, the glass cracked. A second model of the same basic deeign
had a stainless steel element (0 1 mm diam.) spot walded to O 5 mm "
diameter platinum leads passing through the soda qlass tube. The
31ement and leads were gold plated to make them chemically inert.,»*'
(See Section 4 4 for details.) Unfortunately, although apparently L
: Perfect platinq was achieved (See Fiq.4 3 9 ) and the heater worked
. very well it was found that after eeveral hours in CH2012 tha gold fl
plate fell off the element. After this 1t was decided to use a glass
: enclosed heater similar to that used by Arnettet al-. (Fig.4 3. 7)
\‘The glass tubing surrounding the actual heater 15 drawn from 4 mm

‘,f O-D. tubinq so that the walls are 1ess than a millimeter thick. w~,lﬁfﬂ—a




Fige4.3.6: Photograph showing the platinum resistance thermometer

and the conductivity probes. (1.5 x actual size.)







Fig.4.3.7: The final design for the heater probe.
Key: A= tungsten réd.
'B¥ insulated copper leads.
C= manganin wire heater spot welded to copper leads.

D= the glass capillary former.

Fig.4.3.8} Heater design incorporatihg conductivitybcell.,
Key§ A= 4,0 mm O.Ds Pyrex tubhe.
B= Pyrex/Soda graded seai.
Cé iﬁguiétédvcoppér ieads silver soldered to
platinum Wirés of the éonductivitj cell.‘
D= stainless steel heaﬁing élement silver

. goldered to platinum wire (1.0 mm diam.)







Figede3.9: The condﬁctivity probe incorporating a gold plated

heater. (1.5 x actual size.)
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Silicone oil was found to bevthe best heat transfer agent since its
high boiling point allows the unit to be sealed under a water pump
vacuum without any danger of the oll boiling during Qperation of the
heater. It is advantageous to seal the heater probe since that stops
loss ér contamination of the heat transfer fluid. Although a glass
enclosed heater (e.g.Fig.4.3.7) does show a greater time lag betwaen

elctrical switching and thermal equilibrium in the bulk solution

than a bare wire heater (e.g,Fig. 4,3.8) the incraase, Q o1 s, is not

significant. (For experimental details see Section 444, )

After an experiment the calorimeter is separated from the

vacuum line and the contents removed by suction, either with a long

syringe needle or a Nylon tube. attached via a trap, to a vacuum pump.

The latter device also allows the small pieces of broken glass to be

removed from the calorimeter. The calorimter is cleaned by filling

‘ it to the level of the cold finger W1th a suitable solvent and

allowing it to stand for several hours. The solven? s then removed

by suction and the apparatus dried in a stream of N2 before

reassembly for the next expefiment'




e

~0riginal glass models of ‘the. calorimeter an

‘used for testing were all ma
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4.4: Experimental methods.

4.4.1: Materials.

Solvents for the calibration of the platinum resistance

thermometer were three times fractionally crystallised before use.

All other materials were used as supplied and were of standard

laboratory grade unless otherwise specified.

4.4.2: Glassblowing and miscellaneous techniques.

Although the final design of the calorimeter is solely due to

the author it is the result of many fruitful hours of discusion with

Prof.P.H Plesch, Mr G.E.Holdcroft and many others.

The working model of the calorimeter is largely the result of

the expert glassblowing of Mr C.Cork and the silver soldering of

Mr P.Holbrook. Not withstanding this considerable assistance thek‘;l

4 the many separate parts

de by'the autho:.;
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4.4.3: Gold plating the heating element.

4.4.3.1=Introduction.k

Several attempts were made to plate a stainless steel wire

element (See Fige4e¢3.8.) attached both by silver solder and spot

welds to the platinum 1eads. Only two methods will be described

here, the first because it demonstrates the considerable efforts that

were applied to the problem of making an inert heating element and

the second because it demonstrates that, in the opinion of the

author, gold plating should be left to the experts since it is not

strictly, a scientific operation , but rather an arte

40403.28 Gold.

For both methods the starting material wag a redundant gold

filling supplied by Prof. P.H.Plesch. It was initially purifiad in‘

the following way: One filling of moderate Size (1 1 g) was cut into

six pleces. Each piece was pressed into a flat disc, ca. .25mm

thick, usihg ankbld“I-R. KBr disc press. The discs were then placed

in boiling nitric acid for 6 h. After this treatment the discs had

lost ca. 20% of their initial weight. (Dental gold alsc contains :

Cu, Ag and a variety of other metals depending on the Precige
use, '2) From the silver chlcride precipitated during the

~ Preparation of Auclsit is estimated thAt 1ess than 1% by weight of

the remaining disc was Aq-
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4.4.3.3: Gold chloride.

Gold chloride was prepared after the method described by

Mellor.3 0.13 g of Au (from above) was dissolved in 50 ml of aqua

regia and the solution boiled until the volume was reduced to about

5 ml. The solution was then allowed to cool to ambient temperature,

diluted with 40 ml of distilled water and left overnight, A fine

white precipitate (AgCl) was then filtered off (0.0012 g) and the

filtrate evaporated to about 5 ml over a Bunsen flame. The residue

was then poured into a Petri dish and put in a vacuum desiccator -

over CaCl,. After 6 h of c°nstant pumpinq the residue had yielded

a layer of canary yellow needle crystals which were very

hygroscopic and rapidly formed a viscous solution in the open air.,

4.4.3.4: "Cold plating".

A "cold piatingn'salution”was‘madg from gold chloride (prepared
as above) as described by Henly. 14 Despite taking considerable ' *

‘, care with the cleaning of the wires to be Plated and following the

preSCriptLon as exactly as possible no platinq of either the = .

platinum or the stainless steel wire was observed.




108

4.4.3.5: Electrical plating.

After several unsuccessful attempts to prepare nicely plated

heating elements the following method was discovered. -

The wire elements were first cleaned by soaking in boiling

hexane for 30 min, then gquickly dipping the wire successively into

hot chromic acid, hot water, hot sodium hydroxide (20% w/v), cold

water. The wires were then liberally rinsed with deionised water and

immediately plated. The plating was most successful where the

wire had been well wetted by the water after the cleaning process.

The plating solution consisted of 100 ml of deionised water
saturated with KCN into which one of the gold discs (as described

above) had been dissolved. The wire to be plated was then anodically

stripped at a high voltage (60 V) with a platinum cathode. The -
polarity of the wira to be plated was then reversed, a gold anode -

placed in the solution and a voltage of 2.0v applied. Within a few

minutes a bright, coherent gold plate was achieved. (See Fig. 4.3.9. )

The gold plate was not lifted by mechanical scratching but after a

few hours in CH2C12 the‘gold plate separated from the wire.

“A sample of stainless steel coated with gold plate Prepared
from Wet Gold15 was put to the same tests with similar resulta.
No further experiments were carried out after ‘this as the basic

;design of the heating probe was changed.
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4.4.4: Calibration of the platinum resistance thermometer.

The leads to the thermométer, inside the calorimeter, were

constructed from 1,0 mm diame platinum wire. The thermometer was

made from 0.1 mm diam. wire. Both wires were grade 4 platinum as

supplied by Johnson Metals Ltdes

The circuit for measuring the resistance of the thermometer is

shown in Fig.4.4.1. A Sefram Graphispot, type GR2VAD, was used as the

galvanometer and the temperature/time recorder. By inserting a known

resistance in the bridge to replgce Rpy the effect of 0.10Q

changes in Ry, on the out of balance current was calibrated.

To calibrate the thermometer its resistance was measured at the

freezing point of four solvents. CgHg (278.71 K), CC1l, (250493 K),

CHCl, (209. 63 x), and C6H5CH3 (178,19 x).'ror each

solvent the cooling curves with respect to time were recorded, both

while cooling and warming, until the resistance at the freezing

Point was the same for two successive runs.

The resistance thermometer was recalibrated whenever any

modification to the thermometer prcbe was made. A tygical

calibration qraph is shcwn in Fige 4.4.2.




Fige4s4.1: Circuit diagram of the Wheatstone bridge for measuring

the resistance of the platinum thermometer.

Rpp = (I/14) X (2R + ((1 + (Ryp + (Ry/Ry))) X Ryp))
’ v . qu4o4o1¢

Fig.4.4.2: Calibration graph for the Pt resistance thermometer.,
Slope = 0.1124 Q™! (s.E. + 1.7x107%)

Intercept = 33,880 (S.E. + 1,02 x 10'2)

Correlation coefficient 0.99.







4.4.5: Experiments to test the heater.

When it was realiséd that a self-supporting wire heater, shown

in Fig. 4.3.8 was going to be aifficult to construct in comparison

with the "tube heater" shown in Fig.d.3.7 the thermal

characteristics of the two types were tested with respect to time in

a dummy calorimeter containg only the two heaters, a resistance

thermometer and a stirrer., The tests were run at 273 K at atmospheric

Pressure,

The results shown in Fig. 4.4.3, show that although the time

lag between electrical switching and corisequent effect on the bulk

solution is almost twice as long for the "tube heater", the

difference in the heat capacity values obtained from the

measurements with the two designs are the same, within experimental

error of +5%. B 8 S
" - CCannmetem 25ml CH

It should be noted that the heat capaCity of the systemK

measured by the "tube heater" was always higher than that measured -

by the self-suppcrting wire heater for all :ive measurements. .

,Cly)




Figed.4.3: Temperature/time curves for the two different
heater designs.
A= gelf-supporting wire heater.(Fig.4.3.8)
B= tube heater (Fige4.3.7)
t.l. = time lag for electrical switching to
have effect on temperature/time curve,
= glectrical switching.
CP(A) = 62.76 + 3.5 J/K

Cp(B) = 66423 + 4.1 J/K






4.4.6: Kinetic experiments.

As well as testing the calorimeter by electrical calibration
and simple physical experiments it was used for several kinetic
experiments. Unfortunately the complicated chemistry of the
isobutylene/c2H5c0+Sng/CH2Cl2 system meant that the early tests
failed (See Chapter 1.4.), and no more experiments with isobutylene
were done. However, towards the end of this work the calorimeter was
used to measure the kinetics for the polymerisation of
acenaphthylene in CgHgNO, with (CGHS)ZHC+Sng as
the initiator at ambient temperature. A full galvanometer trace of
one such experiment is shown in Fig. 4.4.4. The rate~constant for
the polymerisation was determined in the manner described by

Panton.3




Fig. 4.4.4: Galvanometer trace for SPAN 16.
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4.5: Conclusion.

At the start of this part of the work it Qas envisaged that the
results would ﬁake the form of a modified B.f.c.. Instead, a new
calorimeter has been designed and built which combines the better
feéﬁures of several different types of vacuum reaction vessel in use
today. In addition to simply combining the best parts of the various
designs‘the individual devices have been modified and diminished in
size sb that an overall feaction volume of 30 ml has been achieved.

Although the calorimeter has been shown to be effective in
electrical and physical tests and for a few meagsurements, it has yet
to be rigorously tested by being used for a full kinetic
analysis of the isobutylene/carbocation salt/CHZClz system for

which it has been specifically designed.
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Chapter 5: Attempts at Synthesising and Polymerising 1=

and 2~ Halo Vinyl Ethers.

5.1: Proem.

Having developed a promising initiator/solvent system and
proved its worth with a well known monomer there is the opportunity
to try it out with new monomers. Thus, it can be argued, that
systematically the following chapter on the possibility of producing
polymers from 1= and 2~ halo~vinyl ethers is in its cofrect place in
this thesis. However, chronologically, this chapter should be at the
beginning of the thesis, since the work was completed during the first
year of the regearch described herein.

Because this chapter was written largely in the late summey of
1977 it has been revised more recently, and the literaturevhas been

surveyed to the end of 1972,
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5.2: Introduction.

The cationic polymerisation of unsubstituted vinyl ethers has
been well studied, 2~Halo=-vinyl ethers have also been polymerised
cationically.1'2'3'4’ The literature on 1~halo-vinyl ethers is
very sparse and as far as is known their polymerisability has not
been studied,

The aim of this project was to find a simple, efficient and
general synthesis for this group of compounds and to examine their
polymerisability.

The project was, however, largely unsuccessful. No new, simple
or general synthesis was found. The only i-halo-vinyl ether which
was made (1~-chloro,l-ethoxy ethene (I)) could not be purified to a
degree where cationic polymerisation was likely to be successful.
The preéaration which was ;hought to‘provide 1fha;o vinyl ethers on a
reasonably efficient séale was shown by 3¢ nur to produce 2-halo=-
vinyl ethers, a most unexpected product, at any rate at "first
thought",

Much time was lost before the true structure of this’prodgctﬁ
was elucidated and many unsuécessful attempts Qere made to
polymerise the two 2-halo-vinyl ethers synthesised, (CHC1:CHOR; R =

phenyl (II)V& p~methoxy=phenyl (III)).

The stereochemistry of 2-halo-vinyl ethers has beeh studiedkbyi
I.R¢, Raman, and NMR‘spectroscdpy andlélthquqh:the cis/trans .
®the

6,7 =

structures on the vinylic]bcnd are now well characteriséd,
stereochemistry about the oxygen atom is still in dispute,
- The evidence of NMR, which shows a considerable‘depeﬁdenée'of ‘

chemical shifts and coupling constants on both solvent type'and' 
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concentration,8 is somewhat ambiguous. The I.R. spectroscopy
suggests that although for 2-chloro, 1-methoxy ethene there are two
rotational isomers for the trans form, for the cis form there are no
such rotational isomers.°

That 2~halo~vinyl ethers do polymerise has been known since

10

1950 when Van Dorp et al. noted that pure 2-chloro, 1-ethoxy

ethene polymerised spontaneously to a glassy solid. In the same year

1

Shostakovskii and Sidel'kovskaya recorded that 2-chloro=vinyl

alkyl (Et,nBu,iPr) ethers will polymerise with SnCl4 and Fecl3

" record that

but not with Bzzoz. However, Price and Schwann
2~chloro, 1=ethoxy ethene does polymerise via a radical mechanism,
albeit sluggishly and produces only oligomers. Apart from the patent

12,13

literature there are few references to the cationic

3 have

polymerisation of 2-halo=vinyl ethers. Okuyama and Fueno
copolymerised the two stereoisomers, and each of the isomers with
vinyl isobutyl ether. They record that the cis-isomer is more
reactive than the trans form by a factor of ca. 5 and that the cis
form is less reacti#é than vinyl isobutyl ether by a factor of ca,
‘25. A similar cis/trahs "reactivity ratio" is recorded more recently
by Hirokawa et al..? Natta et al.? have studied this group of
monomers to examine stereospecific polymerisation mechanisms. They
concluded that bothviéomefs propagate via a cis opening of th§
double bond to produce'two différént isomeric polymer structures;
howevér, poly(cis,chhloro;1fethoxy ethene) has,at‘ieastlthree

different iSomeric'structures4

and thus the conclusions of Natta
et al.;2 although seemihgly correct for the trans isomer, are

_ probably a simplification'of the real situation.




Scheme 5.3,.1.

a) CH,:CCl, + C,HZONa

Br

PClS

£) CZHSOCOCHB —

2
——=>  C,HgOCHBrCH,Br

— No products.

BrHZCCH(OC2H5)2

il/,/’ﬁggzzas (EtOH)

KOH
e)———-> C,HgOH

\\\QpﬂsN‘czﬂs’z

d) CoHgOCH:CHBr
\Q‘j“
C,HgOCH: CH,
HC1l
AW
C,HgCCL:CH,

No products.



5¢3: Experimental.
5.3.1: Preparation of monomers, solvents and reagents.

All solvents for use in the preparation of monomers were dried
and distilled in the usual manner14‘15 if appropriate. Other
reagents were examined by GeLeCo, NMR and I.R. before use and when
necessary were pﬁrified according to the literature.14 Vinylidene

chloride was used as supplied by Koch Light, (Puriss.stab.)
1=chloro, 1=ethoxy ethene.(I)

Scheme 5.3.1 shows the various ways in which we attempted to
synthesise the title compound and summarises the results of these

attempts. Short notes on the experiments are givep below.

Notes to Scheme 5.3.1.
a) The reaction was done in (C2H5)20 at ambient\and reflux

16 reported

temperatures under dry nitrogen. Kuryla and lLeis
similar findinés although ne explanation is given as -to why the’
reaction gives ketene acetals when "non-simple" alcohols, for
‘example, 2-ethoxy-ethanol, are usad.

b) The bromination of ethyl vinyl ether was carried out at ice/salt;
bath temperatures, (263 to 268 K)e |

¢) The crude brominated ether from b) wae added’to a solution’of
Na0c2H5 in abs. C2H50H at ambient temperature. When all the

ether had been added the mixture was refluxed for two hours 5efore

being fractionally distilled.—Mcxlvain and Fajarﬂo~?inzon18~made :

1-bromo, 1-phenoxy ethene in this,&ay, withryieldskin‘exceésgpf 18%}/ :
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The only product isolated from this reaction, (65%) was identified
as 1=-bromo=2,2-diethoxy ethane, the major product recorded by
McElvain et al. when the reactants were added in the reverse order.
No 1=-bromo ether was isolated.

19 The ethoxy

‘d) This synthetie route was used by Arens et als.
acetylene was synthesised according to Nazarov et al..17 The

ylelds obtained were similar to those of previous workers, (ca. 17%
referred to’the ethoxy ethene starting material). It should be noted
that the first stage of dehydrobromination can be extfemely

20 1he temperature of the diethyl aniline mixture must

dangerous.
net rise above 378 K. If no pfoduct has distilled over before this
temperatﬁre is reached, the mixture should be allowed to cool and
should be disearded. It has been known for such mixtures to explode,
although this did not happen during the work described'here.v

It is advantageohs to grind’the KOH for the second stage of the
dehydrobromination to a fine powder under nitrogen. Best results
were obtained when a fresh bottle of KOH was used.

e) Klementschitz and Gischthaler?!

used this route to prepare
i=chloro, 1-§henoxy ethene in Very low yield, (0.05%) from the phenyl
ester. Since the product was known to hydrolyse, the work-up
suggested in the reference was not used. The reactants, (39.0 g of -
CH3c02céH5 and 102.0 g of PClg) were refluxed in carefully

dried apparatus flushed with dry nitrogen. Small samples of the

distillate were taken at hourly intervals for 5 h and analysed by

GesLeCs and NMR. No sign of even small amounts of product were seens.
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The product from route c) was used in the polymerisation
reactions. The major impurity was the hydrolysis product of the

19 Careful distillation even under

ether, ethyl acetate.
rigorously dry conditions did not yield spectroscopically pure
material. The bést results were obtained by first distilling the
material carefully under dry nitrogen and then transferring it,
gquickly, to a flask containing PCls. The latter was then attached
to a vacuum line. After degassing the liguid by the freeze-pump~thaw
technique, the liquid was distilled onto activated charcoal where it
was stored and warmed for 24 h before being redistilled ready for
use. It was found that distillation straight from charcoal into the
reaction vessel resulted, even with great care, in some of

the charcoal being taken over into the reaction vessel. This

purification technique was found to reduce the amount of ethyl

acetate remaining in the sample to ca. 2%.

i=chloro, 1-ethoxy ethene: b.ps 362«3 K / 760 mm Hg.
(Lit.'? 363.5-366.5 K.)

n2% 1.4202 (nie. ! 1.4128)
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1=Chloro, 2=-phenoxy ethene (II).

22

For this compound a preparation in a patent®”® was reproduced

and modified. (Scheme 5.3.2) The attempts to reproduce the patent
using an autoclave, both with water and with toluene as solvents were
unsuccessful. With water as the solvent, a catalytic amount of

23 1¢ should be

copper filings was added at the second attempt.
noted that the pressures produced during these reactions in aqueous
medium were as high as 147.5 atmos. at 468 K which indicates that at
these temperatures the mixture is not homogeneous. Attempts to
reproduce the patent using aqueous medium resulted in the formation
of very viscous black tar from which no products were isolated
'despite extraction with hexane, acetone and CH,Cl,. With toluene

as solvent the phenoxide was made from mefallic K and Csﬂsoﬂ

before being transferred to the autoclave. A very small amount of

(II) was isolated from this reaction,.

Scheme 5.3+42
CH,CCl, + KOC_.H e CH4CClOC H: + KC1
high p.

. The conditions of reaction were modified to improve the yield-
To this end several cyclic ethers were tried as solvents. The
addition of TMEDA,tora solution of NaOCgHg was,also tried. This
last attempt gave‘ﬁo‘high boiling prdduéts &t’ail. AnAexample'ef‘ﬁhe
method used is given below.,' | o o | |
0.5 mol of KOC6H5 in 600 ml of 1 4-dioxan, freshly

'»distilled from CaHz, was prepared in the usual way. The slurry,:"‘

- while‘still warm, was transferred to a 1}1 gutoclave’which_was‘then‘_ 4:wf°"




Table 5.3.1.

NMR Data for Compounds II and 111,

Compound  Vinylic H Aromatic and 13C Chem. Shift/ppm
aliphatic H
ppm (J Hz) ppm (J Hz) Cq C,
I H, 6.6 (1H,d4) 6.8-7.3 (5H,m) - 99,1 142.0

Hy 5.45 (1H,d)
(Typ = 5)

111 Hy 6455 (1H,d) 6.75(4H,d) 98.6 142.7
Hy 5.3 (1,d) (J = 3)

(Tap = 5) 3.55 (34,s)

*
The structure and numbering used in the table refer to:

Ha\ Hy,
C=C,
/
ArQ cl

1H NMR spectra were recorded on a Perkin-Elmer 60MHz machine
with 10% samples in CC14. ppm relative to TMS = 0.
13C NMR spectra were recorded on a Jeol 100MHz machine

with 10% samples in CDC13, ppm relative to TMS = 0.
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flushed with nitrogen while it was cocled in an ice bath to
ca. 298 K. Then 1.0 mol of vinylidene chloride was added and the
vessel was sealed quickly. The autoclave was then heated to 448 K
(p = 140 p.s.i.) for 4 h, After allowing the reactor to cool it was
opened and the liquid contents were then extracted with a filter stick
connected via a 1 1 flask to a water pump. The dioxan was then
removed on a "Rotavapor" and 200 ml of hexane were added. The
resulting slurry was then filtered and the filtrate returned to
the "Rotavapor" to remove the bulk of the hexane. The residue,
(ca. 100 ml) was then placed over CaH, and fractionally distilled on a
spinning band column. 25.0 ml of 99.9% pure material was collected. This
was a colourless liquid. b.p. 361 K /12 mm Hgq.
(Lit.® 347-50 K /4 mm Hg.) (Yield; 40%)

Washing the product in hexane with 10% NaOH aq. did not lower
the phenoiic impurities in the final product significantly. This

procedure was not repeated.

i=Chloro, 2«(4-methoxy)phenoxy ethene (III) and 1-chloro,

2=(4-chloro)phenoxy ethene (IV).

A similar method was used to prepare (III). For this
preparation the best yields were obtained with a temperatuie of
403 X (p = 65 p.s.i.). No significant improvement in Yiéid was
obtained by longér reaction times or higher températures. After

‘fractionall§ distilling the product on a spinning band column
10,0 ml of 99.5% pure materiai wés ébtéinéd. This was a colourlgss
liquid. bep. 397-9 K /1 mm Hg. n§5§ 15463,
: A‘small scale Carius tube'ekperimen; waé used:to éxamihe‘the -
posibility of making 1V, but ohlj ttace amﬁunts of pfddﬁct were .

 produced after 5 h at 425;K§'No‘highef temperaturg could be‘used‘forf
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the small scale experiments with safety because of the pressures
involved.

Final purification of the materials for the polymerisation
tests was accomplished in vacuo. The unsubstituted phenyl ether II
was distilled from Na ribbon. This procedure led to the formation of
tar when tried with III; subsequently this compound was distilled
from Caly.

Although the patent22

reports that the 1-chloro ethers can be
prepared in this way, the products from the above preparations were
shown to be the cis~2-chloro derivatives by comparison of their NMR
spectra and their physical data with the literature.®’24 The NMR

data are tabulated in Table 5.3.1.
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5.4: Polymerisatons.

The report that follows is in two sections. The first concerns
the efforts to polymerise I and includes information on the basic
techniques which were used in the subsequent trials on II and III

which are described in Section 5.4.2.
5¢4.1.1: Solvents.

CH,Cl, was purified as described in Chapter 1.

Propylene dichloride (PDC) was used as supplied by Aldrich
Chem. Co.. It was analysed by G.L.C. before use and stored in vacuo
over CaH,. It was freshly distilled in vacuo before each

experiment.
5¢4.1.2: Initiators.

BF,Et,0: As supplied by B.De.Ha.

HgCl, and CdC12: These were washed with CHyCl, and
dried in vacuo before use. | |

A1C13: The anhydrous coumpound {(B.D.H.) was pléced';n,a Eéilinq
tube and covered with ca. 10 ml of CH,Cl,e This was,then,boiied
for a few ﬁinutes. The CH2C12 was decanted and the process
repeated until thé liquid remained clear on éooiing. The éiéar
solution was then decanted‘and ﬁsed immediétely. 2

CF3CO,H: Used as supplied.‘(Koch‘Light.) 

I,: This was sublimed in vacuo before use.

~AgClO4§ Used as supplied. (Hopkins and Williams.)
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TiCl4: Used as a 1% solution in CH2C12 made from freshly

broken phials of TiCl4.
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5¢4¢1.3: Killing agents.

MeOH: Used as supplied.

H,0: Deionised and distilled water was used.

Et3N: Used as supplied. (Hopkins and Williams.)

(C6H5)3N: Used as supplied. (B.D.H.)

1, 1=diphenyl ethene: Used as supplied. (Koch Light.)

'In the experiments with II and III the aim was to isolate the
unhydrolysed polymer. Et4N, (CgHg)3N and 1,1-diphenyl ethene
were used as the killing agent. Et,N allowed the analysis of end-
groups by NMR. Where this was done it indicated that almost all of
the oligomer chains were terminated by -N+Et3.

The (CgHg)3N and 1,1-diphenyl ethene permitted end-group
analysis by U.V.. The latter had the advantage that there was no
possibility of attack along the chain. The analysis of end-
groups in this way was not studied in depth and no conclusive

evidence was obtained.
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5:4.1.4: 1-Chloro, 1-ethoxy ethene.

i-Halo=-vinyl ethers have not been polymerised before. The
information on this group of compounds is confined to their use as
organic intermediates in the synthesis of ketene acetals.

McElvain et al.18

reported that i1~bromo=-1,i=diphenoxy ethane
decomposed into phenol and a brown viscous polymer when an attempt
was made to distil it. Their explanation of this is given by

Scheme 5.4.1.
Scheme 5.4.1.

CHZ:C(OCGHS)z + HBr ~—ﬁ>CH3CBr(OC6H552——4> CH2:CBrOC6H5 + C6H50H
polymer
The initial tests on I suggested that it might polymerise with
both BF3Et,0 and metal halide initiators. Protonic acid
initiators reacted with I to form acid chlorides and ethyl acetate.
Bz,0, in boiling benzene under dry nitrogen gave no polymeric
products. The solution was not analysed further. Hydrolysis of I was
a major problem and further attempts at polymerisation were car:ied
out in vacuo. Fig S5.4.1 shdws the apparatus used. Temperéture
changes were measured with a thermistcr connected via a Rikadenki
(Model A10) micro voltmeter to a Rikadenki two pen recorder.
cOnductiviﬁy wés measured by a Wayne Kér#‘Bridge and Autévﬁalanée and
was recorded in the same manner., All glassware was thoroughly cléaned"
before being pumped out on the‘vacuum line. An example of

the method is given below.




Fig.5.4.1: Apparatus for vacuum polymerisation tests
on II and IIIX.
Key: A= monomer reservoir,
B= hanging burette.
C= hexane reservoir,
D= freshly distilled hexane.
E= thermocouple pocket,
F= gilicone rubber seal.
G= "Plade C" electrode.

H= magnetic stirrer,
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54441.5: Experimental method for test polymerisations.

All joints were greaged with Edwards high vacuum grease. The
system was pumped out, after checking for leaks, for two hours or
until no Tesla coil disharge was seen. The solvent was then run
into the apparatus from a burette. The monomer was then distilled
from its reservoir into the hanging burette (See Fig.5.4.%1.) and from
there into the reaction vessel. The initiator was then added via a
silicone rubber seal with a syringe. The killing agent was added in
the same way.

Experiments were carried out with the following initiators:
A1C13, BF3Et20, Cdclz. HgCl2 and 12. The monomer to
initiator ratio was varied from 10 to 100. Temperature was varied
from 190 to 298 X and monomer concentrations Qere varied from 1.0 M
to bulk polymerisation conditions. No polymeric products were isolated
either as the simple polymer (A) or as the hydrolysis

product (B),(See Scheme 5¢4¢2.)

Scheme 5.4.2.

1 I CHLCCL(OC,HL) Y —~§29-?+ca co%
CHy:CCL(OC,Hg 2 oHg) ¥y 2C0%,

(a) (B)

The products from the reéctions included salts formed from the
kinitiators and killing agents and the hydrolysis‘product of the

monomer, ethyl acetate.




Fige5+4.2: The modified Krummenacher reagtion
vessel,
Key: A= magnetically controlled glass breaker.
B= glass breaker.
C= phial magazine.
D= conductivity electrodes.
E= magnetic "demon",

F= thermocouple pocket,
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54442: Polymerisation of II and III.

The monomers, II and III were made to react under vacuum
conditions as is shown in Table 5.4.1. Where the apparatus differs
from that shown in Fig.5.4.1 the experiment is marked with a star.
For these experiments the apparatus was that shown in Fig.5.4.2.
This is a modification of that used by Krummenacher.24

Test reactions under nitrogen with Bz,0, in boiling
C6H6 and with sodium naphthalene in THF gave no polymeric
products and the solutions were not analysed further. A solution of
II in CgH, was placed in a quartz tube and irradiated with U.V.
light for three weeks and apart from a slight yellowing of the
solution there was no apparent reaction.

The isolation of polymers from reaction mixtures was carried
out in the following manner: The reaction mixtpre was poured into
dry hexane, which had been distilled from CaH2 under vacuum, If
no precipitate resulted, the mixture was released from the vacuum
line and analysed. If a precipitate formed, the vacuum was let down
‘with dry nitrogen. The mixture was filtered through a glass sinter
under a blanket of dry nitrogen and the so0lid was redissolved in
‘-butaﬁ—é-one.'Tﬁe solution, usually orange-brown in colour,
was then evaporated and the solid dried on the vacuum line. The
solids were kept either under nitrogen or undet vacuum until
analysis.vThis,precaution was taken because the sdlid’produc#s
tﬁfned from’very éaie cfeam to a varietykof déeé ¢§lours oh‘éxéosurg‘ ;
to air.

For the expeiimenté with the'equipment showﬁ‘inkFig.S.4.2kand

for experiments v2/6, 7, 21 and 22 phialsybf‘ieagents were used.
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Phials were prepared in the manner described in Chapter 7 of this

thesis and the contents determined by the mid-point method.




Table 5.4.1.

A Summary of Polymefisations of ITI and III.

EXpDe Solvent T/°C Mon.,conc. Initiator mo/c° time? D.P? %‘prod.
. Mon. Olig.
vi/7 CH,Cl, =30 1II, 2.0M BF3Et,0 20 0.17h 8.4 80
vi/8 " 20 v, " " 10 8.0h 4.1 80
v1/9 " 30 ", " " 10 1.5h 2.3 60
v1/10 " e e, " 20 8.0h 3.1 65
v2/1  Pc 35 ", 1.0M " 10 10.0h 3.8 95
v2/2 n.- g0 v, " " 10 4.0n 5.0 75
v2/3 - 75 ", " " 10 0.6h = 95
v2/4t  w oo, EtAlC1,9 100 0.5 - 95
v2/5t . 20840 ", "  BFE6,00 100 24824h = 95
v2/6° None 85 ", bulk EtAlC1,9 1000 0.75h 7.63 95
v2/7¢  » 20 ", " " " 504h - 85
v2/8 PDC 60 ", 1.5M " " 24h - 90
v2/9 " 60 ", " cacl, 10 24n -~ 95
v2/10 " 75 ", " BFEt,0 10 4.0h 3.4 80
v2/11 - " 60 ", 1.0M I, 100 8.0h - 80
v2/12  CH,Cl, -85 III, 1.0M TiCl, 100 9enl 3.2 75
v2/14  PDC 60 ", " BFJEt,0 20  20h 3.0 75 10
v2/15  * 60 ", " " 20 4.0h - 9 5
v2/16 40 ", " TiC1, 20 24h - 80
v2/17¢  m 60 " , 2,0M BFy(gas) 10  96h - 80
v2/1gd  » 60 ", " PFg(gas) 10  24nh - 80
v2/19  CH,Cl, 24 II, 1.0M Agslo4 500 24h € not
v2/20 " 65 ", " }CH3001 500 24h _ }recovered
v2/21f  None 82.5 ", bulk BF;EE,0" 20  0.5h 4.3 95

v2/22f  m g2.5 ", " " 20 0.5h 3.8% 95
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Notes from Table 5.4.1.

a) The time shown is that from the time of addition of initiator to
the time of addition of killing agent.

b) Molecular weights, except for experiment v1/7, were determined by
Vapour pressure osmometry in butan-2-one with a Mechrolab osmometer,
Model 301, For the product of v1/7 the molecular weight was
determined ebullioscopically in 1,4~dioxan.

c) For experiments v2/6 and 7 the apparatus is shown in Fig.5.4.3.
The aim was to attempt polymerisation in bulk on freshly

distilled monomer., The monomer was placed in tube A, with a few
pleces of clean Na. The apparatus was then pumped for 2 h while the
monomer was warmed on a water bath to maintain reflux. The monomer
‘was then allowed to cool and the apparatus was sealed off at E.

The monomer was then distilled into B until at least 1.0 ml had
been collected, The tube B was then sealed off at C and a

further 1.0 ml of monomer distilled into the reaction vessel D.

The initator was then added by breaking the phial with the magnetic
‘breaker. The killing agent was added in a similar manner.

~d) For experiments v2/17 and 18 the apparatus used is shown 'in
Figs«5.4,4 and 5 These reactiéﬁs were dbne undét‘dfy,ﬁitrQth;

The monomer solution was heated to 333 K before bubbling ih,the ﬁzi
s BFB,:th?h thé‘mixtuﬁe was cooled in ice for the temainder of the
reaction timeQ | |

- e) The initiatcr for thesé reaétions was made up in aceténitrile
immediately before ﬁhé feaétion. The AgC104 wﬁs added firét and
‘then the CH3COC1. A faint white precipitate was noted after

the addition of the Agclo4, a much heavier precipitate was noted ,




T 131

after the addition of the CH3COC1. After about 12 h a pink colour,
attributed to co%oidal silver, was observed. The reaction products
were analysed by G.L.C. and NMR but were not worked up.

f) Experiments v2/21 and 22 were designed for siudying the
polymerisation with a dilatometer. A sketch graph for the second of
these two experiments is shown in Fig.5.4.6,Fig.5.4,7 shows the
temperature and conductivity changes during a typical

polymerisation,

The apparatus for experiﬁents v2/21 and 22 is shown in
Fig.5.4.8. The apparatus was evacuated to a "black" vacuum and then
sealed off at A. It was then immersed in a water bath for five
minutes to allow temperature equilibration before initiation. For
experiment v2/21 the experiment was started at 350 K, there was no
apparent reaction after 30 min and the temperature was raised to
360 K, at which temperature the reaction seemed to start after about
S min.

g) Phials of BF3Et,0 inkCGHSCl were those made by Hamid. 27

i) The mixture was allowed to come slowly to room temperature when
no apparent reaction was observed after 2 h,

j) Only ca. 50% of the solid would dissolve in butao—z-one. Several
other solvents were tried without success. The remaining solid was a
glassy material which softened at 363-373 X and turned black above
this temperature. The material also turned brown wth age even under
a'covér of Ny iﬁ sealed étorage veésels.{

k) The unkilled reaction producta were mixed with the, still liquig,
'fraction from the phial breaking tube. (Fig.s 4, Bb ) and left over

night at room temperature before being killed.




Fig.5.4.3: Apparatus for experiments v2/6 & v2/7.
Key: For A to E see text,
F= initiator phial,

G= killing reagent phial.

Fig.5.4.4: Apparatus for experiment v2/17
Key: A= H,S0,

B= 3203 + NH4BF4

C= empty trap.

D= c.HZSO4’+ H3BO3.

E= syringe needle,

F= monomer solution.

G= Si gel drying tube,

Fig.5.4.5: Apparatus to produce PFg for
experiment v2/18.
Key: A= phosfluogen.

B= empty trap.






Fige5.4.6: Graph of dilatometer readings vs.time for
experiment v2/22.
n.b., After the rapid contraction of the mixture,
A, the contents of the dilatometer expanded

as a foame.

Fige5.4.7: Sketch graph of the changes in temperature
and conductivity vs. time for

polymerisations vi/7 to v2/16.
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Fige.5.4.8: Dilatometer for experiments v2/21 and 22,

Key: For A & B see text.
C= 1.2mm capillary.

D= monomer & initiator phials.



Jt




Table 5.5.1: Results of the chlorine analysis of hydrolysis

solutions compared with the chlorine analysis of oligomers.

Product from; % of total chlorine released wt.% Cl in

Exp.No. - from oligomer into soln. oligomer
Acid hyd. Alk. hyd. {Vole. anal.)

v1/8 232 683P 26.6%

v1/10 232 81sP 25.6%

a) No chlorine could be detected. This figure represents the error
limit of the experimental method. Solutions left for one week gave

similar results.

b) Analysis was after 12h of hydrolysis. Repeat experiments after a

week of hydrolysis gave results close to 100%,



5.5: Hydrolysis of oligomers.

One of the suggested uses of the poly (i-halo-vinyl-aryl) ethers
was as controlled release agents for biologically active materizals.
The substituted phenols, which are hydrolysis products, are well
known as insecticides, molluscicides and antiseptics.28

It was decided, despite the lack of high polymer formation, to
examine, qualitatively, the rate of hydrolysis of the polymerisation
products. In addition, a quantitative analysis of the chloride
releasd from the oligomers by more vigorous acid and alkaline
hydrolysis was carried out and the results were comparedeith a
Qquantitative, standard chlorine analysis on the same material.,

The experimeots to test the rate of hydrolysis were effected by
.U.V. analysis of the phenol content in a water solution over L
the solid oligomer.,The oligomers were insoluble invdeionised water.

(PH = 6.75) The experiment was carried out at ambient temperature.
Fig.5.5.1 shows a graph of absorbance agaipst time for cne of>these
experimeﬁte. The oydfolysis of both‘the'oiigomers_tested in these
experiments followed e ;ooghly first-orde: patterﬁ.Thiebresolteie
‘not of great eignificanoe since the rate of hydfolysis\could be
governed by physical'diffusion processes as well as by'the purely‘
chemical process of hydrolysis in these experiments.

The hydrolysis solutions were analysed for C1™ by o
conductimetric titration with AgNO3. The chlorine analysis~of the
oiigomers was done by the standard Carius volumetric technique. The
_results are shown'ih Table 5.5.1. |
‘ For the acid hydrolysis 10% (vol/vol) H2504 was used, a few

drops of HNO3 being added before the conductimetric titrations




Fige5.,5.1: Graph of Absz72 vs. time for agueous

solutions above solid oligomeric II.



5 0 I5 20 25 0
thh -
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were done. The oligomers were insoluble in these solutions.

For the alkaline hydrolysis 10% (wt/wt) NaOH was used, the
solutions being acidified with dil. HNO4 before titration. On
acidifying the alkaline solutions a feathery white precipitate
formed which was filtered off before doing the titrations.

It is clear that the oligomers hydrolyse under alkaline (and
mildly acidic¢) conditions to give off both chlorine and phenol.
Under acid conditions the only product is phenol. The explanation of

this fact 1is attempted in Scheme 5.5.1.

Scheme 5.5.1.

® OF
H+
B —— ] -
H OH g | ¢l
\*ZC'- | S  4200H

The solids that remained after completion of the hydrolysis
were orange~-red glassy solids which were insoluble in a wide variety
of solvents. The I.R. analysis of these materials was attémpted

using KBr discs; no useful results were obtained.
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5.6: Discussione.

It is clear from the experimental sections that no polymers
were produced from any of the compounds I,II or III. The fact that
compound I 4id not even form oligomers was probably due to the
presence of ethyl acetate which, being a base, would neutralise the
initiator and trap any carbenium ions. The lack of polymer formation
from II and III requires more explanation. The explanations offered
here are based on considerations concerning stereochemistry, kinetics
and ceiling temperature.

13¢ chemical shifts have been reported to reflect the n-v
electrqn density of the atom under consideration;31a'b' this has
been used?2s30/34 4, attempts to correlate the 13C shifts for
various monomers and their reactivity with respect to cationic
polymerisation. However, the correlation is not simplé since the
n-electron density is ndt the sole factor which cdntrols either the
chemical shift33‘or the reacti?ity with iéspeétrto eléctrophilic
attack.zgvlhdeed, a lack of correlation between chemical shift and"
reactivity has‘béén used'té derive informatioﬁ about the meéhdnism
of polymerisation.30

However, the relatively high values of the 13¢ chemical
shifts for both the vinylic cafbdns:in>x and II coﬁpafé& with 1=
ethoxy ethene?? and Styféne34 suégest'théﬁ‘the ﬁééléétroht‘v
density‘on tﬁe vinyiic'double bcﬁdkih‘I‘ahd ii iéfréiéfiﬁeiﬁvlow'so’
that ohe‘expécté théacgtiénié‘bélyméfiéétion qf thesé‘mohoﬁéis to |
be slow. o | | |

' The double electron-pulling ‘effect of. the ether oxygen and the

halogen leads to a decrease in the electron density on the double
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33

bond. This can be seen from the canonical forms shown in Scheme

5.641,

Scheme 5.6¢1.

=Q0=C=C=X «-Q=C=C=X «Q=C~C=X
+ - - 4+

{a) {b) (<)

In the compounds studied by us the importance of form (a) is
accentuated by resonance with the benzene ring, and the addition of
a p-methoxy group to the benzene ring would lead to a further
increase in this effect, which in turn leads to a relative
stabllisation of the monomer with respect to cation attack. This
argument is corroborated by the experimental results that IIi is
less easily polymerised than the unsubstituted compound, II.

There are two main types of chain breaking reaotions, those
that involve adventitious impurities and those which are inherent to
the particular system being studied. The chain breaking reactions
cauoed by adventitious impurities can be minimised by careful
purification. Low temperatures and the judicious choice of-initiator
and solvent can minimise‘the inherent chain breaking reactions.

It is possible that there wero residual impurities inocompoundé
II and 1I1I. This seems, however, unlikely since various purification
teohniques were tried and different solvents wére used Qiﬁhoﬁt L
: significant change in the D.P. of the products. The figures in Table
5 4.1 suggest an increase in D.P. with an increase in temperature of ‘
polymerisation. This too suggests that adventitious impurities are
, not the cause of theflack of high polymer formation. Higher,f.“"
 temperatures would also increase the rates of inherent chain

breakinq reactions: thus, the relationship between D.P. and
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temperature suggests that these are not the major causesof the lack
of high polymer formation. The possibility that the polymerisation
involves a stage withva large activation energy seems to give the
most plausible answer to the problem of the lack of polymer
formation at low temperatures. This is corroborated by the increase
in D.P. with the time that the polymerisations were left before
adding the killiné agent.No experimental evidence can be offered to
suggest the nature of the controlling stage of the reaction.

In addition, although the experimental evidence is weak, it is
thought that the expérimental temperatures which prevailed when rapid
poiymerisation took place were close to the ceiling temperéture,’so
that high polymer formation was not possible on thermodynamic

grounds.
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5.7: Suggestions for further work.

As with a great deal of scientific research, the number of
questions posed by the foregoing study exceeds the'number of those
answered.

It is clear that the polymers from pﬁenyl substituted 2-halo-
vinyl aryl ethers might prove commercially interesting materials as
controlled release agents for biologically active substances.
Copolymerisation with other monomers such as styrene could be
interesting both as a means of raising the molecular weights of the
products and possibly as a means of lowering the rate of hydrolysis.
It should be noted that the method of preparing compounds II and III
is almost certainly not the most efficient. Scheme 5.7.1 suggests a
possible route to a va:iety of substituted 2-halo-vinyl~aryl ethers.

Scheme Se7e1e
KOH Br C.H:NEt
AYOCH,CHBY ~———» AXOCH:CH, ——%» ArOCHBrCH,Br —&—2—3 ArOCH:CHBr

The question of whether or not 1¥halo-vinyl ethers do polymerise
remains open. For further work on this subject it is sﬁ§gested that
the study should'concenifate on the aryl deriVéﬁivés to avold the
problems of the rapid hydroiysis‘of the monomers. it is\sug§ested’
that a possible route to these Cbﬁpéunds‘might‘be'ihat‘féﬁorted‘by

'McElvainrand Fajéfdo-?inzéng which is shcﬁn in‘Scheme‘S.7.é.‘Itr
would also be worthwhile to examine the reactlon of PCl5 with ,
phenyl acetate since the low yields reported in the 1iteraturezq'

_ may result from the method of isolating the product.

Scheme 5-7020

N Lo NaOAr ‘
ArOCHZBrCstr s ArOCBr CH2
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Chapter 6: Polymerisation of Oxacyclic Compounds. {(Work Done at

hodz, Poland.)

6+1¢: Introduction.

In September 1979, after the work described elsewhere in this
thesis was completed, the author spent ten weeks in Europe, mainly
in ®odz, Poland, as the guest of Prof.S.Penczek and the Polish
Academy of Science (P.A.N.)s Coming at the end of the author's Ph.D.
work the trip provided an oportunity to put this work into
perspective within a much wider context.

Table 6.1. outlines the scientific highlighté of the journey
from which it is apparent that‘thé time spent ih bodz, and
available for research, was less than six weeks. Thus, although it
had been planned to do a short,reseérdh projeét’on ﬁhé copolymerisation
of tetrahydrofuran (THF) and 1,3-dioxolan (DXL), little
progress was achieved.’

' The polymerisatidnsfof THF and DXL havé beénlstudiad‘iﬁ‘great ’
detail at Bodz but the coploymerisétion of thesg two monomers has not’
been attempted before, neither, to the author's kno&ledge is’the'Qork
being éarriéd on by anyone in kodz. Despite the lack ofvtime -
available, a start was made on the project, but the work done will
be described with an emphasis on .the techniques and whera applicable e
comparison of the techniques with those at Keele.

Although the experimental wcrk was carried oﬁt under the
guidance of Dx. Kubisa and Dr. Matyjaszewski, many useful hcurs of ,
discusion were spent with the many other people in Prof. Penczak'

ﬂresearch group which, as well as studying the cationic




Table 6.1+,

The Scientific Highlights of the Journey.

Aug. 31st.- Sept. ist. Travel to Bodz, Poland.

Sept. 11th.~ 13th. Visit to Wroczaw. Polish Chem. SocC.
Jubilee Meeting.

Sept. 27th. Lecture in Bodz: Vacuum Calorimetry.

Oct. 12the.= 15th. Visit to Warsaw as a gquest of Prof.

Kuran, Technical University, Warsawe.
Lecture: The Cationic Polymerisation
of Olefins,

Oct, 23rd. Short Lecture in bodz: A Systematic
Approach to Cationic Olefin
Polymerisation.

Oct. 26th~ 29th. Stayed in Pokshivna as a guest of

prof. Nowakowska, Technical High
School, Opole. Lecture: Cationic
Polymerisation and its Industrial
Significance.

Octe. 29the=- 30th. Stayed in Krakow as guest of Dr. Bortel,
Jagellonian University, Krakow. lLecture:
Cationic Polymerisation at Keele. ¢

Nov. 1ste \ Visited Dr. Marek at the ~
: Czechoslovakian Academy of Science, Prague.

Nov, 2nd.= 7th. Stayed in Munich, W. Germany as a guest of
Dr. Nuyken, Technical University, Munich,.




141

polymerisation of oxacyclic monomers, works on the copolymerisation
of atomic sulphur with organic sulphides, the polymerisation of
phosphorus~containing monomers and the polymerisation of optically

active mbnomers initiated by optically active initiators.
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. 642: Techniques and materials.
642412 Glassblowing.

A great deal more glassblowing is done by the research workers
in Bodz: thus, in addition to the glassblowing normally done at
Keele, the author found it necessary to become adept at making
break-seals and small internal seals from Pyrex tubing. Furthermore,
since preformed glassware items (e.g. taps, joints, and flasks) are
in short supply, it was necessary to repair items that would have

been discarded at Keele,
6e2.2: Vacuum Systems.

The vacuum sys£ems of the bodz polymer group contain
significantly more joints and taps than the Keele systems and the
_ 1ength‘of time for which épparatuses are evacuated ("pumped out")
is generally about ten minutes to half an hour which is considérably
shorter than the time normally allowed at Keele, |

Two reasons were give for the less rigorous expefiﬁental'
conditions in hodz: firstly, it was cohsidered’quicker and simpler
to use  taps and joints rather than an'all-glass’system. (Alsb a
nearby oxygen torch>is not always available.) Sécondly, since~tﬁe
concentrations of in;tiators usedare‘generally‘greatgr thanrio’B M"
and the oxacyclic polymerisations are inherentiy\iess4éeﬁéit1ve to |
water than olefin polymerisations, because of the relative
basicities of the ‘monomers and water, a higher residualrwater ‘
concentxation can be toleratad without affecting experimental _,fi»'

\ reproducibility. Thus, the philosophy in Bodz isz make the Sygtem i
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clean enough to yield reproducible, consistent, results .
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6+2.3: Calibrated break-seals and phials,

Because of the short pumping time allowed, it is found to be
quicker and simpler to make and fill individual phials or break-seals
attached to a joint, (See Fig.6.2.1) rather than to use the tipping
device traditionally used.at Keele,

Phials are generally used in bodz only for solid reagents,
and liquids or solutions are more often handled in calibrated
break-seals. The preparation of a calibrated breakseal is best
demonstrated by the sequence of diagrams in Fig.6.2.2. The
breakseal is constructed, a, calibrated with a known volume*,

b, and then filled, c. It can then be séaled off from the vacuum

- line by freezing a plug of liquid in the narrow tube. Since the
internal diameter of the narrow tube is Xnown {cae 2.0 mm}, the
volume in a given length of tube is also known and therefore the
~actual volume of liquid in the breakseal can be calculated.
(Eqe6+42+2.) The method is very useful and is applicable Qhen volumes
greater than ca. 0.5 ml are being handled. The lower limit is due to
the difficulties in constructing smaller break-seals rather than the

errors involved which are < 1073 m1.

* Volumes were calibrated with a dial syringe. Vib. Glasswerke.

Ilmenau.




Fig.642.1: A vacuum phial attached to a joint.

(Wr + W, + WC) - Wtot = Wc Eq060201

p
where W, = the weight of the contents.

Fig.6.2.2: Calibrated breakseals.

2 p =
Ve - (4/2)° h =V, EQe6e242
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6+2+4: Preparation of benzoyl hexafluoroantimonate.

The preparation of this salt has already been described in
Section 1.3.2 and the treatment of the chemicals used in the
preparation is discussed in Section 1.3.1. It should be noted that
the use of a jointed apparatus, even for this air and moisture

sensitive compound was found to be practical.
6.2.5: THF, DXL and CH2C12.

The purification of these chemicals has been described. /2 1t
is interesting to compare the reservoir designs used for these
materials. The general storage vessel used, partly because of the
shortage of preformed glassware, is an ampouie with a teflon tap. A
sodium mirror is made by the simple arrangement shown in Fig.6.2.3;
the Na is heated until the mirror is formod and the residue is then
sealed of at the restriction, A. Much to the surprise of the
author, ends sealed in this way were frequently frozen in liq. N,
without any incidence of breakage.kThis apparatus involves ks
considerably less glass-blowing than the apparatus gehefallyvused at

Keele4

but suffers from the disadvantage that the sodium mirror
cannot be regenerated. In addition, "tube ;eservoi:s“ can lead to
severe bumping when the contents are diotilled out.

It 1s also worth noting that the DXL (Fluka ALGh) puxified by
the author gave a copious, pale yellow, precipitate when stored over

Na/K alloy. According to Kubisa this is a common phenomenon but as

far as is known the precipitate has not been identified.




Fige.642.3: "Tube reservoir" and sodium mirror,

Fig.6.2.4: Apparatus for distribution of liquids

into phials or breakseals (b/s).
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642.6: Sodium ethoxide.

A solution of ca: 1.0 mol 17! NaCC,Hg in C,HZOH was
made by letting Na, twice distilled in vacuo, react with abs. CoHgOH
which had been distilled from Na in vacuo. The resulting
solution, which remained colourless for six weeks, was distributed
into break-seals in the apparatus shown in Fig. 6.2.4. This
apparatus is similar to that devised by Holdcroft® but the
arrangement of taps shown here allows the contents of the burette to

.be isclated while the breakseal is sealed off and replaced.
h
642472 Trifényl phosphine.

This compound was recrystallised from abs. C,HgOH and
immediately transfer:ed to a vacuum phial. A solution in'CHZClz
was then prepared in vacuo and distributed into calibrated
break-seals. One of the break-seals prepared in this way was attached
to an NMR tube (See below) and the 3'P spectrum recorded to ensure

that no phosphine oxide was present.
6¢2+.8: NMR tubes.

These were made in the following mannerz ordinéry thin-walled v
‘Pyrex tubing (ca. 10 mm O.D.) was cut intc appropriate lengths,
neatly sealed at one end and placedkin a bath of aquaous HF until "
the outside diameter of the tube had been reduced ta the ccrrect

: size. (ca. 9. 5 mm O.D.) After a thorough r;nsing, the. tubes were
then checked in the NMR machine to ensure that they fitted the ﬁf ‘ j;

spinner mechanism.
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FPig.6.2.5a: FPT ° P NMR of living polymer

terminated with [$;P] = 5.8 x 1072 mol 171,
Initiator; [CoHSCOSBF.l, = 3.8 x 10"2 mo1 177,
[THF], = 8.0 mol 17', [DXL]_ = 3.0 mol 171,

T = 303 K. = 273 K for 1 h.

Tpolym

Fig.6.2.5b: FPT 3'P NMR spectrum of living
polydioxolan terminated by [®;P] = 0.14 mol 1!
[DXL], = 4.0 mol 17,
[CgHgCOSPF ]y = 2.9 x 1072 mol 171,

T= 303K, T

polym = 273 K for 1 h.

Both sPectra were measured on a Jeol 60 MHz FPT NMR,

Chemical shifts in ppm from 85% H4qPOyo
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The spectrum in Fig.6.2.5.(a) was also recorded from the same
sample at 273,253,203 and 190 X without any alteration in the
integral ratios being observed. Neither was any alteration in the
spectrum noticed when it was recorded after the sample had been
stored for a week in the refrigerator, although, once prepared,
samples were normally kept in 1iq.N2 until their spectra could
be recorded.

It should be noted that polymers terminated with a phosphonium
salt are not suitable for polymer isolation and analysis since the
polymeric salts are not stable and the polymers tend to degrade.

The phosphorus ion trapping technique works extremely well for
polymerisations of oxacyclic monomers where concentrations of active

1; at lower concentration the

centre are greater than 10~ mol 1~
number of scans required to obtain a good spectrum becomes

impractical. It mavaell prove to he a useﬁui tool for olefin
polymerisation studies although whether the technique would be

sensitve enough to differentiate between the nuances of terminal

structure In this field has yet to be tested.
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6+3: Attempts at copolymerising THF and DXL.

Yamashita et al.® suggested that THF and DXL do not
copolymerise in CH2C12 and this finding is corroborated by the
evidence of Leonard et al.9 However the later work of

10 suggested that these monomers dolcopolymerise and

Enikolopyan
that the rates of polymersation of each monomer are considerably
lower in the copolymerisation reaction medium than in the respective
homopolymersations,

Thus, the copolymerisation of THF and DXL is not clearly
established. It is an interesting reaction since it could well
provide information with respect to the nature of the growing
species in the homopolymerisaton of DXL.11

The aim of the short reseach project was to study this reaction
by making living THF with CGHSCO+Sng as the initiator,
to #dd this solution to a solution of DXL in CH,Cl, and then to
kill the réaction, partlyrwitﬁ a phosphine so that the growing ends
could ve identified and partly with NaOC,He so that the
molecular weights and structures of the polymers could be analysed..

Unfortunately, in the first test experiments it’was apparént
that the polymerisation of DXL was not as slow in the
copolymerisation system as Enlkolopyan has squested9 and
considerable difficulties were experienced in manipulating, and
killing thé‘very viécous polymer solutionse.

The apparatus for the cépolymerisation experiments'is shown in
4 Fig.6 3.1, It demonstrates the use. of calibrated breakseals in a
situation where the use of phials of reagents would have made the
.apparatus very much more complicated.

The final experiments which were done were carried out with
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1073 mol 177 initiator but it was clear, from the S 'p spectra,
that some impurity in the system, probably in the DXL, had killed

off most of the growing species.




Fig.6.3.1: Apparatus for copolymerisation of THF

and DXL.



4 living
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6.4: Conclusions.

Although three successful copolymerisation experiments were
made no time was available for analysis of the polymers obtained and
little useful information was obtained with reépect to the
c0p§lymerisation of THF and DXL in CH,Cl,. However, the spectrum
shown in Fig.6.2.5a does show that the growing ends derived from
THF and DXL do coexist in solution and this evidence, although not
necessarily implying that the two monomers do copolymerise, does

suggest that ion I will attack DXL to form ion II.

() B!
5 —R
|
(1) | (11)
In addition, it is clear from these preliminary results that the
“rate of DXL polymerisation is not significantly reduced in the
cOpdlymeriéation medium,.

Lastly, tackling a short research project provided the

opportunity not only to see, but to use, the various experimental

- techniques of the ®odz polymer group.
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6.5: Suggestions for further work.

The work described here provides the basis for a full study of
the copolymerisation of THF and DXL. The next experiments should
examine the nature of the growing ends and the relative monomer
concentrations with respect to time. In addition a close examination
of the polymers produced by G.P.C., NMR and possibly polymer
degradation could then provide a demonstration of whether or not

true random copolymers are produced.

6.6: Postscript.

- In the nine weeks spent in Poland, and indeed in the shorter
period spent, on the return jouney, in Munich, I was fortunate in
gaining the'experiéhce ofvworking in environments véry different
from those at Keele.

In addition to seeing at first hand a variety of different
techniques and new chemistry, only a small part of which it is
relevant to record here, I was able to meet chemists of different
nationalities, in their very different working‘environments.

This chapter would not be complete without a note of extreme
gratitude to Prof. Penczek and the Polish‘Academf of Science for
providing both the finahcial assistance which made this journey
possible and thé éongeniﬁi atmosphere which maderthe Qiéiﬁ éuch'd‘
success; I am equally grateful to Prof. Kerber and Dr. Nuyken for
providingrfinancial suppért and hoséitality during my week in Munich
énd td Dr;’Seét;kova ahd Dr. Marek for their hospitality,dﬁring my '

short visit to Prague.
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Chapter 7: Improvements and an Appraisal of the "Mid-Point Method."

7.1: Technical Improvements.
7+1.1: The tube cutter.

Everyone who has practised vacuum technique is familiar with
the probleo of knowing what quantity of reagent is in a phial filled
under vacuum., |

There is a variety of answers to this problem: one can use
calibrated break-seals (See Chapter 6), but for solid reagents these
are inconvenlient; or one can attach individual phials to the vacuum
line by ground glass joint so that simply the weight difference
before and after filling gives the weight of the contents, but this
method becomes excessively time?consuming if long pumping times are
necessary before the phial is filled.

For many years, at Keele as elsewhere, spheroidal vacuum phials
(Fig.7.1.1) have been used. Initially, the pieces of the spent phial .
were collected from the reaction mixture in which the contents had
acted, for example as an initiator, ona the>weight of the oonteotso
was determined by difference; the difficulties and inaccuracy of :
~this method are'oovious;» ; | S |

In 1962 mn:r‘xe’z:fc:rdv1 devised‘and described’the mid—point metﬁod:
the principle of which is demonstrated in Fig.7.1.1 and equation
| 7.1.1. In the original work the phial was blown and weiqhed 7
‘separately and then fused to a tube of known weight whose mid-ooint.:‘
had been marked. It was probably in the late,1960's that:the_L

' ;practico of_blowing'thé phiai“fiom a single, morked,fpioco1of qiéss;;f &
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tube was introduced. This practise became common usage without ever
being recorded in detail.

Originally, the pieces of tube for the phials were cut and
marked simply by using a steel scale. In the early 1970's an
accurate and versatile tube cutter was designed, probably based on
an Italian model. This too has been in constant use since then
without being described.

The only contribution to the development of the method made by
the present author has been to modify the weighted scribe of Lhe
tube cutting device.

In the earlier model the cutting edge was an industrial diamond
set in the weight, which was both expensive and awkward to replace.
The novel design involves a weight, with a centrally drilled hole
into which is soldered the pen tip from a Jencons diamond scgribe.
This makes replacement of the cutting edge both simple and cheap.

With this advance in the cutting machine, which meant that the
marks on the tubing were more consistently perfect, and with’
improvements in the general accuracy of experimental methods, it
seemed timely to examine the nature of the errors involved in the
mid-point method and at the same time to record the method in

detail.
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7+1.2: Preparation of "mid-point" phials.

For most purposes 3-4 mm O.D. Pyrex glass tubing gives
satisfactory results. Usually the initial lengths of tubing for
making phials are 12 cm long and the method will be described for
this length. However, if a metal stop (A.Fig.7.2.1a) of a
different length is used and the position of the cutting weight is
altered, correspondingly different lengths can be prepared.

When the cutter is being used for the first time the position
of the mid-point must be verified. This is done by cutting lengths
of tube in the manner described below and measuring the weights of
the two halves until, for three consecutive lengths, the two halves
weigh the same, +1 mge. The position of the outting waelght is set
by the scale aloog the side of the apparatus and fine adjustments
can be made with the terminal screw. (B. Fige.7.2.1a)

To cut a length of tube marked at the mid point, first place
the metal‘stop (6’cm long) in the groove of the cutter, as sho&n
schematically in Fig.7.2.71a. The tubing is then wiped with a rag
soaked in hexane (to remove any grease and dust) and inserted into'
the cutter so that the end touches the metal stop. The cutter weight
is then lowered, gently, Te) that\the diamond tip rests ondtﬁe glass
tube which is then rotated between~the thumb and forefinger dﬁtil’
the diamond marks the qlass in a neat circular line. Generally, only
one or two complete rotations are necessary to obtain a clean eharpe
line. It is ;mportant that this line is clearly visible ‘since this
ie the mid-point oark aod mdst be obvtous'eftet,the\tube hés been
f’cleahed and fused onto the‘vacdum line. The’oetal'stop‘iedﬁhen'
removed, the cutting edge 1ifted and the tubing pushed along to the

far end of the groove. (Fig.7 2 1b) The cutting weight is then -
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lowered and the tube rotated to produce the terminal mark on the
glass. Lastly, the cutting edge is lifted, the tubing removed from
the cutter and the required length of tube snapped off from the full
length at the terminal mark. It is important that a perfect break is
achieved if the mid-point method is to be resonably accurate.

It is most convenient to cut a large number of tube lengths
{(say 100) at the same time as thils reduces the relative amount of
time spent in setting up the cutter and in cleaning the lengths
ready for use. A batch of lengths is cleaned by placing them in a
beaker of boiling chromic acid for about 30 min and then rinsing with
distilled water, sodium hydroxide (10% w/v) and finally distilled
water before drying them in an oven. Immediately before blowing the
phial the end of the tube from which the phial is to be blown is
rinsed with hexane and wiped dry with a clean tissue.

For most purposes phials of 8~16 mm diameter, which give a
useful volume (ca. half full) of ca. 0.15 to 1.0 cms,'are
suitable. With practise the correct volume and thickness can be
_assessed intuitively; but it is worth noting that a phial which is
adequately robust and yet easily broken iﬁ use produces a
distinctive sound immediately after. blowing and usually shows
striations.

The phials, made in this way, are then weighed énd‘fused onto

the vacuum apparatus ready for use.




Fig.7.1.1: A spheroid phial as prepared by the
mid-point method; a, before and b,

after filling with reagent.

Fig.7.2.1: Schematic diagrams of the phial cutter
set to mark the mid-point, a, and the

terminal mark, b.
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7.2: A statistical study of the accuracy of the mid~point method.

For the statistical study 100 tubes were cut as described in
the previous section. No tubes with imperfect breaks were included
since in normal use such tubes would be discarded. It should be
noted that with the improved cutting edge only two imperfect breaks
were made when cutting the 100 lengths for this study.

The cutter was adjusted as if it were being used for the first
time, as described in the previous section.

Throughout the study the two halves of the individual lengths
were kept in the same order, i.e. the first marked halves were always
weighed as w, and the second marked halves were always weighed as
wb.(See Fige7.2.1b) In this way any errors due to the setting
of the tube cutter should have been emphasisgd rather than
randomised.

For the first thirty lengths the glasé tubes were weighed
before and after blowing a phial from them. This process was not
done for the other 70 specimens since it was noted that ij, the
mean weight difference before and after blowing a phial is less,'by
a factor of three, than the ﬁean error in. assuming the two halves to

be of the same weight,sz.
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7.2.2: Results.

From the full data, given in Section 7.4., the following

statistical results were obtained:

Let weight of tube before blowing a phial be: Wy
" " 1] ” after " n " " : W2

" " " first half of the tube be: Wy

" " l’ second L] n " " w : wb

AW1 = [Z(wy = wy)l/n =+ 5.3 x 1074 de
oW, = [I(wa=w)/2] /n = =(1,7+ 0.25) x 1073 g,
oW, = The standard deviation of (w, - wp)/2

= 2,52 x 10’3 ge

For AW1: n = 30, for AW,: n = 100.
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7.3: Conclusion.

As has already been pointed out, the difference between the
weight of the tubes before and after blowing the phial is not
significant, but even this small error may be eliminated by blowing
the phial before weighing the tubes.

It is important to note that absolute values are given for the
statistical quantities in the results. This has been done for two
important reasons. Firstly, the tubing used is not precision tubing
and therefore the individual tubes vary in total weight from ca. 1.5
to 2.5 g so that a relative error would have to be referred to an
average weight. Secondly, the importance of the uncertainties‘qﬁoted
is in relation to the contents of the phial. The mean difference,

w2, suggests that in order to maintain the errors in the weight of
the contents below 5%, the minimum content that should be put in the
phial is ca. 3.5 x 1072 g,

Occasionally it may be ad#antageous to produce phials from
larger diameter tubing, for example when using fine powders of low
density; in that case a separate determination of the errors must be

made.
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wa/g
1.0860
1.0716
1.,0419
1.0570
1.1575
1.0716
1.1797
1.0451
1.0592
1.1664
141697
1.1168
1.1883
1.1707
1.1891
1.0954

1.0544

1.0787

1.0901

1.0873

1.0525

1.0504

1.,0324

1.0873

1.,0400

11,0469

w9
1.0815
1.0746
1.0395
1.0502
1.1431
1.0690
1.1776
1.0407
1.0558
1.1743
1.1482

1, 1180

1.1892

1. 1614

1.1903

- 1.0963

1.0563

- 140745

1.0818

1.0882
1,0543

1.0528

1.0476

1,0867
1.0328

:1.0528
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Table 7.4.1.

w2/g
1.0818
1.0746
1.0393
1.0499
1. 1422
1.0685
1.1774
1.0404
1.0556
1.1740
1.1477
1.1176
1.1886
1.1606

1.1899

-

Vg

1.1396
1.0650
1.1663
1. 1495
1.1657
1.0998
1.1183
1.1200
1.1182
1.0793
1,1335
1.1124
1.0721
1.0528
1.0432
1.0927
1.0845
1;1133
1.1252

1.1091

11,0496

1.1166
1.1105

032

- 0.9966

1.0101

Wy, /9
1.1385
1.0617
11696
1.1523
1.1737
1.0953
1.1158
11132
11196

1.0877

1.1323

11144
1.0828
1.0470

1.0432

1.0822

1.0916

1.1136

11,1208

w2/g
1.1383
1.0614
1.1684
1.1516
1.1728
1.0944
1.1150
101122
1.1187
1.0873
1.1316
1.1142
1.0818
1.0470

1.0428

1.1009

1.0489
1.1176
1.1186

1.0409

1.0035

1.0168




Walg
1.1621
1.1113
1.0444
1.0590
1.0808
1.1232
1.1156
1.1292
1.1486
1.0903
0.9966
1.0373
140446
1.0705
1.0455
1.0310
1.0396
1.o7i4
1.0830
1.0380
1.0111

1.0242

1.0701

1.1468

wb/g
1.1652
1.1152
1.0461
1.0578
1.0763
1. 1190
1. 1164
1.1373
1. 1548
1.0210
0.9984
1.0380
1.0394
1.0768

1.0456

11,0325

1.0446
1.0683
1.0878
1.0340
1.0072
1.0291

1.0728

1.1550
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W, lg
1. 1048
1.0010
1.0699
1.1364
1.0621
1.0688
1.1145
1.1050
1.0960
1.0427
1.0510
1.0210
0,9996
1.1508
1.0564
1.1070
1.0494
1.0173
1.0650
1.0212
1.0678
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Figs7.4+1: Tecnical drawing of the phial cutter.

{Drawing by T.Bolam.)
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