P
_.'”-I."W"‘I‘:‘IHN:‘&V INTFERXATIONAL ATOMIC ENEHXKOGOY AQENCY
2 R N e, UNFTED XATIONS EDUCATIONAL. BCIENTIFIC AND CULTURAL ORGA NIZATION

_

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

S4100 TRIESTE GITALY) - P.O. 11 880 - MIRAMAKE - STHADA (MBTIERA 11 - TELRPHONFE: 3240-1
CABLE: CEXTHRATOM - TELEX 400301 -1

SHR/206- &

“SCHOOL ON POLYMER PHYSICS™
27 April - 15 May 1987

"SYNTHESIS AND REACTIONS OF MACROMOLECULAR COMPOUNDS™

Professor ¥, CIARDELLI
Universitd di Pisa
Pisa, Italy

These are preliminary lecture notes, intended only for distribution to participants.

Missing or estra copies are available in Room 231.



Notes Bibliogrs phic Matewal
related to

LECTUR ES
by
F. CIARDELL!
UNIVERSITA Dt PISA

+le

-~

* ‘

4

\ i SYNTHESIS AND REACTIONS OF
¢:* YMACROMOLECULAR COMPOUNDS

The work, AF, which has to be performed in the change of a system according to
the reaction A + B = C, or which has to be performed to obtain the reverse
resclion, is » measure of the driving force of this reaction. A system can perform
work ecither because its energy becomes smaller through the heat of reaction AH
(enthalpy), or because its entropy increases by T A S because it goes from a lem
probable 10 & more probable state ie., from an ovdered 1o 2 disordered (or lem
ordered) state. If only the internal energy changes, then AF = AH; if only the
entropy changes, AF = —T-AS. In a reaction if the internal energy and alo the
enthropy change, AF is equal to the sum of both, i.e., AF = AH — T-AS.

Accordingly, & reaction can occur (AF negative) if (1) both the internal energy
decreases (AH negative) and the entropy increases (AS positive); (2) if the internal
energy increases (positive AH = endothermic reaction), but the entropy increase
(positive AS) is 30 large that this effect outweighs the increase in energy; or (3) if
there iz an entropy decrease (negative AS) which is outweighed by simultaneous
decresse of the internal energy (negative AH = exothermic reaction).

The formation of macromolecules from small molecules (monomers) belongs to
this last type of reaction. For example:

n CH’ = C}i: - l—CH,-—CH,—]..

Simce the polymeric state, in which the monomer residues are tied togethes into
long chains, is always less probable than the state of a completely disordered
mixture of the monomer molecules, AS must be negative. The formation reaction
is, therefore, possible only becsuse it corresponds to the trensition of an energy-rich
to as energy-poor state (for example, olefin < panaffin) and because all formation
reactions of macromolecules are exothermal (negative AH).

There are a few exceptions, such as the polymerization of sulfur during which
Ss— rings are converted into linear sullur chains:

==
S Sq*+ S-S -8S-8S-8 -
[ S

The magnitude of the heat of reaction can be quite difTerent with the different
resctions which lead to macromolecules. For example, the heat of polymerization
of such unsaturated compounds as ethylene, propylene, isobutylene, styrene,
vinyichloride, scrylic acid esters, vinyl ethers, and vinyl esters is in the order of 20
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kcal/mol. The AH of the polymerization of ethylene oxide, formaldehyde, and the
polyaddition of disocyanates, lies in approximately the same range (30 kcal). In
comparison, such polycondensation reactions as occur in the formation of
polyamides and polyesters from dicarboxylic acids and amines, i.e., alcohols have a
smaller AH (sbout 4 kcal). On the other hand, we also know of polymerizations
that have only a very small AH—for example, the polymerization of a-
methylstyrene. In such a case, the magnitudes of AH and T+AS at 20° C are
spproximately of the ssme order, so that the system monomer * polymer is in a
iate of reversible equilibrium.

CH, CH,
I |
n

O >

The higher the temperature, the larger the entropy part T+AS and the greater the
soncentration of monomer, which is in an equilibrium state. The lower the
emperature, the smaller T-AS; therefore, with low temperatures AF becomes
wgative, and the concentration of the polymer in the equilibrium increases. With
‘he selection of a suitable initiator (lithium alkyls, lithium aryls, and sodium
wphthalene in tetrahydrofuran), it is possible through repeated cooling to —70°C
ind hesting to 40°C to bring about reversible polymerization and depolymeriza-
ion. This is similar to altering the temperature of a saturated solution: crystals
orm on cooling and dissolve on heating.

In theory all reactions that lead to the formation of macromolecules are
quilibrivm resctions, but usually the AH values are so large that at ordinary
emperatures there is practically no monomer in the system. Only at high
emperatures (200°C-300°C) does the entropy term T+AS become so large that
lepolymerization begins and the monomers distill off—for example, if one heats
olymethylmethacrylate (Plexiglas). In other cases (for example, polyacrylonitrile,
olyvinylalcohal, or cellulose), certain decompatition reactions begin even below
he temperature at which depolymerization can be carried out in & prepanative
unner. Such decompotition reactions are often combined with discoloration and
wrbonization.

The temperature at which for a certain monomer AH = T-AS is called the ceiling
:mperature (T.). At this temperature AF = O, and no further polymerization
ccurs. In certain cases one can determine T, by polymerizing at a number of
'mperatures snd determining the conversion. If one extrapolates the temperature
mversion curve to a conversion of O, one obtains the ceiling temperature.

If water or other small molecules are formed in the preparation of a polymer, a3
w example in the formation of polyesters from glycols and dicarboxylic acids, the

pulibrium depends not only on the temperature but also on the concentration of
ater. To obtain polymers of a high molecular weight through polycondensation
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reactions, one must remove the water carefully from the equilibrium, For example,
from 146 g of adipic acid and 100 g of hexamethylenediamine on quantitative
canversion one obtains 226 g of a polyamide with a moleculsr weight of 226 x N,
= 1.361 x 10?8 (the entire polymeric material is considered a single molecule) and
3€ g of water. If one assumes that, on the average, for every !,000 molecules of
adipic acid and dismine (i.c., from 2,000 water molecules) there always remains one
molecule of water as NH; and COOH end groups, then one obtains a polyamide
with an average molecular weight of 226,000. To obtain this molecular weight, one
ac:ually has to remove 1,999 of a theoretical 2,000 water molecules, i.a., the
canversion has to be 99.95%. In the same way, an excess of acid or amide affects
thz equilibrium. One obtains macromolecules with two NH, or two carboxyl end
greups which cannot find a reaction partner, and therefore a further increase in
melecular weight becomnes impossible.

One can see from this example that it is not very easy (o obtain macromolecular
compounds with high molecular weights through polycondensstion reactions
bezause the removal of the last traces of water in the reaction mixture is coupled
with & number of technical difficulties.! This is why industrially produced
polycondensates such as polyamides and polyesters (for example, nylon and
Dacron) have molecular weights of sbout 20,000, whereas commercial sddition
palymers (vinyl polymers such as polymethylmethacrylate, polystyrene, and
palyvinylichloride) usually have molecular weights on the order of 200,000,

The fact that a polymerization (or a polycondensation, or polysddition) is
thermodynamically possible (negative AF) does not mean that it can occur with a
useful reaction velocity, even at normal temperatures. [n most cases, one has to use
higher temperatures or a catalyst to overcome the potential barrier (whose height is
given by the magnitude of the activation energy) which prevents the transition from
monomer (o polymer.

The many reactions used for the preparation of linesr macromolecules can be

subdivided into two main groups which differ from each other completely In their
kiretics:

1. Polymerization of unsaturated olefin monomers or cyclic monomers by s

chein reaction:
Decomposition

Initiator - 2 Radicals R
Raclical R* + MonomerM -+ R - M- (Start = Initiation)
R-M:+M =+ R -M~ M+ =+ Chain Radical R~~~ Me (Growth = Propegation)
ReraMs ¢ MR + Rasvs M — M~ R (Termination)

Depending on the type of initiation, one can differentiate between radical, fonic,

——

TAnother reason might be the inability of the polymer colls to penetrate ench ofhver (v
Sec-ion 431).
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or melal-complex polymerizations. Unsaturated compounds of the type of ¢thylene
and its derivatives, but also such cyclic monomers as ethyleneoxide or trioxane, we
easily polymerized according to the above scheme. OF the compounds with C=0
double bonds, only formaldehyde leads to relatively siable polymers. Other
compounds with CO groups (e.g., acetaldehyde, acetone, and carbon monoxide
together with ethylene have also been polymerized, but the resulting polymers se
too thermally unstable for any importani industnal applications.
il. Polymerization by stepwise reacrion of monomers with functional groups:

@) 00 + Xex =w O-@—x

O-@-x + O-0 e O-@@©-0

0900t x-x » (O-@-@-9-x

0009 + O-0-0-0x = OG-0-O-0-0-Q-B-xeic,
() O-x + O-x = 0O-®-x

O-@-x + O—x =» O-®-0-x el

(C)O o O-x

O--x + O O=-@=x
O-0-x +O e O0-@-0-x el

Oand x are any functional groups which can react with each other to form@, s
homopols: main-valence bond. For example:

(o] x 0 X
-0OH + -COOH -NH; + -COOH
-0H + -cCcoQ -NH; + -N=C=0
-0OH + -N=C=0 -NH; + -COOCH,
~-OH + -CH-CH,

\o/

The two different groups, O and x may be, as shown in reaction (a), distributec
over (wo different monomer molecules, {for example, adipic acid and hexamethyl-
enediamine -+ 6,6-nylon). However, they can also be in one and the same
monomer molecule {fur example, with w-amino acids), or they can form a ring in
which the two groups are then present within the ting in a condensed form (for
example, ecaprolactam -+ 6-nylon).

The following ate the basic differences between the two types of polymer-
forming reactions:

In case | the monomers can react only with the relatively few radicals or jons pres-
ent but not with each other. By addition of monomers at the few active centers the

&
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chain molecules grow very rapidly in a “sudden rush” within a short time span (order
of magnitude: | second) uatil they have reached their definitive length by chain
termination. Once the growth has been terminated, the formed macromolecules do
not participate in the polymerization reaction any more (except where chain
transfer reactions occur). This type of chain growth reaction causes the length of
the polymer chains to be more or less independent of the degree of conversion
(Figure 37a). Just the opposite holds for the other type of reaction, 1l, which is
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s} with radical polymerizations
b} with polycondensations
¢} with living polymerizations and with protein synthesis

~ Dependence of the molecular weight on conversion,
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’ Synthesis and Reactions of Macromolecular Compounds

characierized by a very strong dependence of the chain length on the degree of
conversion (Figure 37b).

In the case of type I all reaction partners have the same reactivity, and no
prefazred reaction centers exist. Each monomer molecule can react with each other
monomer molecule so that at firt (at lower conversions below sbout 80%)
proferably dimers, trimers, and other oligomers are formed. Only at high
conversions sbove 98-99.9%, are long polymer chains formed. Reaction I occurs in
A stepwise manner, i.c., it is possible 10 interrupt the reaction (eg., by cooling) at
any lime without affecting the reactivity of the then present chains of oligomers or
polymers. The reaction can be continued (eg., by heating) at any time, and the
oligomess and polymers will continue to react with each other.

For both types, the chain-seaction polymetization and the stepwise polycon-
densstion, there is a special case which is characterized by the fact that all chains
Srow at a constant rate from a constant number of active centers. This Jeads to a
Uneas relationship between the chain length (i.e., the molecular weight) and the
conversion. (Figure 37c).

With the aid of the schematic presentation in Figure 38, it is simple 10 nee
the different ways the chain grows in different types of polymer synthesis
soactions,

Not all reactions which lead to the formation of macromolecular compounds can
be clamified without a certain degree of arbitrasiness, partly because the reaction
mechanismn is not completely known in all cases and partly because the reactiom of
organic synthesis are 100 numerous 10 be classified into such a simpie fourclass
schame. One also should realize that not all reactions which lesd to the tying
together of molecules are useful for the preparation of macromoleculas compounds.
Bocause the purification of polymers, if at all possible, is always difficult and
complicated, those reactions which occur without side reactions are preferred,
espacislly by indusiry, because the removal of side products is always rather
expensive. This is also one reason purification of the monomeric starting materialy
# alwnys carried out with great care.

SYNTHESIS OF MACROMOLECULES WITH C-C CHAINS
THROUGH POLYMERIZATION OF OLEFINIC UNSATURATED
COMPOUNDS

Many olefinic unsaturated compounds are able to form chainlike macro-
molecules through elimination of the double bond, a phenomenon first recognized
by Steudinger. Diolefins polymerize in the same manner, however only one of the
two double bonds is eliminated. Such reactions occur through the initial addition of
8 monomer molecule 10 an initistor radical or an initiator ion by which the active
Mate is transferred from the initiator 10 the added monomer. In the same way, by
means of a chain reaction, one monomer molecule after the other is added

®
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different type of reaction. The polymerization is & chain reaction in two ways:
because of the reaction kinetics and because as a reaction product one obtains a
chain molecule. The length of the chain molecule is proportional to the kinetic
chain length.

One can summarize the process as follows (R- is equal to the initiator radical):

R"'CH:’CH"CH: =CH+CH2 SCH-foon- -
l | |

cl cl Q
R - CH; - CH - CH, ~ CH — CH; — CH ~ernanen
i I
a Q

One thus obtains polyvinylcholoride from vinylchloride, or polystycens from
styrene, or polyethylene from ethylene, eic,

The length of the chain molecules, measured by means of the degree of
polymerization (definition see p. 9), can be varied over » large range through
selection of suitable reaction conditions. Usually, with commercially prepared and
utilized polymers, the degree of polymetization lies in the range of 1,000 to 5,000,
but in many cases it can be below SO0 and over 10,000. This should not be
interpreted to mean that all molecules of a certain polymeric material consist of
chains of 500, or 1,000, or 5,000 monomer units. In almost all cases, the polymeric
material consists of a mixture of polymer molecules of different degrees of
polymerization. Through such processes, as fractional precipitation sand chromato-
graphic methods 2 polymeric material can be separated into more homogeneous
fractions. The greater the number of fractions the more homogeneous they can be
made. Olten one also specifies a degree of polymerization even for an unfractionsted
polymer. In such cases, the degre: of polymerization is an average, which is defined
differently depending on the method used for the determination of the molecular
weight. These averages are written P or M and arc usually calied P, P, or M, M,
(compare Section 3138).

Not all olefinic unsaturated compounds can be palymerized. One basic
fequirement is a favorabie potential difference from the monomer to the polymer
(negative AH), which can be recognized by the exothermic behavior of the
polymerization. The example of a—methylstyrene shows that not even this basic
assumption is true for all olefins. In addition, there are some olefins which fuifil
this basic condition (i.e., where the polymer presents a thermodynamically more
stable condition than the monomer) but which do not polymerize. Thus,
polymerization can be prevented by too high an activation energy, if suitable
intermediate reactions are absent through which it might be possible to overcome
the potential barrier, which susrounds the monomer like a wall. For example, all -
<fforis 10 polymerize propylene to a real macromolecule were unsuccessful for a

Vos #t L e L] (] LEI.
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this case TiCly/AKC;Hy )3 ). Furthermore, steric reasons or the peculiar case of

sinhibition (a¢¢ p. 71) may be responsible for the reluctance of an unsaturated

ipound to polymerize.

{ we arrange the polymerizable olefins on a linear scale, we can put at one end
the scale those olefins which are difficult to polymerize (or not at all
rmerizable). At the other end will then be those which have such a great
lency to polymerize that it is very difficult to prepare them in 2 monomerically

) state—they are stable only in the dark under refrigeration or by addition of

dlizers. In between these extremes lie those monomers which polymerize rapidly
' upon warming or upon addition of suitable initiators (the term “monomer” is
| for all polymerizable unsaturated compounds and also for any bifunctional
pounds wsed in the synthesis of macromolecules). Table 42 gives some
nples of these three groups of unsaturated compounds.

TABLE: . Examples of unsaturated olefins and vinyl compounds
with different tendency for polymerization

A [ ] c
CH, (ovwr40°C) | CH,=CH,  Ethylene CH,~CH » CH,=CH
mC  aMeowt | CHCH  Propyiene é-0 G—oH
_ styreme éH. (JJH. CH—OH
6]{ Hydtoxy-
gl{. lsobutylene methyl-vinyl-ketone
CH,=
Pﬁ AIY"I EN Viny]idene-
(-ester) CH,= e
= - ylene-
on CH,=CH—CH ;f";: . CN  malodinitrile)
g:. y e CH,~CH Styrene CH,=CH  Acrylic sid
i PN boon
| CH,=CH CH=CH,
[==CH Stilbane 0=C {d=o
N CH,=CH Vinylchloride ‘\o/
l I y Acrylicanhydride
CF,=CF,  Tetnfuoro- COOR  Methylene
-gln :’l:;“:;:' ethylene CH,=é malonate
CH,==CH  Vinylestens éOOR
=== CH Maleic-
acid ==
H 600!! & 0 CH, Ei-(; Nitroethylene
]

CH,

&/

dyhiliests of Macivuoiccuios wila U Clising

TABLE {Cont'd)

A a8 C
al Cl  Trichlor g . CN  a<Cyansocrylate
\C—C”f stysene o CH.—((I.;H Vinylethers CH, = é
0=
a A & CoOR

L
N7 CH,=CH Acrylic acid-
éOOR esters
COOH
CH,»=(—CH,—COOH
ltaconic acid (esters)
CH,=CH Acrylo-
nitrile
CH,=CH Vinyl-
Ilﬂ pymrolidone
2N
CH, C=0
éH.“- 6“.

A Ussatusated compounds which do not polymerize by themselves
B Moanomers which polymerize under the sction of heat, light, or initiators
C Monomers which have a particularly strong tendency to polymerize

Polymerization, u chain reaction, occurs according to the same mechanism as the
well-known chiorine-hydrogen reaction and the decomposition of phosgene.

The initiation reaction, which consists of the sctivation of the double bond, can
be brought about by heating, irradiation, ultrasonics, ot initiators. The initiation of
the chain reaction can be observed most clearly with radical or ionic initiators.
These are energy-tich compounds which can sdd suitable unsaturated compounds
(monomers) and mainlain the activated radical, or ionic, state so that further
monomer molecules can be added in the same manner. For the individual steps of
this grow:h reaction ome needs only a relatively small activation energy and
therefore through a single activation step (the actual initistion reaction) a large
number of olefin molecules are converted, as is implied by the term *“‘chain
reaction.” Because very small amounts of the initiator bring about the formation of
a large amount of polymeric material (1:1,000 1o 1:10,000), it is possible to regard
polymerization from a supetficial point of view as a catalytic reaction. For this
reason, the initialors used in polymerization reactions are ofien designated as
polymerization catalysts, even though, in the strictest sense, they are not true
calalysts because the polymerization initiator enters into the reaction as a real
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pariner and can be found chemically bound in the reaction product, i.c., the
poiymer. In addition to the ionic and radical imtiators there are now metal complex
initators (which can be obtained, for exanple, by the reaction of titanium
tetrachboride or titanium trichloride with aluminum alkyls), which play an
.important role in polymerization reactions (Ziegler catalysts). The mechanism of
their catalytic action is not yet completely clear.

Table 44 shows the type of initiation by which most moromers are polymerized.
When the monomer is also commercially polymerized, the preferred initiation is
designated with a circle.

TABLE . Types of initiation mechanism by which
different monomers polymenize.
Polymerization mechanism
Monomer Metal-
radical anlonlc cationie complex
CH,=CH, Ethylens & + D
GI!.-EH Propylene + ®
H,
CH,~CH—CH,—CH, Butylzne-| @
CH, Isobutylene
CH,=¢ & +
éx,
CH,=CH—CH=CH, Butadicne 5] - it
CH.*E——CH—CH. [soprene 4 + ®
H,
CH, =~CH Styrene
IA o | + | + | «+
%
CH,=CH Vinyk horide
H, w ® +
Cl Vinylidenechioride
CH,= b (Dxchioroethylene) &

D
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TABLE (Cont'd)
Polymerization mechanism
Maaom: X
“ radical snionic cationic ::::“
\
CH.:-J'YH VinylNluoride &
l‘l
CF,=CF, Teirufluoroethylene @
CF 2=CF Perfluoro-
¢F, propylene ® +
i
. CH,»=CH Nitrocihylene
: ko, + +
CH,=CH Yinylethers
i ® +
CH,=CH Vinyicarbszole
{
SO ® *
N —*L)
CH,=(H Vinyipyrrolidune
|
N.
N
(.IH. C=0 1] +
1
CH,—CH,
: CH,=((.I;H Vinyl estery
¢ é=0 @
R
CH,=CH Acrylic aid
é 0 esters
i (5= (acrylates) @
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TABLE ' (Cont'd)

Polymerization mechanism
Moaomaer . Metal-
radical anionic cationic complex
R Methacrylates
cn.-é (R=CH,)
t=0 ® + +
)
h,
aChloncrylates (R = Q1) +
aCyanoactylates (R = CN) + +
COOR  Methylencmalonates
CH,=C + +
bo0R
CN
CH,—CH=CH—CH=( N N
(‘.)OOF-
o Cyanosorbates
CH,::(E}H EH-—-CH,
Ox= =0
+
\0/
Acrylicanhydrde
(4]
11
f———o
CH = | +
\CH,—C=0
Haconicanhydride
CH,=CH v
é_ 0 methylvinylketone +
én,0H
= lonitrile
CH, (é;l Agrylons ® +

&

Synthesis of Macromolecules with C.C Chains

TABLE (Cont'd)
Poly merization mechanism
Monomer
radical snionic cationic ::;::;.
CN Vinylidenecyanide
N
O+
@ N-CH=CH, +
co’
N-Vinylphthalimide
EH—(“'H Cyclopentediene
CH CH +
N/
CH,
(lfl'l’(llﬂ Cyclopentene
CH,CH; +
N/
CH;
(;H=('i'H Vinylenecarbonate
00
N/ +
C
)
@ indicatesan industrial process
Radical Polymerization

Compounds which readily decompose into free radicals on heating or undes the
influence of light are usually used as initiators in radical polymerizations. Peroxides
and aliphatic azo-compounds in particular have shown themselves as very suitable,
and they are therefore produced commercially for use as polymerization initiators.
Table 48 shows some of the most common peroxides and azocompounds.

The following reactions describe the course of a radical polymerization, using as
an example a vinyl compound (for example, where R = -~ C¢Hy

_C-0OR, -0-C-R,
I |
0 o0
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TABLE  Initiators for radical polymenzation
Suitable
Name Formuls Poly mesizarion
Temperature *C
O 0
M t
Potassumpornlatc KO—8—0-0—8—0K 40~ 80
o 0
0 0
Dibeazoylperoxyde (Lucidol) d-—o0-_0-¢ 40— 90
A /\T
VRN
—. CH,
Cunvemshydroperonyde 7 M-—O-—O—-—H 50—100
7T ¢,
ANy
Cyclohexanoneperoxyde k 0 0 , 20— 80
I B
J
CH, CH,
Di-+butylperoayde CH,——0—0-¢cH, | so—150
¢, éu,
_ CHy CH,
Azo-bis-isobutyronitrile —N=N 20—100
(Vazo, AIBN) CH, SNCH,
1
2c.lﬁllexylmld:onyl- 0=5-0~0-C-CH, 040
(Mmh}
¢ 2
i | bon, C-0-0-C —
Duopco:ylmcu ate I 0 I 40-80
- o9
CH CH

/N /N
CH, CH, CH,CH,

)

Synthesis of Mucivinuvicauies with C<C Chaing

= Cl or -- CN) with azobisisobutyronitrile as the initiator. The reactions are valid
in principle for all monomers that polymerize by a radical mechanism, even though
the individual reaction steps, especially the initiation and termination reactiona,
may differ in certain cases from the scheme presented here,

Initiation:
CH, CH, CH,
NC—C—N=N—C—CN 22 gNe—d. 4 N,
én, ¢H, u,
CH, CH,
NC—&. + cH,=cH X, NC—(E—-CH.—(:‘H
s CH,
Propagation:
o X CH, o
NC—b—CH, ++CH,=CH 4 No—{—cn, ~-CH—CH,—C-
bu, # R én, & R
l+ CHy=CH
CH, )
NC—{—CH,—CH—CH,—CH—CH,—{H otz
o,k kT ke
Termination:
c H H C
Nc—é]i.fcn,—cufl-cn,—é. + é—cn,-&n—-cn.}—ﬁcn
¢H, Rl Rk & » CH,
| &; (Combinstion)

&; (Dispropottionation)

CH,. CH,
c—&—|cH,— —CH
L oo
!
CH,
uc—gu-f,fcn.—cn}cn.mcn. + cn-cuﬁu-cn.]—«‘,—cn
¢H, Rl h R a CH,



Synthesis and Reactions of Macromolecular Compounds

Chain Initiation

The initiation reaction occurs In two steps: the decomposition reaction of the
aitiator and the addition of the first monomer molecule to the radical. Not every
sdical formed through the decomposition reaction must lead to the starting of a
hain. A fraction of the radicals can disappear under certain citcumstances also
hrough different reactions, ¢.g., through direct recombination of two radicals or by
eaction with aimospheric oxygen or other inhibiting substances, as will be
liscussed in greater detail later on.

To determine the radical yield, one has 1o determine the number of radicals
ormed in a given time and the number of polymes chains formed in the same time.
he rate of rnadical formation can be determined by analytical methods, for
aample, determination of peroxide. The number of polymer chains can be
etermined by molecular weight measurements with a method which gives the
umber-avetage molecular weight (by endgroup determination or osmotic pressure
wasurements).

The rate of the initiation reaction depends on the rate of the initiator
ecomposition reaction, i.e., on the half-tife of the initiator. This reaction has a
igh sctivation energy (with the most commonly used initiators it is on the order of
0 kcal/mole), and it is therefore strongly temperature dependent. The course of
¥ decomposition reaction and, therefore, the constitution of the radicals which
e formed, is often dependent on the nature of the solvent in which the
ecomposition occurs. Thus, dibenzoylperoxide decomposes in inert solvents, such
i benzene, into phenyl radicals under formation of CO, . However, in the presence
[ stysene, where no CO, formation seems to occur, the apparently intermediate
enzoyl radicals start the polymerization.

-
0 o I 0 | .
| I I
€C-0-0-C = C-0-1 -2 +2C0,
|
[

O

<N<il

ydroperoxides may, according to W. Kern, decompose in a bimoleculsr reaction
ith the formation of water:

R—O-O-—H'fH—O—O—R-'R—0-+R—-O—0'*H10

Among the well-known radical formers, azobisisobutyronitrile (available
mmercially under the name VAZO in the United States), which has found great
® as & foaming agent in the manufacture of foam plastics, decomposes especially
iformly and homogeneoualy to give only a single type of radical. It is therefore
'y suitable as an initiator for radical polymerizations, both for scientific (kinetic)

rastinntinme med Fnv indiinteyy With tha ~id ~F grrhicienbutiicaniteila it s mnerihila
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to carry out polymerizations already at relatively low temperatures 73']7"
40°C-60°C). Another advantage of azobisisobutyronitrile is that it can be prepared
with relatively little danger and can be kept in pure form; because the preparation
and use of many peroxides can be very dangerous, one has to keep them either in
solution of in suspension. At temperatures of 80°C-90°C, however, even
azobisisobutyronitrile decomposes quite violently.

In addition to the rate of decomposition, it is also important to consider the
stability of the radicals formed in order 10 determine the usefulness of s
radical-forming compound as a polymerization initiator. Very stable radicals, such
83 triphenylmethy! and diphenylpicrylhydrazyl, do not show a great tendency to
iniliate polymerization.

One can reduce the activation energy of the peroxide decompoaition resction
and thus increase the rate of decomposition at low temperatures greatly, if one adds
reducing agents as “activators”—eg., sodium hyposulfite, potassium persulfate,
srmines such as dimethylanitine or hydroxylamine, readily enolizable carbonyl com-
pounds such as ascorbic acid, or metal ions such as Fe++ or Cu+. This is usually

done in the case of emulsion polymerizations, as illustrated by the following
reactions:

H-0-0-H+Fet* +~ HO+« + OH- + Fe*** (Haber-Weiss)

CH3 ?Hi
|
D-cl—mo-mpe” - @c-o-mu-ﬂ:em
|
CH, CH, (Kharasch)

(cumene hydroperoxide)

R-0-0-H+Cu** - R-0-0-+H"+Cu* (Kern)

R-0-0-H+Cu* = R~ 0 +0H" + Cu** (Kern)

Such redox systems permit radical polymerizations (especially emulsion
polymerizations) at 0°C and even lower temperatures. A large-scaie industrial
application of redox polymerization is the production of synthetic rubber (SBR),
which occurs by emulsion polymerization at temperatures down to - 5°C,

The emulsion polymerization of vinyl compounds by 3 radical mechanism can
also be initiated in the absence of peroxides by salts of such transition metals as
H,PtClg-6H,;0, PdCl;+2H,0, RhCly+3H,0, or TiCly. However, these initiators
show a specificity toward different monomers. For example, TiCly, HyPtClg, and
PdCl; are good initigtors for styrene, but not for methylmethacrylate. RhCly, on

by et ' aed
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As far s is known today, it is not possible 10 present a generally vaid
machanism for the initiation reaction in photopolymerizations. With cerlain
mosomets the molecule is split into many small radicals (¢ g., into -CHy, CH,=CH,
and CHy—C=O for the case of methylvinylketone). With other monomers {for
sxampie, methylmethacrylate) a condensation 1o quinoidal systems occurs. With
styrene one assumes that a disproportionation reaction between two activated
molecules is possible:

h . :
styrene +2 [CH=CH|® —— CH,~CH + CH;=C

@ @ @ (Flory}

excited styrene
molecules

Even less is known about the mechanism of a straight thermal initiation reaction,
such as the polymerization of styrene, which has been carried out for over 25 years
on a large industrial scale without its being possible up until now 1o elucidate the
mechanism completely.

Often one adds certain sensitizers 10 a photopolymerization. These sensitizers
sre compounds which, under ultraviolet radiation, decompose into radicas
Commonly used sensitizers are benzoin and its derivatives, condensed aromatic ring
systems, sulfur compounds, azo compounds, etc. Among the last is azobisisobutyra-
nitrile, which is especially useful. The initiation reaction is the same as without UV
irmadiation, but the difference is that with UV irradiation the decomposition
temperature of the initistor is lowered by approximately 50°C 10 80°C. In this
way, it is possible to bring about radical polymerizations at —10°C to —30°C.

2112 Chain Propagation

In contrast 10 the initiation reaction, the growth or propagation reacticn
requires 3 much lower activation energy, and its rate (vp) is therefore also ey
temperature-dependent than the rate of the initiation reaction. This is important
for the dependence of the degree of polymerization on the temperature of
polymerization, since the degree of polymerization is proportional to the ratio of
the retes of the growth reaction and to the termination reaction (compare pp. 66
ad 93),

It is surprising that certain unsaturated compounds polymesize rapidly by a free
radical mechanism (for example, acrylic esters, vinyl ketone, styrene, vinyl chloride,
and a number of other vinyl compounds), whereas other unsaturated compounds
polymerize only very slowly or not at all by a free radical mechanism (for example,
sllylic esters, allyl chloride, maleic esters, and vinyl ether). This happeas nat
because in one case the propagation rate is much lower than in the other case, but
rather because the lifetime of the radicals is very much shorter as a result of chain
termination or chain transfer.

Synthesis 0l Mautoite s vucs withe & ClsUis 3

The addition of vinyl monomers during chain propagation occurs mainly as
1,2-addition so that the substituents are in 1,3-position:

1,2-sddition:
1 e -3 1
CH; -CH+CH; = CH
| ]
l R R
1 3 3
CH; -CH-CH; -CH
I |
R R
1,1-addition:
2 1=+ =) 1
CH; -CH+CH = CH,
[ |
I R R
1 2
CH,; - (EH - ll'.'H —CH,
R R
2,2-addition:
1 1+ = 1

CH-CH; +CH; = CH
| {

Rl R
1 2 3 )

CH - CH, - CH, - EI:H
|
R R

The fraction of 1,1- and 2,2-addition is usually so synall that it cannot be proved
experimentally. Only if there are especially sensitive reactions available, such as
chain scission of polyvinylalcohol with periodic acid, is it possible to determine the
amount of 1,2-glycol groups.
wCHy—CH—CH,~CH~~CH—CH—CH,—CH—CH,—CH-w~
on ou om on on
| mio,

wn-CH,—CH—CH,—CHO + OHC—CH,—CH,—CH—CH,—CHom
on on om -
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The suriking preference of 13-addition with radical polymerization can be ‘

explained on the basis of the different stability of the two radicals (1) and (11).
“wCH,—CH. “~CH—CH,
m R Ry
Since with radical (1}, the radical is in must cases stablized by resonance, the
formation of thus radical, which occurs through 1,2-addition (in the sense of the

formula of p. 72), is thermodynamically preferred. With a styrene radical, for
example, the following mesomeric forms are possible:

wCHy—CH  wCHy—CH  w~OH,~CH «CH,—CH CH,—CH

/' r 2N
O-C-0-0-0

In addition 10 resonance stabilization, stetic hindrance can play an important
role in the structure of the polymer. Structures which atlow a greater mobility will
probably be preferred. 11 1is also possibie that polarization effects can have an
influence on the position in which a monomer adds 10 the growing chain.

Of special importance is the question of chain structuse with dienes (butadiene
and isoprenc). Propagation can occur as | ,4- and as 1,2-addition.

1.4 — Addition:
' ) 3 4+ 2 3 4

CH, - CH=CH - CH; + CH, = CH - CH = CH,

CH, - CH = CH - CH, - CH, - CH = CH — CH,
1,2 — Addition:

] f Sl | 2 k} 4
CHy-CH + CHy = CH - CH = CH =

CH

i

CH, 1
CH, -- CH - CH, - CH

| |

CH CH

I M

CH, CH,

"ilh radical polymerization one obtains chains with a mixed structure, but with
nic polymerization one can obtain 1 4- or 1,2-polymers according to the choice of

— e 1 o ——————

L
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the polymerization conditions. With organo-alkali reagents e.g., phenyllithium in
tetrahydrofuran, one obtains mainly, 1,2-polymers, whereas with lithium disper-
sions or phenyllithium in paraffinic hydrocarbons e.g., heptane as a solvent one
obtains manly 14-polymers. The pure crystalline 1,2-polybutadiene which is
obiained using an instiator combination of chromium hexscarbonyl and aluminum
tric hyl tums out to be a hard and tough resin with a crystalline melting point of
131°C. The | d-trans-polybutadiene is also a hard/tough crystalline compound,
whareas the 1,4-cis-polybutadiene is a soft and elastomeric material which becomes
hard and glassy at temperatures of about - 100°C. This finding shows that, in addi-
tior to the chemical constitution, the steric structure of polymers also has a great
inflsence on their properties.

Natoral rubber (polyisoprene), as another example, has 2 pure cir1 4 con-
figwration.

CH, CH,
! ]
meeeCH, C=CH CH, CH, C=CH CH, CHy e
\ / \ / N\ /N /N /N /
CH: CH3 C=CH CH; CH: (I: = CH
1
CH, CH,4

The same polymer with a trans-1 4 configuration (gutiapercha) is not elastic, but
tures out 10 be a hard and britile resin.

CH, CH, CH, CH,
|
“""""CHz C CH: C CH; C CH‘; Cc CH:"‘*’""
\ /N /N/N/7N/ N/ N/ N/
CH, CH CH, CH CH; CH CH; CH

Synthetic rubber (SBR) is a copolymer of butadiene (75%) and styrene (25%)
with a mixed structure of 1,2-, and cis and frans 1.4-butadiene structural units in the
chan. With Ziegler-type catalysts (eg., Tily/ACyHs)y or AIR;C1/CoCly), or
phenyllithium, or lithium in heptane, it is possible to prepare s synthetic rubber
from isoprene or from butadiene which has mainly the cis-1,4 configuration (see p.
135 (T). Other examples for different steric structures (otactic and syndiotactic
polemers) will be disucssed in greater detail in the section on polymerization
imit ated by complex catalysts (section 213).

During the polymerization of vinyl compounds one usually obtains polymers
witaout regular steric structure, i.c., all possible steric configurstions are distributed
along the polymer chain in a random statistical manner. '

A special sort of chain propagation is found with monomers of the type of
acrlic anhydride in which two identical double bonds are found in the molecule at
suc1 a distance that during the polymerization five-or six-membered rings can be
formed.
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H CH, possible: recombination and disproportionation, The recombination consists of the

CH
» . CH,CH H CH,-CH '\:n cu.;cuc"‘\b" addition of two growing radical chain ends 1o form 4 saturated macromolecude:
+ + \ + +
o=t  ébot o4 0-¢ ¢-0% o. é-0 H n
o~ o oo T o & & e
1 | wCH,—C. + . Hyn w~CH,—CH —— CH—CH;-
SN , P P
“‘M CH—CH,— Gl —C”"C{‘ H—CH, CHee In certain cases, by means of osmotic molecular weight determination and
0=t =0 oméd €=0 0nt =0 ou¢ =0 quantitative end group determination with polymers which hsd been prepared usi
d 0 - radioactive CM4 ~<containing azobisisobutyronitrile, it was demonstrated that esch
molecule contains two radioactive end groups. The same results weye found for
or emulsion polymers of styrene  which had been prepared by initiation with
radioactive potassium persulfate (S3%), This megn; that in these quantitatively
H . investigated examples recombination js practically the only termination reaction.
-cn.-cu-cu—é-'cu._-cu CH-CH, + CH,_cH CH--CH, + CM,.cH CH=CH, +--. The term “‘recombination” also includes the combination of the growing chain
0=t booh o ¢ 0-¢ éoo 0¢ e , radical with an initiator radical, a reaction which is rather improbable at the
N ~o” N N'd beginning of the polymerization as long a5 there is still o high concentration of
I | monomer but which becomes moge and more probable with increasing conversion.
—cn-cu.—cn.—(fﬂ—cu—cu.—CH.—CH—CH _oH—cH ‘(::::n ;::l:l:();ls 7|)).olymenunon this reaction is the only termination resction
o-é\ ¢=0 o-c\ Emo u-é\ ”é-o O“é\ /é-o The second reaction which leads to chain termination, called disproportionation,
o’ o o can be described by the following equation:
H
Ia reaction (1) chain growth occursin the manner of a 1,2-addition (see p. 72 aad
one should therefore assume that this reaction is preferred. Htfwev:r. it)‘m ) ~CH, ‘f' + -f—CH,m — ~~CH, 'f"’ ffH=CH“
i that the infrared fpectrum of polyacrylic acid, which was prepared by R R R R
the hydrolysis of polyacrylic acid anhydride, differs from the normal polyacryhc
acid prepared by polymerization of actylic acid. This finding cannot be understood The reactions for recombination and disproportionation show that recombing.
in terms of Wructure (1). One therefore has o leave open the question of which of tion leads to macromolecules whose molecular weight is on the average (wice that
the two chain Hructures corresponds 1o the true structure of polyacrylic acid of the growing chain radicals, whereas disproportionation leads to chain molecules
anhydride. It can be said _with certainty only that the structure must be one of the o the same average length as that of the chain radicals.
two, m * polymerization of the two double bonds of the scrylic acid ' Which of the twa termination reactions, recombination o disproportionation,
anhydrids in two different polymer chains according to the reaction discumsed on psevails depends both on the type of monomer and on the temperature. Since the
page 26 for divinylbenzene cannot occur because polyacrylic acid anhydride is o recombination reaction, in which the atomic structure of the reaction partners
. soluble polymer and can therefore not be cross-linked. With chain growth occurring ; remains unchanged, occurs practically withouy aclivation energy, its rate scarcely
sccording to reactions [ of 1, the reaction is calleq ring-forming polymerization, or depends on the temperature, However, in disproportionation a hydrogen atom has
cyclopalymarization, ‘ ‘0 move, and this can not take Pisce without energy. The rate of the
: disproportionation reaction is therefore temperature dependent. Consequently,
2113 Chain Termination disproportionation becomes more important the higher the polymerization
In contrast 10 jonic tion, which under certain circumstances can keriperature. The temperature at which disproportionation becomes significant
occur in such a way that no chain termination takes place, radical polymerization Gepends on the individual monomer. With poly:nem:uon Pf styrene, for example,
must always involve s chain terminator because the radicals of the growing chain . ane does not find any disproportionation at 60 C-70°C; with methyimethacrylate,

always have a strong lendency to react with esch other. Two types of reactions are : however, disproportionation predominates at this temperature.
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In addition to the so<alled natural chain termination reactions, recombination
and disproportionation, there are a number of additional possibilities for chain
termination, which can be brought about more or less at will either through
substances which are unintentionally present dunng the polymerization or through
substances which one intentionaily adds at a certain stage of the polymerization in
order (o stop it. In the first case, we are concerned with impurities which are
present in the monomer, or in the solvent, or in other additives such as soaps and
protective colloids (in emulsion polymenzation), or which are present in the
reaction vessel (for example, greases or lubricants in technical polymerizations).
Atmospheric oxygen must also be included among the impurities which inhibit the
polymerization, which is why radical polymerizations are usually cazried out under
nitrogen. In the second case, the polymerization is intentionally interrupted toward
the end of the reaction. Thus while the radical concentration remains nearly
constant, only small amounts of monomer remain at the end of the polymerization,
and the chain growth is therefore siowed down. However, the termination reactions
occur at the same rate as during the beginning of the polymerization, and therefore
polymers with relative low molecular weight are preferably formed (see section on
kinetics of radical polymerization). These polymers usually have a detrimental
influsnce on the physical properties of the final product. Also, undesirable side
resctions, which at high conversion occur more readily, may be = reason for
lerminating the polymerization at an earlier stage. This is the case dusing the
tynthesis of rubber by emulsion polymerization of butadiene and styrene. This
reaction is terminated by the addition of stopping agents such as phenyl-f-naphtyla-
mine to prevent the formation of larger amounts of crossdinked products.

Inkibisers

In addition to S-naphtylamine there are a large number of other organic
:ompounds suitable for bringing about chain termination in radical polymerization.
These compounds usually resct with radicals, either giving rise to saturated
nolecules or to stable radicals (oo unreactive 10 start a new chain.

Much more important than bringing about chain termination during polymerizs-
'on is the use 0. these compounds during preparation and storage of monomers to
prevent polymerization from taking place. One therefore calls chain-terminating
wbetances inhibitors. The following inhibitors, which can be added to 8 monomer
n concentrations of 0.1.0.0001% (0.0001'% = Ippm = 1 part per million) in order
0 stabilize it, are especially effective and commonly used:

NO, NO, NO,
é @ Q“Oz @\No2
0 | Cl
Quinone? Nitrobenzene Dinitrobenzene Dinitrochlorobenzene

Syathesis of Maciomuitcuits wiln oL Chains

le : ci(~)
(+)
Benzothiazine
{Thiodiphenylamine) Methylene Blue

NO,
N-N NO,
NO,

Diphenylpicrylhydrazyl
{DPPH)

In addition to these compounds, the following are also active inhibitors: oxygen,
NO (one of the most effective inhibilors), numerous nitroso cempounds, sulfur
compounds, amines, phenols, aldehydes, and carbamates. Some highly reactive
monomers can be distilled only under an atmosphere of NO.

Not all inhibitors are equally useful for all monomers and it is often necessary to
select the best inhibitor for a certain monomer by trial and error. The technical
impartance of inhibitors is just as great as that of polymerization initiatars, because
without inhibitors the production and storage of many monomers oa a technical
scale would hardly be possible.

The mechanism of inhibition can be understood most clearly if the inhibitor is s
radical such as diphenylpicrylhydrazyl, which is so stable that it does not show any
tendency to add to unsaturated compounds in order to stast a chain. Such radicals
combine with initiator radicals or chain radicals under formation of stable ssturated
compounds. For example:

H,
(CH,Co + .cn—cu,—a<z — (c.n.;.c-cn—cu._ocﬂs
N N

X

/

The prerequisite for an inhibitor radical (i.e., no reaction with monomers, but
1apid reaction with active radicals) does not apply to many radicals. ln many cases,
one f{inds both irhibitor activity and initiator activity, as, for example, with

1Hydroquinone is not an inhibitor; however, it acts like one, becsuse it reacts with sir 1o
form quinone.
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triphenylmethy! which may be used to initiate polymerization as well as to inhibit
it. In such cases polymerization is not completely prevented, only slowed down.

In theory this overlapping of inhibition and initiation exists with all inhibitors,
because, even with the nonradical inhubitors, the inhibition reaction forms free
radicals. During the stabilization with quinone, for exampie, the following reactions

may take place:
wCH, -(i:m o=©-_—o - CHICH v HO—@—-O-
R R

i )
-cu,-gmo:@:o - mcn,—cu—o—@-o-

--cn.—iu+ 0={_>=0 - oaf ~ y=0] - no;ﬁ}o
H' H
¢H, t%l-l.

The madicals formed in this way aze stabilized by resonance to such an extent

that they do not start chains. They disappear partly through disproportionation to
quinone and hydroquinone, which explains the formation of hydroquinone
observed during the stabilization of styrene with quinone:

0. OH OH 0

A \

%)H/ — |/+
H . H

The radicals also combine, both with each other and with new chain radicals,
and thessfore the radicals formed in the inhibition reaction of quinone are
themselves inhibitors, i.e., of the same Lype as DPPH.

The inhibiting action of oxygen is cawsed by the biradical chasacter of the
oxygen molecule. The first step consists of the addition of oxygen to a chain radical
under formation of a peroxide radical:

~~CH,—CH + :0=0: -» ~~CH,—CH—0—0.
The peroxide radical may 1eact further in different ways:

I ~~CH—CH—0-0. 4 CH—CH;~ — mcn.-iu—o—o-cu--cu.m
|
R

AS
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Ii 2 w~CH~CH—-0—-0: —» vaH.—(iH—O—-O—iH—CH.m +0,

Il  «~~CH~CH~0~0:+ CHy--CH — ~~CH,—~CH—0—~O—CH,—CH

A R

in the first two cases an ordinary peroxide is formed; in case 11i a polymeric
peroxide is formed, because the third reaction is not the final one—the chain radical
may react further with oxygen (if sufficient oxygen is present) and, therefore, one
may think of oxygen as a comonomer:

wCHy—-CH-—0—0—CHy~CH—~0—0—CHy-~-CH—0—0—CH,—CH—0—0+

Such polymeric peroxides with a degree of polymerization between 10 and 40
have been isolated. The oxygen madicals as well as the peroxides occurring a3 the
reaction products are evidently fairly stable at low temperatures, otherwise they
could not act as inhibitors. At higher temperatures on the other hand, the peroxides
thus formed may decompose again snd, if no inhibitor is present, bring sbout a
strong polymerization reaction.

Chain Trangfer

One must distinguish between the term “chain”’ used as a designation for a linear
macromolecule, and the chain (=reaction chain) as a kinetic concept. Similarly we
must distinguish between the chain growth of & macromolecule during polymeriza-
tion, where the degree of polymerization is determined by the termination of this
chain growth and chain growth in a reaction kinetic sense. Thus the termination of
the growth of the chain molecule does not always lead to a termination of the
kinetic chain. A growing chain radical may shstract an stom (for example,
hydrogen or chlorine) from another molecule and thus become satusated, and the
molecule from which the atom has been abstracted will then become a radical and
start & new chain. The chain reaction therefors continues, even though the chain
powth of the first macromolecule has stopped; i.s., it has transferred the resction
chain to another molecule. This reaction is therefors called s (ranafer reaction, or
just chain transfer:

X

w~CH,—CH + R—X -+ w~CH,—~CH + R,
R + CH~CH,

R,—CH, —éﬂ Polymerization

Chain transfer of this 1ype may occur with the initistor, with the monomer, with
the solvent or other compounds which have been added in order to promote chain
transfer (modifiers), and with growing or complete polymer chains.



[ Lsl POly IE LSO DEpNS with the decomposition of an initiator moleculg
1, into two radicals, R-, which very soon alter their formation add a monome,
molecule, M (chain iitiation). When the monomer adds, the radical state q
transfered from the initiator radical to the added monomer molecule which cai
then, in the same fashion, add additional monomer molecules (chain growth), Thi
addition continues until two growing chain radicals, R~~~ M-, react with eac
other, either by recombination or by disproportionation (chain termination). !

k

Imtiation: l—-f 2R (Ii
R-+M - R-M: o™ Q2
Gtowth: R-M+M+R-M-M:~> R-M_M- M- etc.
(propagation) k, )
oringeneral: R ~ww-M: + M-+ RoM — M+ & '
k .
Termination: 2 R----—M--—l~ R M-M R (recombination) ;
or K,
2R M: = Re~neMH + ReweM’ (disporportionation) @

Since lhe_ two reactions (1) and EZ) are couble;i with each other, tﬂe-;frective
rate of reaction (2) is determined by the rate of the decomposition reaction (1).In
other fods. the number of radicals R+ which add a monomer molecule according
(0 reaction (2) can be no larger than the number of radicals which are produced by
_lhe dgcompcmtlpn of the initiator according to reaction (1). For the simplest case
in which all radicals formed by reaction (1) then can react further by reaction {2)
m monomer molecule, this means that the rate of reaction (2),ry= —d (R-)/dt,
;R .),dt::d to the rate ry of the initiator decomposition reaction (1), =

3 = ~d(R-){dt =1, =d(R-)/dt = ~2d[1}/dt =y, (s»

where [} is the initiator concentration in mol/liter, r is the reaction rate in i
second, and d (R-)/dt is the number of moles R- per liter forme': (or u':e%l;l:::rl,
flwnd. A we will see with the discussion of the stesdy-state equilibrium, d(R.-)/dt
B not identical with the change in the radical concentration d{R-]/dt (se p. 76),
The number of moles of R+ formed per second by decomposition of | according
u'n Eqmt?nn (1), 1 = &(R-Ydt, is twice as large as the number of moles of |
\ pet second according 1o (1), 1, = ~d(1)/dt. To avoid the factor 2 in the
(ollowing equations, the rate of the initistion reaction has been defined byn=
(R-ydt and not by —d(1)/dt. The ate of reaction (2), —d(R-)/dt, is—in the idea]
:—dlbnliul m::lu:h: h:ate lof reaction (1), d(R+)/dt = -2 d(1)/d1. It should be
. howewver, rate constant k, = i identi i
constnt of reukion 21 2 kyg is not identical with the rate
The decomposition of the initiator is a reaction of the first order: -d(l)/dt =
kg (1), and one can therefore write for the rate of the initiation reaction:

i=2kg(l] =k; [1]. (6)

Synthesis of Macromolecules with C-C Chains

If the radical yield is not quantitative [i.e., if not all radicals formed by reaction
(1) subsequently react with monomer according to reaction (2), but only a fraction
J continues to seact], then the rate of the initiation reaction is given by the
equation:

£ = —d(R-)dt = f  k;{1]. (6a)

For initiators, such as peroxides oy azo-compounds, one can determine d(R-)/dt
by analytical methods: one determines —d(1]/dt, and therefore also k,, from the
decrease in the initiator concentration. The determination of the radical yield f
further requires molecular weight determinations to obtain L_f,, .For many
polymerizations f = | or nearly 1.

For the kinetic treatment of the growth reaction (chain propagation), one can
disregard the concentration of the radical R-M+ which is first formed in reaction
(2), because reaction (2) is really only one among many thousands of reaction steps
which lead to equivalent radicals R-M+, R—-M-M-, R-M-M-M-, and so forth. In
general [R~—~—M-) represents the concentration of all the growing radicals present
in the reaction mixture at any given time ¢. One can therefore write:

[Rew—M+] = (R - M:] + (R-M-M:]+

n=pP
[R-M~M-M:]++ceem , [RM)M:]

n®
If there were no chain termination, the radical concentration would increase,
beginning with concentration zero, in a continuous manner according to Equation
(6). However, the greater the radical concentration becomes, the greater the
possibility thet two radicals will meet and disappear through recombination. This
means that the rate of the termination tesction increases and finally a radical
concentration [R~w~~M-] will be reached at which, in a given time, just a3 many
radicals will disappear through recombination as there will be new ones formed.
Thus the initiation and termination reactions are in a certain phase of dynamic
equilibrium (steady state) and the following equation holds:

0= )

Under most of the usual polymerization conditions, the equilibrium condition
(steady state) is reached in a short time after the beginning of the polymerization
(see fig. 77). Therefore the polymerization occuss with a constant radical
concentration according to Equation (3). According to the equation for a second
order reaction, the polymerization rate (velocity) may be defined as follows:

T *1p = ~d[M])/dt = k,« [M] - [Re~nM:]. (8)
In this equation, k, is the rate constant of the propagstion reaction in

liter'mol~14sec=1, [M] is the monomer concentration in moles/liter, and
IR

M-| is the chain radical concentration at the steady state in moles/litar - —
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The polymerization rate rp (which is identical with the welocity of the
Propegation  reaction, 1,) is then obtained in terms of mol-liter=1+sec=? (the
aumber of moies of monomer which disappear from one liter per second through
addition to the growing chain). Tp may be easily determined experimeally
through continous concentration determinations during the polymerization or even
move simply by using a dilstometer (0 measure the increase in density during the
polymerization.

During the chain termination reaction two chain radicals [Rewr-M- | combine
according to Equation (4), or by disproportionation, to a polymer molecule. If k, is
the rate constant of this reaction, one may write according 10 a second Drder
equation for the velocity of the termination reaction:

1y = ~d(R-~=M-)/dt = k, [R-mmeM+] 2. ©)

—d(R~~~~M-)/d1 18 the ratc at which the chain radicals are used up by termination
reactions, i.e., —d (R~~M-)/dt = the number of moles R-wmid- which react
with each other per second by recombination or disproportionation in a volume of
I liter of the polymerizing system. Just as with R- (see p 74), it is also| true for
these chain radicals that d(R~~~~M-)/dt is not identical with the change in the
radical concentration d[R~~~~M-}/di. Whereas according to Equation (9)
—d(R~~—M:)/dt = k; [R~~~~M-]2, the change in the radical concentration
@[R~~~-M-] /dt is always the sum of two rates, i.e., the rate of formation 1, and
the rate of destruction 1, of the radicals R~—~—M-:

(R M=) fdt = 1y — g =d(R-)/dt + d (RvmM- Nt o)
=k (1] -k [Roe-}2,

1; sormally remains nearly constant in the first hours of s radical polymerization. 1,
s at Grst equal to zero, sad then increases with increasing radical concentration
dwipg e beginning of the polymerization (d[R~~~-M-]/dt comespondingly
becomses smalier) until at the steady state r,» ty and d[R~~M-]/dt » 0. The
tesmination rate, —d(R~~~~M+)/dt, on the other hand continues at a consisat mate
according to Equation (9).

By integration of Equation (92), one obtains the radical concentrstion
[R~~~~M-], at a time ¢ after the start of the polymerization:

exp [(akk, lll”"] -1
[ReemnaeMe] = ([1] Kyfky) % . | (9b)
exp [(dkik, [11%-() + 1

Equation (9b) yields the curve shown in Figure 77 for a styrene paly-
merization. It shows that, after two seconds, the radical concentration has
alieady seached its stationary value [R~~~M-],. One oblains [Ror-M+], by
seiting 1, and 1, equal, according 10 the steady-siate requirement or by, setting

A3

e e e— ey e ——
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FIG. “ - Increase of the radical concentration
immediately after the start of a solution-poly-
merization of styrene in benzene at 60°C (according
to D. MARGERISON and G.C, BAST)

Equation (9a)—which is the first derivative of Equation (9b)—equal to zer
the stationary radical concentration {R~=~M-], is the maximum
[Re~M-]):

d[ReemeeM:] fdU =1, - 1y = O
ky *|R~~-M-],? = Kk - {I] and [RrM+], = /(K;fk,) (1]

This calculation shows that [R~~~M-+], remains constant until the i
concentration has begun to decrease. For the polymerization rate one can th
according to Egquation (8):
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rp =k [M] + VTRTR) - TTT. an

Accordingly, the nate of polymerization depends on the following parameters: 1.
The chain-sadical concentration [R~~~M:], which in turn depends on the
initiator concentration and the ratio of the reaction rate constants of the initiation
and termination reactions k;/k,; 2. The monomer concentration (M]; and (3) The
reaction rate constant of the growth reaction (propagation reaction), kp.

It may at first sight seem surprising that the rate of the ovenll polymerization,
tp. depends not only on k; and {1}, but also on kg, and [M], since it was pointed
out earlier that the addition of a monomer to a radical (reaction 2)—considered as
an independent reaclion—occurs much more rapidly than the formation of the
radicals by decomposition of the initiator, and that the rate of a multi-step reaction
is determined by the slowest step, i.c., the initiator decomposition. This is true only
a8 long as one considers the reaction up to the addition of one monomer molecule
(or, in general, for the addition of a specific number of monomer molecules). Bul
this is not true for a description of the overall total polymerization. As with all
chain reactions, the growth reaction here also occurs completely independently of
the initiation reaction. This means that once a radical R+ is formed, the number of
mosomer molecules which will add to this radical per second depends only on Lhe
rate of the growth reaction, i.e. (for a given set of reaction conditions (1], M1,
[R~~~M-], etc.), it will depend only on k,. For the polymerization of a
monomer with k, * 2,000 liters-mol~ 'sec= !, therefore 10 times as much polymer
will be formed per second and the polymer chains will be 10 times as long, as fora
polymerization of a monomer with ky = 200 liters>mol-! +sec—1. It will be
recognized that the molecular weight and the growth rate are dependent upon one
other [compare p. 86, Equation (25)]. The automatic influence of k, on the
overall rate of polymerization (sp) therefore holds only for the case where the
chains can grow freely and where their length is not limited by a parameter which is
independent of ky. If one could limit the molecular weight for example by the
sddition of s suitable inhibitor, then the rate of such polymerizations would be
determined only by the rate of the initiator decomposition.

The same is true if one limits the discussion to a monomer with a definite -

reaction constant, Kky. In this case the rate of polymerization is proportional to the
asquare root of the initistor concentration according to Equation (1 1)

fp ™ CORstant * NP (113)

The validity of this relation has been experimentally verified for many monomers
(Figure 79). Natunally, this relation holds only for the earlier stages of the
polymerization, since the monomer concentration and the initiator concentration
changes with continuing polymerization. The linear dependence of the beginning
polymerization rate on the monomer concentration, according to Equation (11),
hea atro been exoesimentally confirmed.
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Fi1G. 79 — Dependence of the
steady state rate of polymerization
on the initiator concentration
{double logarithmic plot according
to PJ. FLORY, based on measure-
ments of SCHULZ and BLASCHKE,
ARNETT and MAYO, GREGG and
MATHESON).

tp = constant* [M]. (11b)

For the region of constant radical concentration (i.e., with constant initiator
concentration), the total polymerization rate rp behaves like a reaction of first
order. If the polymerization is catried out on a continuous basis, one can slso hold
l!le manomer concentration constant, and this results in a constant yield at a given
time.

N_ormally. if one does not hold [R~~~M-] and [M) constant by means of
special measures, the polymerization rate will decrease with incressing conversion.
However, in many cases when s certain conversion has been reached the

polymerization rate suddenly increases. This effect, Tfaﬁh..hnhma.lhd_l_n]

effect, or an autoacceleration, has been explained in
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termination reaction caused by the high viscosity ol the reaction medium (compare
p- 89 I1.).
The Detenmination of rjand k3/k,

The values 5, and rp can be determined experimentally: r, by determination of
the conversion and r; by determination of the rate of decomposition of the initiator
fos example, by determining the rate at which an inhibitor is consumed in the
presence of the monomer and initiator. The inhibitor used most is dipheny ficryl-
hydrazyl (see also p. 61). From that one can determine the corresponding reaction
mie constants, k; according to Equation {6), and the satio of k3/k, according to
Equation (11):

k=
(m (12)
ke % kp rp
and «—s= —— g m—
k, IM] 2 (1] K, k" (LT ITY el i a3

I in Equation (13) one replaces k;{1] by v; according 10 Equation (6) one obtains:

2 2
kp = s oo ke = fp

k M2 - g ky M]- (14)

The Determinaiion of the Activation Energies
From the 1emperature dependence of the reaction rate constanis one obta ns the
activation energies according 10 the Arrhenius equation:

k = kpce-A/RT (Archenius Equation)

k=Ink _........ASH _ A
or In nkKpy R n R

and by muliiplication with log e:

= _ A

gk =Ha - %7

where A = aclivation energy, ky, = maximum reaction rate constant, ie.. if all
collisions would lead 1o a reaction; and H = log kg, resp. in kg (for Hy resp. H,).

If one spplics these equations to the ratio kp/k¥ (ie., if in the expression log
ky/kP = log k, — % log k; onc replaces the reaction rate constsat by the
corresponding Arthenius expressions log ky, = Hy — Ap /2.3:-RT and logk; = H, —
A /2.3+RT, one oblains:
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log kp/k} =(- 1/2.3'RTHA, ~ %A,) + (H, — %H,). (15)

Thus, vne can deterune A, — % A, iof one plots log kp/k¥ versus 1/T. According
to Equation (11) one can detenmine the activation energy of the overall
polymerization reuction from this plot. Thus, if in logarithmic Equation {(11) one
replaces reaction rate constants log kp, log ki, and log k, by the corresponding
Arrhenius expressions H — A/2.3 RT, une obtains:

log rp/[M]+[1]% = Hy + %(H, — H)) ~(A, ~ %A, + ¥AN23RT.  (16)

According to Equation (11), rp 18 equal to kyvk;/k.«[M] /1], and one can
therefore consider the expression kp+vk;/k, as a sort of reaction rate constant kp
of the overall polymerization reaction:

k, VKITK, = kp = £p/[M] - [1]%. (163)

Il une now compares Equation (16) with the Arrhenius expression (p. 80), one soes
that in Equation (16) the sum of Ay + %(A; — A,) is the activation energy
(currespunding to kp ) of the overail polymetization reaction:

Ap = %A, + (A, - A,) )

A; {which is determined from the temperature dependence of k,) is approximately
30 kcal/mole for the usual peroxide and azo initiators. For the expresion Ay -
%A, (determined according o Equation (15) ) values between 4 and 7 kcal/mole
were found for different monomers so that Ap according to Equation (17) has a
value ol the order of from 20 to 22 kcal/mole.
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According to Equation (23), ny = kp*[M] monomer molecules add 10 a single
radical per second. The number Lxin of monomer molecules which are added

during the lifetime 1 of a radical is thercfore equal to:

l-kln =ﬂM'f=kp‘lMl‘7. (24)

The parameter Ly, defined by Equation (24) is called the kinetic chain length. If,
sccording to Equation 20, one replaces the average lifetime 7 by the expression
[R = M*] /k¢ [R ~~~~M-] 2, one obtains:

Kp IM] [RomeM-] ke [M] v o
Liw = - = = = — (29
k| - [R,"’"""“"M‘I 1 kl . [R M‘] Ty n

If no chain transfer occurs (i.e., if with the end of molecular growth the radical
which carties on the reaction also disappears), then the degree of polymerization is
equal to the kinetic chain length, or is proportional to it. If chain termination
occurs only by disproportionation, then P = Exip. If chain termination occurs only
through recombination then P = 20,

if the proportionality factor is smaller than 2, then this is a sign that chain
termination occurs to some extent through disproportionation. If there is no linear

©
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dependence between P and Lyyy then the size of the motecules is determined r
through chain termination but through chain transfer (modifier action).

Propagation reaction rate constants (kp) of different orders of magnitude »
according to Equation (25), the reason that not all monomers under the sm
reaction conditions yield polymers with the same molecular weight (i.e., the grea:
kp. and therefore rp, the greater will be the chain length and therefore the higt
the molecular weight for corresponding rates of termination. Acrylic esters (k,
2090 liters-mol~ 'sec~! at 60°C) polymerize very rapidly; styrene (kg = I
fiters-mol~ sec=*) polymerizes relatively slowly. The molecular weight of t
polymers obtained from acrylic esters is correspondingly higher than that obtain
from styrene under comparable conditions. On the other hand, one should n
conclude from Equation (25} thst one can simply increase the degree
polymerization by increasing rp. Actually, one obiains just the opposite. Ti
kinetic chain length, and therefore the degree of polymerization, i only increas
by an increase of rp if the termination rate 1, remains unchanged. Most conditio
under which the rate of polymerization is increased {for example, by increasing t]
concentration of the initiator or the temperature) give rise to an increase in 1}
radical concentration [R ~~ M:], which enters into Equstion (25) as 2 squa
term, and therefore an increase in rp caused by a corresponding and much grest
increase in ry leads 10 a decrease in the ratio rp/ry. One sees this immediately if or
replaces the ratio in Equation (25) by ky-{M], and one thus finds—if [M]
constant—that the kinetic chain length is inversely proportional to the sate 1
polymerization:

kp (M} [R~~M-] kp M}

in
R M- 2 ko [M
kel 12kp M) @
ky [M]2 kp?  [M]2 1
= . = . =const, —
k, kp (R"““"""M'] [M] k|  § ] p

To represent this function one ususlly plots 1/P against rp/[M]2. One has t
temember however that Ly, is usually not equal to P, and one therefore requires
proportionality factor K. Furthermore, it is not slways pomsible to neglect chai
transfer. One discovers this immediately by the fact that the lines do not pu
through the zero point (see Fig, 88). The intercept at the ordinate gives, in thi
case, the numerical value of the transfer constant (a3 long as one only has chai
(ransfer to the monomer), or, a value which is proportional to the transfer constan
(for example, Cy,*[P]/[M), if chain transfer occurs with the polymer o
concentration [P]. If chain transfer occurs with the solvent of concentration [S)
then the proportionality factor becomes Cee [S1/IM] (compare pages 63 to 69 anc
page 91):
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wd = K"k'lt:

1} Bulk polymerization; termination by disproportionation iK'= 1)
2} Bulk polymarization; wermination by recombination (K 2 2}
3 Solution poly merization

FIG. 88 — Dependence of the reciprocal degree of polymerization, 1/P, on
vp/ {M]2 according to Equ. (27a)

: k? M]? i
P'K'Lu.=l(*£"l] b —
kl Ip C.
(27a)
1 , k f s
or .....=K""l, . — +C‘u
P kp (M) IM]

Equation {27a) is identical 1w Equation (28), which can easily be shown by
replacing in  both equations ¢ and 1y by ky|M]:|[R~— M:] and
kg R~ M*]2, and 1, by ke [S] IR~ M*]. I onc detenmines the degree of
polymerization P au different rates of polymenization 1p, or dillerent monomer
concentrations, and plots according to Figure 88, /P va. rp/[M]2, then the
dopes of the lines permit determination of K, and therefure they also give
information about the type of chain termination, if ki/ki is known [compase
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Equation (13)], or conversely, they permit a determination of k,’,lk,. if the type of
chain termination is known. Furthermore, the value of the intercept at the ordinate
gives information about the influence of the chain-transfer reactions (compare p.
91). The walidity of Equation (27a) is typical for radical polymerizations and can in
certain doubtful cases (for example, for initiation with new initiator systems, or by
irradiation) be used for the elucidation of the type of polymerization. In order to
vary rp/[M] 2, one can carry out the polymerizations at different temperatures or
with increasing concentrations of initiator.

Self-Acceleration [Ausoceislysitiof the Polymerization [Norvish-Trommadorf Effect}

The polymerization rate and the degree of polymerization are not siways
coupled in such a way that with increasing rate of polymerization the degree ol
polymerization diminishes. For example, the degree of polymerization can increase
if in emulsion polymerization the rate of polymerization is increased by increasing
the soap concentration (compare p. 154 fl.). This is also observed during thu
sell-acceleration phase of a radical polymerization at higher conversions. Thus whes
the conversion with bulk-, or solution-, or pearl-polymerization has reached such :
high value that the viscosity of the polymerizing solution has become very high
then the mobility of the pulymer molecuies is hindered so sirongly that a collision
between two chain-radicals occurs mote seldom.

For the kinctics of the polymerization reaction this phenomenon means that th
reaction rate constant of the termination reaction, ky(k, = the number of moles pe
second ol chain radicals disappearing through termination when [R~~—M+] =
mole/ 1), will decrease aiter the viscosily has reached a certain relatively high vatu
The creation of new radicals R+ through initiator decomposition continue
undisturbed, however, so that the radical concentration increases over that given b
the steady state equilibrium. Therefore according to Equation (10):4

[Rome Mol = VK TIT ) (1 Vi) =Constant = 1 Vi (20

Whereas normally an increase in the radical concentration (for example, t
increasing the temperalure or by increasing the initiator concentration) alwa
brings abuut an increase in the termination rate, this is not the case here, where tl
increase in the radical concentration is effected only by the decrease in the ra
constant k;. This becomes clear, if one substitutes Equation (27b) into Equatis

)

d(R~~M+)/dt = 1, = ky * |R~—M¢]| 2 = k, * Constant (1/ /k¢)? = Constant (27

40ne could ask hiere whether Equation (10), which is based on the assumption that i = 1y
st vahd. If one remembess hat Tor cach new value of kygy) there is again & new station;
equitibrium, with a new radical conceatiation |R -~ M-]n corresponding to this eq
fbsium, ome sees that the equation is valid at kedst for a sufficiently short interval of time.
~nren M) s the equilibnium tadical concentration corresponding to kygq). When (R~
M:|n 15 effectively reached, K¢ gffsctive i asiways somewhat smaller than ke, but
difference between Kycq) and Kygerry is smaller, the shorter the discutsed time inte
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Now we can describe the Norrish-Trommsdorf effect a3 follows: The slowing
down of the reaction rate r, of the chain termination (caused by increasing viscosity
and decreasing k,) causes an increase of {R~~~M:] according to Equation 27b.
This increase of [R ~~~M+] would suffice exacily to compensate for the slowing
down of ty, if the viscosity of the polymerizing system (and thus also k;) could be
held constant for a moment. In reality, however, the viscosity continues to rise,
offecting again 2 decrease of r, and increase of [R~em M+, ete. Through the
compensaion mechanism in the sense of Equation (27c), the difference between ]
and ¢y remains constant in spite of continuously rising [R -~~~ M+] —values (if the
increase of viscosity rum linearly). By this, the non-sieady state in the
self accelerstion stage of a mdical polymerization is distinguished from the
non-steady state in the beginning stage of the polymerization.

The unchecked increase in the radical concentration [R~~~M-+] has two
Important results as far as the polymerization reaction and the formed polymers are
concerned:

1. The polymerization rate Iy increases rapidly with increasing viscosity because
of the Trommsdorf effect (rp =kp [M] - [R~er M-]).

2. The kinetic chain length, and therefore the degree of polymerization,
increases with increasing rate of polymerization and constant termination rate
(Laia = 1p/ry).

For exampie, if the termination rate constant decreases because of the high
viscasity to one-fourth of its normal value, the radical concentration [Rae M:]
increases according to Equation (27b) to twice its value. The result is that also rp
and Ly, increase to twice their normal valye, '

As the polymerization rate and the degree of polymerization increase, one finds
an even more rapid increase in the viscosity. This in turn leads 1o a further increase
in the polymerization rate and 30 on. The result is often that the polymerization
“rens sway™ unless it is possible to remove the heat of polymerization by certain
reaction conditions. Because in s high viscosity polymerizing medium the heat
exchange is very much restricted, & bulk polymerization carried out on a technical
scale always roquires certain experimental procedures to remove the heat,

The increase in the kinetic chain length and the resulting increase in the degree
of the polymerization during the stage of autocatalysis can be experimentally
proved by means of molecular weight determinations. The csuse for the
Norrish-Trommsdorf effect is basically the same as that which leads to higher
degrees of polymerization and higher polymerization rates with emulsion
polymerizations, ie., the partial or complete isolation of the chain radicals
from each other (compare pp. 154-163).

Kinetics of Chein Trensfer and Desermination of 1he Tronger Constanty

Especially in the presence of solvents or modifiers {compare p. 65) one often
finds that the growth of a macromolecule is terminated without the disappearance
of the radical which carries on the chain reaction. The radical state is actually
transferred from the growing chain end to a solvent or modifier molecule from

@2
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which a new molecule then begins to grow. The molecular chain is terminated;
however, the sadical chain is not. Thus in such cases the degree of polymerization is
detesmined not only by the chain termination reaction, but also by the chain
transfer reaction. With strongly effective modifiers, the chain transfer reaction is
actually the one which alone determines the degree of polymerization. This is why
the rate of the transfer reaction fie plays the same role in determining the degree of
polymerization as the rate of the lermination reaction plays in determining the
kinetic chain length. In analogy to Equation (25), one can write:

: Ty ! r 0 e | Tee
P = 0 —u K g 2y + — 28
K ‘et r P Ip fp FO Ip ( )

Kerf1p = 1/Pg is the reciprocal of the degree of polymerization which would be
obtained if the polymerization were carried out under the same conditions but
without chain transfer. The chain transfer reaction (similar to the propagation
feaction; compare p. 73) is a bimolecular reaction between the chain eadical and a
solvent or modifier molecule. One therefore obtains (if [S] is the solvent or
modifies concentration)

Ter = kyy [R =~ M-} [5]. (29)

Il one then seplaces r, by kp*[R~~~M-][M] according o Equation (8), one
oblains from Equation (28)

1o, ke lR——Mi[s) b kls]
P P, Ky [R~Me] [M] Po k(M)
(30)
=__L,C'Ei
P, [M]

This equation permits the calculation of the transfer constant C, = k.,lkpof
technically important solvents und modificrs by varying the ratio [S]/{M] (i.¢. the
solvent concentration) and determining the molecular weight obtained for each
ratio. If one then plots 1/P versus [S)/[M], one obtains C, as the slope of the
straight line. In order that 1/P, remain constant, one has to select the initiator
conceniration for each solvemi concentration in such a way that ty/rp remains
constant. This is the case if the initiator concentration is changed according to the
relation [I] = const. M) 2. Especially simple are the conditions during the
thermal polymerization of a monomer (Without initintor) In that race the initiarinn
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teaction is bimolecular (1, = k;-[M]}?), and the ratio n/rp =r;/tp is therelore
independent of the monomer concentration. Figure 92 shows the effect of
uicreasing the concentration of different solvents on the moteculas weight obtained
durning the thermal polymerization of styrene. The slope of the lines yields,
according to Equation (30), the transfer constants C, listed in Table 66.

One can use Equation (30) (if C, is known) 10 calculate the decrease of the
moleculas weight 10 be expected during radical polymerization on the addition of
certain solvents and modiliers.

For a given C,, the decrease of the degree of polymerization depends only on the
ratio [S)/{M}. However, one has 1o take into consideration that this ratio can
change sgnificantly if a polymerization is carried oul to a high degree of
conversion. By addition of monomers during the polymerization, one can
counteract such changes occuring in the ratio [S]/|M].

In addition to the above method for the determination of C,-values, there are
still other methods. For example, for high values of C,. it might be beiter to
detormine the decrease in concentration of the modifier with continuing
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merization of styrene in dafferent
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Lyu. (30) afier GREGG and
MAYQ),
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polymerization. If one then plots log |S) versus log [M] one obtains the transfer
constant C, as the slope of the tine log [S] =C,-log [M].

Temperature Dependence of the Degree of Polymerizasion

Experience indicates that when the temperatuse of palymerization is increased,
the degree of polymerization decreases. This is especially important in polymeriza.
tions carried oul on a technical scale, where une tries to obtain g well-defined
degree of polymerization from one batch to another. One therefore has (o maintain
a definite temperature in order to obtain a constant degree of polymerization. On
the other hand, it is possible by variation of the temperature, and/or by addition of
modifiers, to predetermine the value of the degree of polymerization in a relatively
convenienl way. p

The negative temperature coefficient of the degree of polymerization (i.c., 0
kinetic chain length Ly;,) results from the value of the activation energy of the
different stages of the chain reaction: if one replaces in Equation (25) (Lyp =
kg {M}/k¢[R ~~~M-]) the radical concentration by the expression +/{ky/k,)- [1]
according to Equation (10), one oblains:

kp * [M] ky * [M]
kevVikik) T Vi kT
If one takes the logarithm of Equation (31) and replaces the reaction rate constants

kp. ky, and k; by the corresponding Arthenius expressions In k = Ink,,, — A/RT =
Hy — A/RT, one ubtains (see page 81):

Luin = (1)

InL A"m"m"‘
h = _— — —
kin RT "RT RT

+ Hy-%H - %H ~%la 1] +In|M)

By differentiation with respect 10 T, one obtains the temperature coefficient of the
kinetic chain length:

d(in Lyg,)/dt = (A, - % A, — % A;)/RT? (32)

Since A; is approximately 30 kcal, bui (Ap — %Ay) is only 4.7 keal, d (In
Luin)IT and, therctore, aiso the icmperature coefficient of the degree of
polymenzation is negative. The decrease in the degree of polymerization with
increasing temperature results from the fact that the activation energy of the
initiation reaction is relatively high compared to the activation encrgy of the
growth reaction. Although the rate of chain growth (propagation) also increases
with increasing temperature (which by itself would lead (o an increase in the degree
of polymerization), the increase in the rate of initiation is the outweighing factor
and therefure according to Equation (25) the degree of polymerization decreases.
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8 polymerization where the degree of polymerization is either constant or
easos with an increase in temperature, one therefore would need an initiation
tion which has an extremely small activation energy, i.e., one where the rate is
pendent of the temperature. Such an initiation reaction is possible by initiation
ugh UV irradiation. Thus, with photopolymerization the degree of polymeriza-
increases with increasing temperature, provided that strong chain transfer does
:ause a decrease in the degree of polymerization.

2115 Copolymerization
ont polymerizes a mixiure of different monomers, one usually obtains
omolecules whose structure contaings ali the monomers that ase present in the
ion mixture.* However, one should not expect that these monomers are
ol in the same ratio in the polymer molecule as in the monomer mixture. In sn
me case, (which, however, can not be realized for theoretical reasons (see p.
one might even obuain on polymerizing a mixture of two monomers, M, and
polymer molecules which consist exclusively of monomer M; and other
net molecules which consist exclusively of monomer M;. In such a case one
ot obtained a copolymer, but only a mixture of two homopolymers. The other
ve case (and this is encountered quite frequently) occurs if the copolymeriza-
f the monomers is preferred so strongly to the formation of homopolymer
independent of the concentration of the monomer mixture, only polymer
ules in which the two different monomers alternate regularly are obtained. As
m the monomer present in the lower concentration is used up, the
rization stops completely, or the monomer Present in excess polymerizes
ly considerably slower) by itself. Between these two extremes lies the ideal
of those copolymers whose macromolecules (with random [statistical)
ution of the structural elements) contain exactly the ratio of the two
ners present in the monomer mixture. Most of the technically important
mers approach this ideal case to a sialler or larger extent.
behavior of a monomer mixtuse js determined to a large extent by the rate
W mtio of the raies) of the reactions taking part in chain growth. With a
merization involving two different monomers, the growth reactions are the
ng four reactions:
kit
1. R“""“""M' ‘+M| nd R"“"“‘“M|M}'
ki
2. Rw—-vM| ""M: had R"""‘““‘M|Mg‘
k22
3R~ M: ‘sz -+ R """"“"MgM:'
k2
4. R~~~ M;"Ml -+ R“"”""M;MI'

the general structuse of topolymers, block-copolymers und graft<opolymers, see pp.

&
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if the reaction rate constant k,, for the normal chain srowth is much greater than
kyz, and correspondingly ky4 s very much greater than k, 1. then reactions
2 and 4, which lead 19 the {ormation of copolymers, would be practically
insignificant and one should obtain block-copolymers or mixtures of homopoly.
mers. On the other hand, if the constants ky3 and ky; are much greater than k,
and kyy, chains with M, - at the growing chain end add practically only monomer
M,, and R ~~~-Mj+ chains sdd practicaily only monomer M. 5o that copolymers
with an alternating sequence of the structural units are formed, independent of the
ratio of the monomers present in the monomer mixture. Finally, if k,, = kg and
kz) = kzq, the {requency with which an M, or an M3 monomer adds to the chain
end is simply determined by their concentsation, which leads to the result that the
ralio of the two monomers in the monoier mixture is equal to the ratio of the two
monomers in the copolymer molecules (ideal copolymerization”).

One cannot calculate the rate constantsryy and rz; from the rate constants r,,
and ryy. Therefure, the behavior of a monomer in homopolymerization does not
Bive any indication of i behavior in copolymerization. If one wants to obtain an
idea about the behavior of a certain monuiner pair during copolymerization, then

one experimentally determines the compaodition of the copolymers with different

IM;1/IM3] eatios in the monomer mixture. This composition of the copolymers is
usually represented by diM, | /d{M3], because the ratio of the monomers in the
copolymer 1s identical with the ratio with which two monomers disappear from the
monomer mixture. Since the ratio of the monomers usually changes continuously
during polymerization {except with an ideal copolymerization), only investigaticns
in which the polymerization is stopped at low conversions are meaningful.

80 ; ) 80 S B
‘E I [ _E [ /4 f
R 4 N
g ® " g % 474
2 2
.S.. w I c ‘o . c-— / T
-y ,’ + 'r -y
: 2 /T M, :Styrens : 20|~ - ,/ M! : Styrong —. |
/’ : Mar Acryilonitrile “2 : Butsdiene
0 20 4 6 80 100 0. 20 4 e 80 0
L Ml in the monomer mixturs L] Ml in the monomer mixture
= weight-% ; .ceueen. *mole-®; —=x = jdesl curve
FIG.

- Copolymerization diagrams for styrene/ecrylonitrile ( =04,
7 = 0.03) und styrene/butadiene (ry =0.7,1r; = | 4)

The desctiption “ideal vopolymerization” is ysed in the literatuse mostly for systemu
where the product of the Parameters ry and ry is equal to | (compare p. 112),

r

.
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Therefore, one interrupts the polymerization with conversions of 5-10% and
isolates the copolymer. In many cases one of the monomers contains an atom or
functional group which can be determined easily by analytical means. With the aid
of this group one can then determine the composition of the copolymer (for
example, chlorine with vinyl chloride; or the ester group with acrylic ester or vinyl
esters; nitrogen with acryloniinle or vinyl pysrolidone; oxygen with vinyl ethers; or
a double bond with butadiene). With copolymers of iwo pure hydrocarbons, such
a3 isobutylene and styrene, or two acrylic esters, the analysis becomes much more
complicated. In such cases infrared spectroscopy is useful, or one has to provide
one of the monomers with an easily determined atom which, however, does not
influence the polymerization behavior of that particular monomer, ¢8.Ciq.[loONe
plots the result of such experiments in the form of the compasition of the
copolymer d|M,])/d[M;] versus [M,]/[Ma], or better, the weight percent or
molar percent of M, in the monomer mixture as a function of the percent of M, in
the copolymer, one obtains characteristic curves whose form i completely
anslogous 10 the curves that one obtains for the distillation of binary systems.

Figure 95 shows diagrams for two technically very interesting systems. The
dashed curve corresponds to an ideal copolymerization. The curves without
inversion correspond 10 (as we shall see) monomer pairs where one of the
monomers reacts more rapidly with its own radical than with the other radical,
whereas the second monomer adds more rapidly to the dilferent radical. Inversion
curves, such a8 for the system styrene/acrylonitrile, are typical for monomer pairs
which tend to alternating addition. If one obtains curves whose inversions are
oppasite 1o those shown in Figure 95, then one has systems where each monomer
prefors homopolymerization, and therefore the polymers obtained would be
segmeat- or block-copolymers. (No clearly praven cases are known, see p. 167).
Kinevice of Copelymerizarion

The interpretation of such curves becomes possible through the following simple
considerauons. The monomer M, is used up by the reactions | and 4 {p. 94).
According to the equation for bimolecular reactions, one can write for the rate at
which monomer M, is used up:

—diMy J/dtm kg [R = M-} (M) ] + kg R~ M3-]iM,]. 33)

Correspondingly, for the rate of dissppearance of monomer M, we can combine
reactions 2 and 3 to give Equation (34):

=d{M;3}/dt =k [R~—~ M, ] [M;} + Kk, [R M;:][M;] (34)

As has been explained on page 75, the radical concentration increases at the
beginning of the polymerization because of the decomposition of the initiator, until
the termination reaction, whose velocity increases with the square of the radical
concentration, reaches the same rate as the nitiation reaction (i.c., until just as
many eadicals disappear per unil time as new ones are formed). With
copolymetization (we are considering here only binary sysiems), there are two

Synthesis of Macromolecules with C-C Chaina

types of radals— R~~~ M, * and R ~~~M, *~such that the formation reaction of
the onc radical is at the same time the disappearance reaction for the other.
R M,: is formed through reaction 4 and disappears through reaction 2.
Obviously K~~~ M, - radicals are formed and disappear also through initistion and
termination reactions, but the rate of these reactions, compared to the rate of
reactmons 2 and 4, is so small that it can be disregarded ® As is generally true for the
relativnship betweest initiation and termination, we can alsosay for reactions 2 and
4 that the rate of reaction 2 {disappearance of R~~~ M, radicals) is determined
through 4 and vice versa, that the concentration of R ~~M,* nadicals grows
according 10 reaction 4 until the rate of reaction 2 has become equal 1o that of
reaztion 4 and therefore just as many radicals R M, « disappear per unit time
as mew ones are {ormed.

kay [Ro—Mz°] {M{] = k3 [R v M, +] [M,}

> Kip | [Re—Myo] Ma]  (39)

RWM . =
| 2°] ™ ™ML

If one then substitutes this expression for [R ~~sMy ] (with [R~wM, -] it
wontd work just as well) in Equation (33) and (34), one obtains:

—dIM }/dt =Ky [R~~M, -] [M, ] + kg [RnM; ] [My]
and

—d[“:“dl=k|;[R-—--M|-].|M2] +kyy 12 [ 1*) M,]

ka; M,]

kiz [M,]
= Ky [R~M, )M 0+ 2 1
" ! ki M

If vae divides the first equation with the second, one obtains:

ZOIM e _
~dM,]/dt  d[M,]

diM, | - ki My ] . l . 1
ky2[M,) LYY [M;] , K2 (Ma]
ka1 {M;] kay [My]

The tatios k) /ky; and kyz/kq, are called the copolymerization parameters, and
the symbols used for them are ¢, and r,:

0 =kpifkyz and 1y =kgpfkyy.

M1 kyy is extremely small andfor [M;] is very small, more radicals (R~~~ M, -) may be
fonmed by decomposition of the inttiator than through reaction 4. In that case Equations
33)¢ 381 no longer apply.
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After introduction of these parameters one obtains:

diM, ] n{M,1/[M.] 1

1+ (r31M2)/IM,])

diM;] 1+ (r2[M2]1/[M,y])

aMl MM ¢ 1

diM,) (ra[M2]/IM]) + I

whare d[M,]/d{M;] is the ratio of the rates with which the two monomers [M, ]
snd [M,] disappear from the monomer mixture through addition to the growing
polymer chains. In the same ratio these monomers will appear as structural units in
the chains of the copolymer. Therefore, d[M;]/d[M;] is equal to the molar
concentration ratio of the structural units in the copolymer. If one designates this
ratio with the letter b and the molar concentration ratio of the monomers in the
monomer mixture with the letter g, then:

{Mayo and Lewis), (36)

M) ~ d[M;]/dt d{M,] my
a ™ it .nd' b= = or —,
M) — d[M;]/dt d[M,] my

and one obtains the copolymerization Equation {36) in the following simple form:

natl
b s —— (363)
(ra/a) + |

or, if one factors out 1/a, one obtains:

natl

b =a (36b)

“"I’z

If, in this equation a is replaced by |M,]/[M;} and in the numerator 1 is replaced
by (M3]/(M,], and finally 1/[M,) is factored out, one obtains Equation (36) in a
form often found in the literature:

dim,) m, My] M)+ [M;])

- — = . 36¢c
d[M,] m; Mz} r[Ma] + M) 6

Equation (36) describes the composition of the capolymer as a function of the
compadition of the monomer mixtuse. One has 1o remeinber that @, and therefore
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also b, usually changes continuously during a copolymerization (exceptions: ideal
copolymenization and those carried out at the azeotrope point, compare p. 104).

in graphical representations of copolymerization reactions one usually plots the
concentration of M in the monomer mixture versus the concentration of M in the
polymer chain. As a measure of concentration one uses weight percent or mole
percent, and thus the sum of the concentrations becomes 100.:

(M;]+ (M3} =100and d[M,] +d[M;] = 100.
For b one can write:
b=d[M;] /(100 - d[M,])

This gives the following expression for the molar concentration of structural units
of the monomer M in the copolymer:

d[M;] = b(100 — d[M,]) = 100-b/(1 + b) mole % ¢Gn
If one substitutes Equation (36a) in Equation (37) one obtains:
dM;] =(r,a+ 1) 100/(ry/a + rya + 2). (38)

The copolymerization equation detived in the preceding peragraphs [Equations
(36) and (38)] has demonstrated its genersi validity. (One assumes, howaver, that
the kinetics underlying this derivation hold true, but this may not always be the
case. For example, equilibrium polymerization (ollows different kinetics, such as
the anionic polymerization of a-methyl-stytene). The parameters r, and ry ae
therefore universally used for the characterization of monomer pairs with regard
to their behavior in copolymerization (compare Table 107). Depending upon
the magnitude of r, and ry, Equation (38) yields curves similar to those shown in
Figures 95a or 95b, which correspond closely to the experimentally determined
curves.
Determination of the Parameiersr} end r2

The parameters r; and r; can be estimated fairly accurately after a sufficient
amount of practice with copolymerization curves from the shape of the curve
Conversely, from the values of ry and r; one can sketch the behavior of the
copolymerization curve. To determine the values for r, and ry from the
experimentally determined & values, one has to try to obtain the copolymerization
equation, Equation (36a), as a linear function. This is done by solving Equatior
(36a) for ry ot 1y (according 10 Lewis and Mayo) or, by solving Equation (36a) fo
a4{a/b) (sccording to Fineman and Ross). The solution for £, yields:

_ona+l at

ry=al> -—azr.—b-+(-z——-a). 35

If one then substitutes different values determined from the experimental curve fo
a and b, one obtains a series of straight lines corresponding to different values of r;



84 2 function of 1, . By substituting increasing values for ry (for example, from 0 to
1)® and calculating 15 sccording to Equation (39), one obtains a family of straight
lines which all intersect al a certain powni. At this point all « and & values, taken
from the experimental cusves have the same 1) and ry values. Therefore, the
resulting 1, and ry values are those which one has 1o substitute in Equations (36),
(37), or (38) to obtain curves identical to those determined experimentally. Figure
100 sepresents such a graphical ry-r; determinauion for the momomer pair
stysene/methylmethacrylate. The solution of Equation (36a), or (39) for a-{a/b) gives:

a{a/b) = ry(a?/b)-r, (392)

If one now plots the ordinate a{a/b) against a2/b as the abscissa, as is shown in
Figure 102, one oblains (-1;) as the intercept at the ordinate and ry as tangent 5.
Figure 102, shows as an example the determination of the r values for the monomer
pair, scrylic acid (1)-acrylonitrile (2). The Fineman-Ross proceduse is ximpler
because one only has to calculate a single straight line by substituting the
experimentally determined (a/b)-ratios durectly in Equation (39a).

A different way of determination of 1, and r, has been proposed and tested by
V. Jaacks. This method uses the integrated copolymerization Equation (36} after
reducing il to a very sunple fosm. This is possible if 4 copolymerization is camried
out with a large excess of M, so that the ratio [M, |/[M;] becomes very large and,

1.0 7
f

08

02 04 06 08 10

2

FIG. 100 — Graphical deter-
mination of ry and ry according
to Equ, (39) for Lhe system sty-
tene/methylmethacrylate (M, =
styrene; M3 > methylmetha-
crylate) (after LEWIS and
MAYO).

S ——

From Lhe shape of the copolymerization curves il is possible to select the correct sange of
1} valuee (compare Figures 103, 104, 106, 112 and 113).
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ccrrespondingly, [M;]/[M, ] becomes vesy small. In this case we can neglect the 1
1n the numerator ol Equation (36), and the denominator of Equation (36) becomes
equal 10 |:

dM]l (M JMa)) ¢
= (36)
diM,] r; ([M2)/ M) + 1

My 1/1M,] > 1

IM2]/(M;] < 1

diM, | d|M, |
* o, [M1/[M;]) o
d[M,;) IM,]

= 1y - d[M3]/[Mq]) (36d)

That is, with a sufficient excess of M, , the composition of the resulting copolymer
is determined only by ry und is independent of r,.

By integration of Equation {36d) between the limits [My]o and [M4], at the
time befure starting the copolymerization, and |M, ), and [M3 ] at the time ¢ after
the starLof the copolymerizition, one oblains:

M, M.},

= 'I . "
'Ml]u IMI'U

Equation (3be) describes the course of the whole copolymerization up to high
vomversions. Therefore, ry can be calculated by determination of the monomer
ratio [M,],/[M;l, at any time after starting the copolymersization; the
determination can be done in many cases with sufficient precision by gas
chromatography. (jM;], is known when {M,], has been determined, because
(M), + IM;], = 100.) For a more precise determination of £y, the monomer
concentration [M, |, is determined at dilferent conversions. If Ig [M, 1M, ], is
plotted against Ig [M3]/[M; ], one obtains 1, as the stope of the resulting straight
line. In the samne way, r, is determined through a copolymerization using a large
excess of M;. One cannot say that any one of the described methods is the best,
but one has to decide which method is most suitable for a particular case. With time
it seems that the Fineman-Ross procedure is often preferred. The Jaacks method
has the advantage that it is not necessary to isolate and analyze a series of
copolymers with different [M,]/{M;] ratios. This is especially important, if there
is no characteristic group, which can easily be determined quantitatively, in one of

I (36e)
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3.:¢ — Graphical determination of r, and r, according to FINEMAN and
(g the system acrylic acid/acrylonitrile.

onomers. A further advantage becomes evident with ternary (and higher}
‘merization. Here, il is not necessary Lo carry out the copolymerizations twa
3, but they can be determined by three ternary copolymerizations with 2
m.ofM.,mM,.or MJ.
the following section we will discuss the most characteristic polymerization
ns in detadl.

w ek Infiecsion Point Curves

curves shown in Figure 103 are characteristic for cases where both ry and 1y
aller than L. If one remembers that 1, = k;,/k;; and 13 = kj;/k3;, one
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immediately realizes the kinetic explanation for this behavior, which is that the
teaction rate constants k;; and kg, are larger than ky; and kyy (i.c., that the
addition of the upposite monomer to the radicals Rvee M+ and Roamn Mg+
ocewss more rapidly than the addition of its own respective monomer).
Furthermore, the aversion of the radicals 1o add their own monomers is the greater,
the smaller the corresponding 1y or 1y value. If the parameters ry and ry are equal
and if the motar concentration of the monomess is identical, then the addition of
M; 10 R M, - occurs more frequently than the addition of My to R ~~~ M,
by the qame amount as the addition of M) to R~~~ M3+ occurs more frequently
than the addition of M3 to Rw~~~M; . The inflection point lies at 50 mol% M,,
and the copelymer molecules contain on the average as many M, units as M units.
If the parameters 1, and r; ase not only equal but also much smaller than 1, then
one oblains copolymers with regular altefition of M; and M; in the chain. The
smaller the patameters 1, and ry, the more strictly this alternation of My and M4 in
the polymer chain is observed (the larger k5 and k3; are compared to k,; and
k3. respectively). On the other hand, the smaller the difference between the
parameters 1y and ry and 1, the more frequently one finds that M; adds to
s My« and that M; adds 1o~~~ M3+ in addition to aliernation. If only r; is
much smaller than 1, but ¢, is close to | (for example, styrene-acrylonitrile: 1, =
k"fku = |25 and r; = kg:fk:l = |/33), then one finds 'hﬁt‘""""“"“g' +
M, -addition and M,- + M;-addition are preferred to~~~~M3* + M- and
wrrnoee My + + My -addition, respeclively. Of these two the ~~~~ M, - + M;addition is
not s strongly preferred as the «~~~My- + M, addition. This means that one will
find a number of sections in the copolymer molecule where two or more styrene
residues succeed each other. There will be fewer cases where two or more
acrylonitrile residues follow each other in the chain. This behavior shows up in the
curve in the following way: the inflection point is no longer at 50 mol% but at
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higher or lower M, concentrations (if 1, is greater than f3, it is found at higher M,
comcentrations; if 1y is smaller than r; it is found at lower M, concentrations).

The inflection point of the curve gives the composition at which the resulting
copolymer has the same composition a3 the monomer mixture. One calls this (just
8 in the distillstion of binary mixtures) an azeotropic composition, or azeotropic
concentration, and one can even speak of an azeotropic copolymer.

The aasotropic monomer ratio can be determined immediately by substitution
of 1y and r3 in the following equation:

M ]/IMa] = (13 - 1)1y -1). (39b)

In the azeotrope, namely, the concentration ratio g of the monomers is equal to
the concentration ratio b of the monomer units in the copolymer chain. Thesefore,
if one substitutesa = b in Equation (36b), one obtains:

(nat1)(atey)=1

Solving for @, this leads to Equation (39a). For industrial purposes the knowledge
of this azeotropic concentration is of great interest, because at this ratio the
composition of the monomer mixture and of the copolymer does not change during
the polymerization reaction. Therefore one can continue the polymerization to |
very high conversions (98-99%), without the possibility of the polymer's becoming ’
inhomogeneous. On the other hand, if one polymerizes 4 monomer mixture whose
M, concentration is above or below azeottopic composition, then one first obtains
a copolymer whose composition is nearer (o that of the azeotrope than that of the
monomer mixture, and, with strongly curved diagrams (r; and ¢; much smaller
than 1), one even obtains copolymers that are identical with the azeotropic

MNENREZ
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FIG. 104 — Copolymgrizalion
diagram for the system styrene/
malcicanhydride (1, % 0.0095, ry
% ()
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composition over a wide range of mixtures. As one can easily demonstrate by
means of the copolymerization curves, the monomer mixture rapilly becomes
poorer in that monomer, which was present in lower concentration, and one soon
finds that only the other monomer is left, which then polymerizes, if one continues
the polymerization, to a homopolymer. One therefore obtains copolymer that
corresponds mainly to the azeotropic composition and, in addition, a homopolymer
of M, or of M;. Since with few exceptions different polymers are not miscible, one

. obtains inhomogeneous mixtures which have poor cohesion and are therefore of

little technical importance. Such mixtures result, for example, from the
polymetization of styrene-sacrylonitrile mixtures which contain less than 65%
styrene (azeolropic composition approximately 65:35; compare Figure 95). «

Frequently, one of the monomers does not polymerize by itself, or only very
slowly, and then r; or r; becomes O. In such cases the polymerization stops as soon
as the other monomer has been used up by azeotropic copolymerization. This is
found to be the case with mixtures of fumaric acid esters and isobutylene, or
mixtures of styrene and maleic anhydride. Excess isobutylene, in the one case, and
maleic anhydride in the other example, remain as wnconverted monomers. If more
than 50 mol% styrene is present in the monomer mixture, then one obtains
homopolystyrene n addition 10 the M M, copolymers. Figure 104 shows the
copolymerizaiion diagram for the system styrene/maleic anhydride (r, = 0.0095
and t3 = U), and Table 105 shows the calculation of the curves according to
Equauon (38).

In this case-une finds a degencrate inflection curve where the inflection point is
lengthened 1o an inflexion tangent parallel to the x-axis. The curve shows thai over
a wide ramge one obtasins copolymer with the same composition of styrene and

TABLE 105. Calculation of the copolymerization cusve for the
system styrene/maleicanhydride from the parameters
1y = 0.0095, and r; = 0 uccording to Equ. (38).
(All concentrations in mole-'%)

Monomer mixture Copolymus
1
LA L TN retiyiw M)
Styrene anhydride) LM,) o THO+E ‘
[}
1w 00 H.01/2.0001 50
5 05 .05 LOV.06/2.0008 50
(] I 1wy 0.l 100.1 /2,001 50
W 0.3 00,3 12,003 50
L I ot ‘ 1 il 2.0l 50.3
75 2 13 103/2.03 50.4
) n ] 12400 52.2
" 5 " i 1/ k9 8.4
"y 4 12 pa2f2.82 67.0
o I 1] If2. 09 66.4
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tic anhydride independent of the composition of the monomer mixture. This is
result of the strong alternating tendency'® of the system (k,; much greater
vy, ,and k3, much greates than ky3).

f both parameters ase equal to O, then one obtains a straight line parallel to the
ds at d{M, ] concentration = 50%.

"his is true for monomer pairs where each of the two monomess is unable to
merize by itself (i.c., where kg, and kjyy are equal to zero). The chains of the
olymers resulting from such systems have a completely regularly alternating
ience of the structural units My and My, regardiess of the compaosition of the
womer mixture. The value of systems where r; = 0 and ry = O for the
wrstion of copolymers with slternating structure depends entirely on the
Hute magnitude of the corresponding reaction rate constants ky, and kyy . Only
he numerical values of k,;; and ki, are of the order of 100 to 1,000
*mol~'sec~! (comparable with the k; values for styrene, methyimethacry-
- and vinylacetate) is it possible to produce copolymers with high molecular
ht. Thus, while listed values of r; =0 and r, = 0 mean that one canno! prepase
opalymers (rom these monomers, the values do not mean that copolymers can
fopared since the values of k3 and ky, may be 100 small.

| also happens that one of the monomers (for example, maleic anhydride) is not
merizabic in the usual laboratory experiment, and thatk,, is not exacty 0,
is very amall. In that case r, is only approximately O if ky, is larger by several
ers of 10. However, if k,; is only slightly larger than k,, (10-100 times), then
tnot O, but 0.1 1o 0.01. A typical example of this kind is the combination
icanhydride/stilbene, which has the values r; = 0.03 and r3 = 0.03. Neither
ticanhydride nor stilbene forms homopolymers with a high molecular weight. In

Mhe comdition for the formation of an allernating copolymer chain structure, namely,
% h;; ls always met with very mmall 1; and r; values (1, <1 and r3%1). Therefore, in the
ple of stymoe/malsic anhydride, where 1} = 0.009S and ry = 0, we can write that rgai
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spite of that, the r values are {within experimental error) different from zero, even
thoagh the copolymerization steps occur quite slowly in contrast to the extremely
rapid copolymerization of maleicanhydride-styrene (r, = 0 and 1, » 0.01). The
conclusion “ry = 0 and r; = 0, therefore the monomers of this pair cannot be
homopolymerized™ is not reversible, i.c., actual values for 1y and r do not imply
that the monomers are capable of homopolymerization. ¢; ®= 1 andry =1 simply
mesnts that the copolymerization steps do not occur more rapidly than the
conespunding homopolymerization steps. With pairs of monomers which do not
homopolymerize, or only homopolymerize slowly, the fact that r, and r; have
finite values simply means that these monomers do not homopolymerize or
copolymerize with any preparatively useful rate. Of the slmost 1,000 monomer
pairs whose parameters have been determined, a considerable fraction belong to this
calegory.

As is discussed later on (sec p. 111) the behavior of monomer pairs without
azeotrope can readdy be cexplained, expecially of those with symmetrical
copolymerization diagrams. A satisfactory explanation can also be given for the
behavior of monomer pairs which give a copolymerization curve with an inflection
point, such as in Figu-e 103.

The same conside-ations lead to the conclusion that monomer pairs for which
1>l and r32>1 do not exist. If one locks over the known r values {for example, see
Polymer Hamdbook, Wiley-Interscience, 1966), there are a few monomer
pairs, listed al the end ol Tuable 107, which formally belong to this group.
However, it 15 not clear whether this is due to measurement errors, ot if une is here
desling with still unknown effects which determine the rate of the different
addition steps. It is striking, however, that systems with 1,21 and 1;>>1 are more
common among the ionic copolymerizations. Monomer pairs with high r values, as
will be discussed subsequently, have the tendency to form long sequences. Very
large vaiues of r>1 and r;>>1 would thesefore indicate that such a system (if it
exists) would lead to the synthesis of block copolymers or—in exireme cases— that
the two homopolymers (poly-M; and poly-M;) would be formed side by-side. *

TABLE . Copolymerization Parameters®
Both Parameters = § (idcal Monomer pairs)
Methylmethacrylate Vinylidenechloride 1.0 1.0 60:
Vinylacetate Isopropenylacetate 1.0 1.0 75°
Acrylonitrile Glycidylacrylate 1.0 1.0 60°
Butylacrytate Acrylonitrile 1.0 092 56 E**

* Fot a comprehensive tudbulation see BRANDRUP-IMMERGUT, Polymer Handbook, Inter-
scienze Publishers 1966.

** E = Emulsion/polymerization

3
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TABLE 7. (Cont'd)

"I “1 " 7Y Tomp.
Butylacrylste N-Methylolacrylamide 0H7 061 -
Ethylacrylate Acrylonitrile 095 044 uon
Styrens Ethylacrylate 080 020 70°
Butylmethacrylate Methacrylonitsile 0. 0.50 80
Butylmethacrylate Styrene .64 063 509
Butadicne Methylacrylate 076 0.05 SD° E
Styrene Mcthylmethacrylate 050 050 60.
Methacrylonitrile Methyimethacrylate U.65 0.67 60.
Styrene 4-Vinylpyridine 0.70 0.54 60’
N-Vinylpymrolidone Vinylenecarbonale 070 040 (»0°
Styrene Glycidylacrylate 0.60 0.17 60
Vinylacelate Allylacetste 060 050  60°
Glycidylmethacrylate Siyrene 0.53 044 60
Styrene Methylacrylate 075 0.20 10:
Styrene Butylacrylate 076 0.15 60
Styrene Butylacrylate 048 0.15 25:
Methacrylic acid Butadiene 053 020 S0°E
Vinyichloride N-Vinylpyrrolidone 053 038 .-
2-Fluorobutsdisns Acrylonitrile 060 007 50°
Butadiene Methylmethacrylate 0.53 006 S: E
N-Viaylpymrolidone Vinylacetate 044 038 1o°
Glycidylmethacrylate Styrene 044 035 60
Dicthylfumarate Vinylchloride 047 0.2 60°
Diethyfumarate Vinylacetate 044 001 60°
Styrene Acrylonitrile 0.41 003 175°
Methacrylonitrile a-Methylstyrene 035 012 80°
Vinylidenechloride Butylmethacrylate 035 022 710°
Acrylic acid Styrene 035 022 1o:
Butadiene Mcthacrylonitrile 036 0.04 SE
Butsdiene Acrylonitrile 035 005 SO°E
Styrene Itaconicanhydride 030 020 70°
Styrene Methacrylonitrile 0.25 0.25 80
Styrene Diethylfumarate 0.30 0.07 60
Ethylacrylate 2-Vinylpyridine 0.20 0.20 75°
Isoprene Acrylonitrile 0.30 0.05 50°
Styrene Acrylicanhydride 017 o040 35°
Vinylacelate Maleicanhydride 0.055 0003 175°
isopropenylacetate Maleicanhydride 0.032 0002 1715°
Vinylchloride Maleicanhydride 0.3 0004 T5°
Stilbene Maleicanhydride 003 0.03 60°
n<Lrs=0
Styrene B8-Nitrostyrene 0.4 ] 8o’
Styrene Fumarodinitrile 0.2 0 60°
Viaylacetate Fumarylchloride 0.14 O 70°
Styrene Maleianhydride 001 o 60°

3|
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TABLE © -, {Cont'd)
M
1 M
2 " L2y Tomp.
n=0, =0
Maicicanhydride 2-Ch)
]l))lfth‘yll'umarate Isohul;::llﬂ.ce“u g g |g’o:
. Foly-{ethyleneglycol- - i o
ay-tethy) n-Amyltvinylether (] 0 60°
l’| > |, ¥ ] > |
Acrylonitrile N-Octadecylacrylami
N-Melhylolacrylamlde Melhylm.-1.'-3:’Ia|.ltteryhmm'c o3 093 e L

N-Methy u 19 £07 13 207 ..
Styrene
:llyllben_zqale Allylchloride 12!(5)5 : 13'2 50:
M::n nln_nnle Duodecylacrytate 32 %05 13 0.1 o
yivinylketone  a(2-Cyanocthy)). 5058095 1248075
&hyhcrylgte acrylonitrije ) . 73 N
Na-scrylate 5.7 1.5 s0°
lonic and Metal - Complex-Copolymcriulion
Isoprene Butadiene 1.0 Lo -20°  AIR,ClC
. F 0=
P-Chloggstyrene Isabut e
e ylene i
E-lel'oroslyrene Isobutylene : g !llg g SA lg:’ in opane
,mi.f.':.‘ Propyiene 5.7 0.1 75° T?Cl y T o
e xystyrene  Styrene 100 0.0l 0°  snC /AR
yrene p-Chiorostytene 2.2 0.45 0° SnCl': in Nitro-
lsobutylene Styrene ey ene
2-(_:lioroeihyl- Styrene 3:.0 g.o d AI(_.‘I; jn CHycl
vinylether cationic
P-Mcthoxystyrene 2-Chloroethyl- 5 45 ionj
lsoprene svinylether cationic
tyrene 192 o054 gg° i
.l . 0
Isoprene Styrene 5.9 0.0 20° :’ct';lc;lutym-
| . .
soprene Styrene 188 066 22° h:ﬂ:::::.::?l:ﬂc)
Y-rays
Diagroems Without Azeomope

With the other large group of monomer pairs
the Opposite monumes, whereas the second radic
Thus either k” lk" - l'|>' and kg;lk"
k:ﬂ lka. -l3>I .

» one of the radicals prefers to add
al prefers to add its own monomer,
= £2<1, or conversely Kyy fky3 =0, <) and



Figures 112 and 113 show typical diagrams for such cases. The curves sre
symmetrical (with regard to the 45°dine), if r4 is smalier than | by the same factor
by which 1, is greater than | (or vice versa), i.e., if 1,*r, = |. For such systems in
the literature the indication “‘ideal copolymerization™ is mostly used. This,
however, it not justified, because those Systems are not characterized by any
particular theoretical or practical condition. The case that the curves in the
disgrams for (r;13 = 1)-systems are symmelrical with regard to the 45°dine is
simply one of many imaginable and real ways in which pairs of monomers can
behave during copolymerization. But among all these possibifities, there is only a
single solution for which the copolymers and the corresponding monomer mixtures
have, over the entire range of mixtures, the same composition, and that is the
45°dine withr, =l and 1, = 1. Therefore, only this case can meaningfully be called
“ideal copolymerization."

As long as the 1, and ry values are only slightly different from 1, (for example,
fy 08 and 1y = 1.2), the resulting copolymer has nearly the same composition as
that of the monomer muxture for all ratios of the two monomers in the monomer
mixture. On the other hand, if the deviations from 1 are considerable (curves
deviating very much from the diagonal), then during polymerization one of the two
monomers is rapidly enriched. For example, if r, = § and ra = 0.2, then one has the
following situation: if with a 50/50 monomer mixture as M; radical is at the end of
the chain, then the addition of another M, monomer occurs 5 times as rapidly as
the addition of a monomer M;. Then if 2 monomer M; adds, on the average aftes
5 M, -additions, the resulting M3 radical also adds a monomer M, § times as rapidly
8 3 monomer M) (because ky; fkqy = £/5). Thus, among 6 M3 radicals there is on
the average only a single one that adds a monomer M;. Whatever radical is present
st the chain end, monomer M, will always be preferred in the ratio of § to 1.
Consequently, of each 6 structural units in the resulting copolymer, on the average
5 will be M, units. Thus, the copolymer obtained from a 50/50 monosmer mixture
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[ nmnme2_—7) 1008 LA
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FIG. — Copolymerization diagrams without inflection-point. ry > 1,1, <.
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with the values r, =5 and r,=0.2 will consist of 83.3% of M, units. This can also be
demonstrated by observing the resulting copolymerization diagram (see Figure
B4/1). The lurther the parameters deviate from 1, the more the structure of the
copolymer approaches that of M, homopolymer. With rg =100 and r; =001,
50/50 monomer mixture would yield a copolymer consisting of 99% of M, units. If
one allows the polymerization of this mixture to go to high conversion, then the
composition of the munomer mixture increases rapidly from 50/50 to 70/30,
90/10, and 95/5 until finally only pure monomer M; remains, because monomer
M, is used up much more rapidly than monomer M;. Thus, one obtains Mith
increasing M; monomer concentration during copolymerization ,copolymers with
increasing My structusal units umtil finally, if the polyrmerization is continued, a
pure homopolymer of M, is formed. The result of such a copolymerization is in
almost all cases an inhomogeneous mixture of M, ~M3 copolymes with incressing
amounts of My units {from 1-99%) and varying amounts of M; homopolymer. In
practice, in the case described above, one says that the monomer M; does not enter
into the cham, and one helps the situation by adding the more slowly used up
monomer in high concentration and continuing the addition of the more rapidly
used up monomer dunng copulymerization in such a way that a concentration of
the munomer mixture which yields the desired copolymer is maintained. From the
diagrams one can in each casc determine the experimental conditions required,
{compare section on “preparative copolymerization™, p. 126).

Olten one faces the problem of introducing certain functional groups in low
concentration into a polymer by means of copolymerization. In such cases it is
useful to look at the r,, r; values first and draw the diagram, or, if the £, 13 values
are not known, (o carry out sufficient copolymerizations to obtain the diagram and
to determine the r,, ry values.

Another possibility for copolymerizing two monomers with unsuitable I, Iz

values into a copolymer is 10 use 2 third monomer. One can usually prepare”
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Synthesis and Reactions of Macromolecular Compounds

copolymers of styrene and vinylcarbazole only with great difficulty. However, by
the addition of a small amount of acrylonitrile, it becomes very simple 10 prepare
homogeneous copolymers (terpolymers).

Table 107 shows a number of monomer pairs with their ry and ry values. They
are arranged according to the extent 10 which they deviate from 1. With the lange
majority of the monomer pairs the values of v, are between | and 2 and those of iy
are between | and 0.1. Furthenmore, the deviation in general favors values <1. The
fy and r; values in Table 107 are valid for radical polymerization (with the
exception of those at the end of the table). Even though the mechanism of ioaic
polymerization is different from that of radical polymerization, the basic scheme in
both cases involves a chain reaction, and ionic copolymerization can be described in
the same form and by the same copolymerization equation as radical copolymerizs-
tioa. As the few examples at the end of Table 107 demonstrate, ionic
copolymerization parameters usually differ greatly from 1. It is also curious that
the combinstion 1,>1 and r;>1 is observed with the cationic rather than tne
snionic copolymerizations. No explanation for this can be given ai this tire,
however. A series of monomers can be polymerized both by a radical and an ioric
mechanism (for example, styrene) or can at least be copolymerized by both
mchanisms (for example, vinylethers). The parameters are then different for the
same monomer pais, and it is therefore possible 10 use copolymerization reactions
to determine the type of initiation involved (for example, with radistien
polymerization).

The accuracy of the numerical 1, and 1, values varies greally depending on the
asccuracy of the different analytical methods used for the different copolymeriza-
tioas. (At the end of the book the same monomer pairs are listed once mote in
slphabetical sequence and with an indication of the error limits. A complete
collection of known 1, and r; values can be found in the Polymer Handbook,
Wiley-Interscience, 1966.)

Cagoalymerisasion Equetions for Limiting Ceses

For the limiting cases discussed previously, the copolymerization equaticn

[Equation (36)] takes on simpler forms which are summarized below:

1. ldeal copolymerization:
Conditions: n=|

I = |
Equation:

at}

1a+ 1

h= M-

rfat

. m, = [M]

Synthesis of Macromolecules with C-C Chaing

2. At the azeotrope point:
Conditions: a=b

Equation: natl nb+i
n

(nafa)+ 1 (ra/b) ¢ 1

b=a=

b(ra/b+1)=
fz"'b =

l’:'—l =

I'.b +1

r|b +1

hb-b‘“ll - I)

b = (rg-1)(r; - 1)

3. Stricily alternating copolymerization:
Conditions: r, =0

fy = 0

b=

m; = 50%

Equation:

4. Symmelrical copolymerization curves
2) with azeotrope:

-

€onditions: 1, = ;<1
i b natl
u : =
Bauation (fa)+1

b) Without azeotrope:

Conditions: ky; kq 1
—z=—— oL ®=— o1 ‘%]
kiz ki fa

tion: +1 a+]

Equation pu D12 f -

(/ra)+1 (/sy} (1 + r;0)
Swructure of Copolymers
Mean Sequence Length

The mean number of structural units of M, in s sequence is always larger by 1
than the ratio of the number of (M-, + M, )additions to the number of M-, +
M; }-additions. It is determined by the ratio between the rates of the two addition
steps (vqy /vy3) + 1. For instance, if in the sbove example v,; is 5 times as large a3



Vi2. in an average tune interval the two monomers are used up at a rate of 5/1
(with [M, ]/[M,] = 1). Aiso the monomers are added in that ratio 1o the growing
chain and therefore in a given time £, 5§ M, -monomers and | M, -monomer will add
10 the radical M-y. This leads to a sequence of (5/1)+ 1 = 6 M, structural
units:

oMy -Mo +5M) + 1 My~

Mz -M; M, -M, -M, -M, M, - M,

If vq 1 /vy2 = 3/1, then one obtains sequences of four units:

=Mz - M +3M, 1M M, - M, - M, ~-M; - M, -M+; andif
viy/vyz = 1/1 one obtains sequences consisting of two units:

My -Mo 4 M, + M, > My -M, - M, - M,

of in general: the mean sequence length i_. (re., the average number of M, units
combined into a sequence) 1s given by the following equation:

- vy kiy * IM)] - [Roe M- ] Ky M,

h, = — +1= tlzs — . —— 4=
Y2 kiz * (M3} - [R~M+ ] kya M;]
IM,}

e — ¢lagatl (39
M) )

Similarly one obuains a relation for the average length of the M, sequence:

- V12 k22¢[Mz) * [Rorene M1,) ka2 M. ]

he — 4= tl=— +]1=
\F1] k21 [My] * [Rom~e M4, ] kay M,}
IM, ]

"rpr =+ | = (r/a)+ 1 (39d)
M)

\s one can immediately see, the average length of the M, or M, sequences, is
quivalent lo the composition of the copolymer chain (i.c., the ratio of the
tructural units in the chain m;/m, = d[M, ]/dIM,] is identical with the ratio of
he mean sequence lengths):

dM) b M M) ¢ ras
—— o e—o = (39¢)
dlM,] Iy r,[M,]l[M,] + 1 (rpfa)+ 1

he sdentity of Equations {36) and (392) shows that in this way one can derive the
opolymerization equation simply and clearly.

A" tre— — e ot i
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Sequence Length Distribusion

The copolymsetization equation describes the overall composition m,/m, of a
copolymer as a function of the monomer mixture composition IM,]/IM3} and the
parameters ry and r1y. There are, uf course, many chain struclures possible for a
given overall composition. These can be regular and irregular, and they differ from
each other by the length of the M, and M, sequences, respectively. However, since
the different addition steps occur at sandom, it is possible with simple statistical
considerations to establish a relationship between the r values and the ptobability
with which M, or M; sequences of increasing length occur in a copolymer
molecule:

If the probability that a chain-radical ~~~M,-Mj !! adds a monomer molecule
My (forming a M;-M, scquence) is given by W,,, then the probability that this
process imimediately occurs again forming a 3 M, sequence is given by W.’l s that it
then occurs a third time (forming a 4 M, sequence) is given by W ,and so forth,
Therefore the probability for the creation of an MM, sequence with n M,
structural units is equal to W4 = W1, This sequence is of course an open
sequence of undetermined lengih, because the fusther addition of monomers is not
excluded. For a closed sequence within the chain, one still always needs the
addition of a monomer M; given by the probability W,;. Therefore, the
probability for the existence of a closed sequence with n units of the same type M,
is given by:

Wiy = W' - Wi =Wl - (1 .w,,) (390
How do we obtain W, , the probability that a chain-radical ~~— My Mj adds a
monomer molecule M;? The probability W for the occurence of an event is defined
by the ratic W = number of lavorable cases/number of all possible cases. For
example, the probability of obtaining a 6 on casting a die is given by 1/6 (among six
possible cases, the favorable case exists only once). in the previous case we were
concerned with the addition of the monomers My and M, to the chain radical
M2-Mj. The number of favorable cases (i.c., the addition of monomer M, to
~~~M3-M]'? 15 proportional to the rate v, =k, *[R Mo ]+ M ). And
the number of all possible cases (i.e., the addition of a monomer M, or a monomer
My tn M;-Mi), is proportional to the sum Yt ) >

P'The peubabilily of throwing a 6 with a dre that has six faces is 1/6; the probability of
throwing two 6's in & row, iy (1/6)2, because the combination -6 is one of 36 possible
combinations, i.c., 136, the possibility of throwing three 6°s in & Tow is {(1/6)3, because the
combinatior: 6-6-6 is one of 216 possible combinations, eic.

120bviously the probabslity that other chain tadicaly ~ae M, such a5 ~~m-My-M, -
M~ M3-M) - M; add 2 monomer M. is the same in all cases, but we ase interested here
only in additins tu ~~snne My M;, because only in this case is the number of addition steps
indentical with the number of M| in the increasing M, sequence.



MM, o e,

the following €Xpression can be written:

k., =p, . Q) e=txey @)
P, isa propostionality factor which is characteristic of the state of the radical
~~ M;.Qy is s measure for the reactivity of the monomer M, and thus 2 measure
for tlu willingness of the monomer M, to form the radical ~~ M. —M; by
feaction with ~~~~ M;. Since this readiness to form a radical ending in My is the
greater, the greater the resonance stabilization of — M;, Q, must be also &
meature for the resonance stabilization of the fadical ~~~ M; produced. The
Quantities ¢, and ¢, describe the polarization of the wo radicals (~~~M; and
=~ M) and the two monomers (M, and M,) resulting from the substituents
(1, -OH, —COOR, —CN, etc.) on the monomers. As a simplification, it is
assumed that the comresponding radicals and monomers have the same polarity and
therefore the same ¢ value. €, is therefore the polarity of the radical ~~ M; and
also of the monomer M,. The same holds also for ey, of course. With the aid of
Equal.ion (a) one can wiite the ratios Kig /K13 =1, and kaa/kap * 1y, s0 that the
:::::.ly E::n. :ol;u;: )m both cases refers to the radical ~ M)+, disappears and one

_k_l_I. Py+Q, exp {"‘l'fl} Q,

.kn Py-Q; exp {-—e.-e,}. Q P i“t (es —Cz)! (b)
sad corresponding) y forr,:

< kn
.'..’- "k-;.—-g:' exp i—e,(e,-e.)f . ©)

These equations peemit us 10 calculate the Q and e values for single monomers from
the -1, nhm_. provided we have one monomer for which Q and ¢ have been
ubitrarily established. Price chose styrene as the standard monomer with the
valuet Q = ) and e = 03, One can now calcuiate the Q and ¢ values of any

€ values of these various monomers, one can then calculate and ¢

Sonomes that has been copolymerized with these monomers (i.c‘.). where r.ﬁrn; l::
are piven In the literatuse). Conversely, knowing Q and e for any lwo monomers, we
can calculate the ¥4 =13 values for this monomer pair, whether or not they have ever
besn copolynm:ud This is very useful, since it allows prediction of the
eogolymhon behavior of any two monomers for which Q and e are known.
While the predicted behavior i§ NOt alwavs exactlv like the svnarimantal vomite ot

-

2,
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TABLE 139, Sclected Q and e values®

Isobutylvimylether
t-Jutylvinylether
p-Dimethyaminostyrene
o-Methylstyrene
Isoprene
n-Butyivinylether
Na-Methacrylate
Ethyivinylether
N-¥inylpyr-olidone
Allylacetate
2-Chioroaliylacetate
p-Methoxysyrene
1.}-Butadiene

Indene
p-Methylstiyrene
Iscbutylene

Strrenc (reference standard)
Prepylene
Yimylisocyanate
Viaylenecarbonate
podostyrene
m-Chlorostyrene
p-Chiprostyene
p-Styrene sulfonic acid
n-Butylmethacrylate
Vir ylacetate
Ettylenc
p-Cyanostyrene
4-Vinylpyridine
n-lkexylmethacrylate
Naacrylate
Virylsulfonic acid
Glycidylmethacrylate
Allyichloride
n-Nonyimethacrylate
Ethyimethacrylate
Vinyichloride
Ethytacrylate
Aldhylaicohol
Vinvlidenechloride
N-Methylotacrylamide
p-Nrtrosiyrenc
Melvylmethacrylate
Met wyicinnamate
Metaylacrylate

*(For a comprehensive tabulation see L.J. YOUNG in
Publshers, 1966).
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0.40
0.36
0.33
0.26
0.23
0.22
0.20
0.21

0.20
0.12
012
0.02
0.10
0.1l
0.14
0.17
0.20
0.22
0.29
0.36
0.36
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0.033
1.00
0.002
0.16
0.00073
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1.03
1.04
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0.026
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0.9}
0.56
0.044
0.52
0.052
0.22
0.43
1.63
0.74
0.12
0.42

*“Polymer Handbook™, Intersciencs




Ionic Polymerization

4.1 General characteristics
Radical-initiated polymerizations are generally non-specific, but this is not true
for ionic initiators, since the formation and stabilization of a carbonium ion o¢
carbanion depends largely on the nature of the group R in the vinyl monomer
CH,==CHR. For this reason cationic initiation is usually limited to monomers
with electron-donating geoups which help 1o s1abilize the delocalization of the
potitive charge in the m-orbitals of the double bond. Anionic initiators require
electron withdrawing substituents (—CN, —COOH, —CH ==CH,, erc.) to
promote the forination of a stable carbanion, and when there is a combination
of both mesomeric and inductive effects the stability is greatly enhanced.

As these ions are associated with a counter-ion or gegen-ion the solvent has
& profound influence. Chain propagation will depend significantly on the
separation of the two 1ons and this separation wilt also control the mode of
entry of an adding monomer. Also, the gegen-ion itself can influence both the
rate and stereochemical course of the reaction. While polar and highly solvating
media are obvious choices for ionic polymerizations, many cannot be used
because they react with and negate the ionic initiators. This is true of the
hydroxyl solvents, and even ketones will form stable complexes with the
initiator to the detriment of the reaction. As solvents of much lower
dielectric constant have to be used, the resulting close proximity of the gegen-
fon to the chain end requires that one must treat the propagating species as
an ion pair, but even in low polarity media such as methylene chloride, ether,
THF, nitrobenzene, etc., the ion paar separation can vary sufficiently for the
effects to be distinguishable,

lonic-initiated polymerizations are much more complex than radical
reactions. When the chain carrier is ionic, the reaction rates are rapid, difficult
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to reproduce, and yield high imolar mass material at low temperatures by
mechanising which are often Jitlicult 1 define.

Complications in the kinetic analysis can arise from co-catalyst effects where
small quantities of an irorganic compound, such as water, will have an unex-
pectedly lasge influence on the polymenzation rate.

Initiation of an jonic polymerization can vccur in one of fuur ways involving
essentially the loss or gain of an electron ¢” by the monomer to produce an ion
or radical ion.

@M+I" = MI' Cationic
M+ -MI Anionic
(c)M+e ="M Ationic
(dM-¢ ~'M Calivnic (charge transfer)

4.2 Cationic polymerization
onic polymenizations proceed by a chain mechanism and can be dealt with under
the general headings that were used for the radical reactions: initiation, propaga-
tion, and ternnation. A commun type of cationic initiation reaction is that
sepresented in ia) where I is typically a strong Lewis acid. These electrophilic
initiators are classed in three groups: (1) classical protonic acids or acid surfaces
- HCL, H,804. HCI04; (2) Lewss acids or Friedel-Crafts catalysts — BF 5, AlCt,,
TiCly, SnClg; (3) carbonium ion salts.

The mast important initialors are the Lewis acids MX,,, but they are not
particularly active alone and require a co-catalyst SH 10 act as a proton donor.
In general

MX, + SH = [SMX, | H’

and a probable initiation mechanisin is the two-siep process.

H P R, (H N H s Ry
i >(.___.; ¢ e isMxa) A Se=c | [sMXy)"
H R, 1 Ry
1 i H R,
| | i
i) #(H—(C—C* [SMX,4)
i H R,

Where step une is the rapid formation of 2 #m-complex and step 1wo is a slow
intramoleculur rearrangenient. While the need for a cocatalyst is recognized it is
often difficult (o demonstrate, and a useful reaction which serves this purpose is
the polymerizavon of isubutylene. This reaction proceeds rapidly when trace
quantities of waler are present but remains dormant under anhydrous conditions.
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The active catalyst - cocatalyst species required 1o promote this reaction is

BF + H,0 = H'[BF,0H}",
and the complex reacts with the monomer tu produce a carbonium ion chais
carrier which exists as an ion pair with [BFy,0H)".
H'|BF ;0H}" + (CH3); C=CH, - (CH,);C*|BF;0H}"

The type of co-catalyst abo influences the polymerization rate becsuse the
activity of the imlator complex depends on how readily it can transfer a
protoa to the monumet. If the polymenzation of isubutylene is initiated by
SnCly, the acid strength of the co-catalyst governs the rate, which decreases
in the co-catalyst order: acetic acid > nitroethane > phenol > water.

Other types ot inntiator are less important; thus strong acids protonate the
double bond of a vinyl monomer

HA + CH;==CR,R; = ACH,C'R,R,,
while iodine imtiates polymerization with the ion pair
A, ~1'1
which forms a stable x-complex with olefins such as styrene and vinyl ethers.
CHy=CHR + I'l; ~ ICH, —CH;

R

A recent suggestion that it may be a charge transfer mechanism has not been
fully substantiated.

High energy radiation is also thought to produce cationic initiation, bus this
may lead to fragmentation and a mixture of free radical and cationic centres.

4.3 Propagation by cationic chain carriers
Chain growth 1akes place through the repeated addition of a monomer in a
head-to-tail manner, to the carbonium ion, with retention of the ionic character

throughout.
R, R,

k
CHy— (': [SMXp)™ + nCH,==CR, R; & CH, [CR,R;CHy5 C [SMX,]”

R, Ra

The mechanism depends on the counterion, the solvent, the temperanare, and
the fype of monomer. Reactions can be extremely rapid when strong acid
Initiators such as BF 5 are used, and produce long chain polymer at low tempem-
tures. Rates tend 10 be slower when the weaker acid initiators are used and »
polymerization with SaCls may take several days. Useful reaction temperatues
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are in the range 170 to 19Q K and both molar mass and reaction rate decrease as
the temperature is raised.

Propagation also depends greatly on the position and type of the gegen-ion
associated with the chain carrier. The position of the gegen-ion can be altered
by varying the diclectric constant of the solvent and lurge changes in &, can be
obtained as shown in table 4.1 {or a perchloric acid initiated polymerization of
styrene in several media.

TABLE 4.1. Cationic polymerizalion of styrene in media of varying dieleciric
conslant €

k

Solvent ¢ Catalyst am’ mol ' g
CQly 2.3 HCYO, 0.00)2
CQly + (CH,;C1),; (40/60) 5.16 HCIO, 0.40

CCly + (CH4Cl), (20/80) 7.0 HCIO, 3.20
(CH,Q1), 9.72 HCIO, 17.0
(CH;<C1), 9.72 TiCly/H,0 6.0

(CH, (1), 9.72 13 0.003

It has been suggested thal the various stages of the ionization producing
carbonium ivns can be represented as

RX - R'X - R*IX - R+ X.
covalent inlimate ion pais solvent separated free ions
ion pait

The increasing polasity of the solvent aiters the distance between the jons
from an intimate pair, through a sulvent separated pair to a state of complete
dissociation. As free ions propagate faster than a tight ion pair, the increase in
free ion concentration with change in dielectric constant is reflected in an
increase in kp. The separation of the ions also lowers the steric restrictions to
the incoming monomer, 3o that frec ions exert litile stereo-regulation on the
propagation and tou great a separation may even hinder reactions which are
assisted by co-ordination of the monomer with the metal in the gegen-ion. To
the first approximation it can be stated that as the dielectric constant of the
medium increases, there is a linear increase in the polymer chain length and
an exponential increuse in the reaction rate, but in some cases the bulk
dielectric of the medium may not derermine the effect of the solvent on an
ion in its immediale environment. This leads to deviations from the simple
picture. The nature of the gegen-ion affects the polymerization rate. Larger
and less tightly bound ions lead to larger values of ky, hence a decrease in kp
is observed as the initiator changes from HC10, to TiCly . Hy0 to 1,, for the
reaction of styrene in 1,2-dichloro-¢thane.
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4.4 Termination
The iermination reaction in a cationic polymerization is less well defined than
for the radical reactions, but is thoughlt 1o take place either by a unimolecular
rearrangement of the ion pair

Ry

~~CH,C* [SMX,] +——CH=CRR; +H" [SMX,]",
'
ot through a bimolecular transfer reaction with 2 monomer
R R, R,
— cu,c" [SMX,] 7'+ cu,=c|: ~+~~CH=CR,R; +CH,C" {SMX4]"
. ; .

The first involves hydrogen abstraction from the growing chain to regenerate
the catalyst-co-catalyst complex, while the second re-forms a monomersinitintor
complex, thereby ensuring that the kinetic chain is not terminated byl the resction.
In the uaimolecular process, actual covalent combination of the active centre
with:a catalyss-co-catalyst complex fragment may occur giving two inadtive species.
This serves to terminate the Kinetic chain and reduce the initiator complex and,
as such, is a more effective route to reaction termination.

4.5 Geaersl kinetic scheme

Many cationic polymerizations are both rapid and heterogeneous which malies
the formulation of|a rigorous kinetic scheme extremely difficult. At best, one of
general validity can be deduced, but this should not be applied indiscriminately.
Following the sieady-state approach outlined for radical reactions, the rate of
initintion v; of a cationic reaction is proportional w0 the catalyst-co-catalyst
concentration ¢ and the monomer concentration [M].

v = kM) L {41)

Termination can be taken as a first-order process in contrast to the free radical
mechanisms, and

W= kl[M"l (_4-2]
Undar steady-state conditions, ¥ = v, and
(M°] = kic[M) /. - (4.3)
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Thas gives an ovewsll polymerization rate vy of

vp = kp MM’} = (kpkifke)e [M]? 44)
and a chain lengih of
Xp = Vp/"l = (kplk|)lM', (4.5)

if termination, rather than transter, is the dominant process. When chain transfer
is significant,

xn = kpfky. (4.6)

Although not univessally applicable, this scheme gives an adequate description
of the polymerization of styrene by SnCly in ethylene dichluride at 298 K.

4.6 Energetics of cationic polymerization

Having established a kinctic scheme, some explanation for the increase in overall
rate with decreas.ng temperalure may be forthcoming. The rate is proportional to
(kkylky) so the everall aclivation energy £ is given by

E=E+F,-E, 4.n
and for the chain length
Ey=Ep-E\. (4.8)

Propagation in a cationic polymnerization requires the approach of an ion to an
uncharged molecule in a relatively non-polar medium and as this is an operation
with a bow activation energy, Ep is much less than Ej, Ey, or Eyy. Consequently
F is normally in rhe range ~40 1o +60 kJ mol™ , and when it is negative, the
rather unexpected increase in kj, is obtained with decreasing lemperature. It
should be noted, however, that not all cationic polymerizations have negative
activation energies; the polymerizations of styrene by trichloroacetic acid in
nitromethane and by 1,2-dichlorocthylene have E equal to +57.8 ki mol™ and
+33.6 1 mol™! respectively.

The chain length, on the other hand, will always decrease as the reaction
temperature rises because £y is always > Eyp.

4.7 Experimenta cationic polymerization

A typical catiome reaction can be demonsirated by the polymenzation of trioxan
10 fuym polyformuldehyde and using boron trifluoride etherate as iniliator. The
polymer formed can then be stabilized by acetyluting the terminal hydroxyl group

8
o( j] BEOCHY, hotcH 041 2% cH,000-4 CH,0H
~~""
with acetic anhydride.
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The catalyst solution of BFyO(C2H;); (2 cm?) in benzene (40 cm?) is preparsd
and thoroughly dried over calcium hydride before starting the polymenization. A
mixtuse of cyclohexane (12 cm?), previously dried over caicium hydride, and
10.0 g of trioxan, recrystallized from methylene chloride, is added to a dry test
tube. The tube i§ lousely stoppered and placed in a thermosiat bath at 340 K. The
catalyst solytion (0.15 cm?} is then added 10 the reaction mixture using a syringe,
and the tube recapped. The reaction proceeds rapidly and polymer forms in
about S min, after which time the bath temperature is lowered to 320K for
about 30 min. The product is separated by filtration and washed with iscpropamol

containing 10 pér cent aqueous amumonia, then dried in in vacuo at 330 K ovemight.

The polyformaldehyde is soluble in dimethy] formamide.

4.8 Stable carbonium ions
Many of the uncertainties inherent in Friedel-Crafts catalystco-catalyst systens
can be removed if stable, well defined, initiators are used. Bawn and his co-
workers have made use of triphenyl methyl and tropylium salts of the general
formula Phy C* X" and C,H3 X where X is a stable anion such as Q0j, SbCl,,
and PFy.

Initiation uccurs by one of three mechanisms:

(i) Direct sddition: 1° + CH;==CHR ~ ICH;—CHR

(tii) Electron transfer: I° + CH;==CHR -+ 1" + "[CH,==CHR}"

The reaction of Lrity] hexafiworophosphate and tetrahydrofuran (THF) hus
been shown to proceed without evidence of a termination reaction and a “living™
cationic sysiem can be obtained. The reaction takes place below room tempens-

ture.
MCPFy + [ |- PhyCH+ @ - QG-O(CM 1,.—-6@ P

*PF,
The effect of the counter-ion is a noticeable factor in the elimination of the
termination reaction and neither SbCl, nor any other anion studied has proved
as good as PF,.
Other similar non-terminating systems have been identified, but the influence
of the anion on the efficiency of the system Lo produce “living" polymers
warios from monomer 10 monomer.

4.9 Catiomic chwge transfer initistion

Initistion of polymerization by mechanism (d) of section 4.1 requires that the
monomar concerned is a nucleophile with respect to the electron scceptor which
may be a halogen, a metal cation in & high oxidation stale, nitrogen peroxide,

)
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sulphur dioxide, or an ciganic molecule with an electrophilic group. The extent
of the interaction between the donor D and the acceptor A determines the
relative magnitudes of the constanis in the equilibria

k . .
D+Aw™ [D...A"D“...A"II:} [D*A‘l'ﬁ D'+ A,

but the condition k, > k;, k; usually preduminates, except for powerful
donor-acceptor pairs. When the monomet 1s the donor its character determines
the most propitious acceptor 10 initiate the reaction, thus N-viny| carbazole

can be polymerized in the presence of relatively weak acceptors such as sulphur
dioxide, tetrachioroethylene, or acrylonittile, where the intense colours

usually associated with charge-transfer complexes rarely develop. Medium to
strong acceptors, o-chloroanil, tetranitromethane, efc., can also be used.
Ellinger has suggested the following scheme with acrylonitrile as the electrophile
and where all charges are actually partial changes.

CN .
I H
) C c
AN P AN
H cn,] H.C H |
! CN- |-
HiC M

+ CH,==CHCN
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Vinyl ethers are dilferent because they generally require 2 much more
positive reaction with complete electron transier Lo a strong acceplor, e.g. P,0s,

triethanolamine, or letracyanoethylene.

Some initiators may lead lo propagation by both radical and cationic
mechanisms. Most notable among these are the tropybum salts, studied by Bawn
and Ledwith, who have suggested that the salt forms a charge-transfer complex
with the monomer. This eventually dissociates 10 produce a tropyl radical and
a monomer cation radical where X may be SbCly or BF,.

X + CH,=CHOR * (complex) - | + " [CH;—CH=0R] X"

The cation radical can dimerize or form a dication to propagate the chain,
atthough this has not yet been proved conclusively. However, it has been shown
that the polymenizations initiated by Lhe tropylium salts are undoubtedly
calionic in nature.

4.10 Anionic polymerization
The polymerization uof monomers with strong electronegative groups — acrylo-
nitrile, vinyl chlonde, styrene, and methyl methacrylate — can be initiated by
either mechanisin (b) or {c) of section 4.1.

In (b) an ivnic ur ionogenic molecule is required, capable of adding the anion
to the vinyl double bond and so create a carbanion.

CX =+C'+X
X+M-+MX

The gegen-ion C* inay be inorganic or organic and typical initiators include
KNH;, n-butyl lithium, and Grignasd reagents (alkyl magnesium bromides).

If the monomer has a strong electron withdrawing group, then only a weakly
positive initiator {Grignard) will be required for potymerization, but when the
side group is phenyl or the electronegativity is luw, a highly electsopositive
metal initiator, such as a lithium compound, is needed.

Mechanism (c) is the direct transfer of an clectron from a donor 1o the mono-
mer 10 form 4 rudical anion. This can be accomplished by means of an alkali
metal, and Na or K can initiate the polymerization of butadiene and methacrylo-
nitrile; the lattes reaction is carried out in liguid ammonia at 198 K.

CH, (l‘H;
Nas + CHy==C -+Na'+"|CH,—C"

CN CN

The snionic reaclions have characteristics similar in many ways to the cationic
polymerizations. In general they are rapid at low temperatures but are siower
and less sensitive to changes in temperature than the calionic reactions. Reaction
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raes depend on the dielectnie constant ol the solvent, the resonance stability of
the carbamon, the electronegativily of the sitiator, and the degree of solvation
3 the gegen-iun. Many amonie pulymenzations have no formal termination step
bul are sensitive Lo traces ol impunties and as carbanions are quickly neutralized
2y small quantities of water, alcohol, carbon dioxide, and oxygen these are
flective terminating agents. This iposes the need for rather rgurous experi-
nental procedures to exclude impurities when aniome polymerizations are

being studied and a few ol these proceduzes will be mentioned later.

411 Polymerization of styrene by KNH,
One of the first anionic reactions studied in detail was the polymerization of
styrene im liquid ammuma, with potassium amide as initiator, reported by
H gginsom and Wooding. This serves to illustrate the general mechanisin encoun-
iesed and has the added interest that it is one of the few reactions involving
fr=¢ ions rather than wn pairs. Polymerizations were performed at 240K ina
highly polar medium, iquid ammonia.

Initiation is a two-step process; the dissociation of the potassium amide,
st into ils constituent ions, fotlowed by addition of the anion to the monomer
3 create an active cham garrier,

KNH, =K'+ :NH;
INH; + CH=CIIC,H; A1plt;NCH,—CHC, Hy
The second step is rate determining so that
= kic|M}, “49)

waere ¢ is the concentration of the ion :NH;.
Propagation is then the usual additivn of monomer to the carbanion snd the
ra e is given by

vp = kpIMJ[M]. (4.10)

Termmation of the growmg chain occurs when there is transfer to the solvent
with segeneration o’ the annde on, which 15 usually capable of mitiating another
chain

H
l -

HaN—-CHLC10), CH—C + Nl A4 NH, - CH,—CHPh), CH;CH, Ph + :NH;
Ph

Tl & rate of termination is then

v = kg [M7] [NH; ). 4.11)
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The amumption of steady-state conditions gives an expression for the concentsation
of propagating polycarbanions,

IM] = (ki/ky)c [M] /[NH,), 4.12)
piving
vp ™ (kpki/ky)c[M] /[NH, ] “4.13)
and
Xn = (kp/ky)(M]/(NH;]. (4.14)

The activation energy for the transfer process is larger than that for propags
tion and 30 the chain Jength decresses with increasing temperature, but as the
overall activation energy for the reaction is positive, +38 kJ mol™, the reaction
rate decreases with decreasing temperature.

4.12 “Liviag” polymers
The reaction scheme proposed for the initiation with polassium amide containa
80 formal termination siep and if all the impurities which are liable 10 react with
the carbanions are excluded from the system, propagation thould continue unti
ali monomer has been consumed, lesving the carbanion intact and stilt active.
This means that if more monomer could be introduced, the active end would
continue growing unless inadvertently terminated. These active polycarbanions
were first referred to as “living™ polymers by Swarc.

One of the first “living™ polymer sysiems studied was the polymerization of
styrens initiated by sodium naphthalenc. The initiator is formed by adding
sodium to s solution of naphthalene in an inert solvent, tetrahydrofuran.

~ Q0[O0

The sodium dissolves to form an addition compound and, by transfetting an
sleclron, produces the green naphthalene anion radical. Addition of styrene to
the system leads 10 electron transfer from the naphthy) radical to the monomer
fo form a red styryl radical snion.

N y—.

§t 15 thought, a dianion is finally formed capable of propagating from both ends.
Na"[HICHCH;CH;CHPh] Na’

IONIC POLYMERIZATION

Note that the absence of buth a termination and a transfer teaction means that
if no accidental termination by impunty uccurs the chains will remnain active
indefinitely.

The validity of this assumption has been demonstrated (i) by adding more
styrene to the “living”™ polystyryl carbanions, and (i) by adding another
monomer such as isoprene, to form a bluck copolymer.

The existence of “living” polymers was originally demonstrated by Swarc
using an all-glass apparatus of the type shown in figure 4.1.

FIGURE 4.1. Apparatus similar to that used by Swarc to demonstrate the
existence of “living” polymers. The insert shows the arrangement of the internal
and external mugnels in relation Lo a break seal.

The components of the reaction were subjected tu stringent purification
procedures and scaded in the apparatus under vacuum. The green solution of
the imtiator, sodium naphthaene, in THF was contined in B and introduced
into D by rupturing the break-seal using a glass-encased magnet with a sharp
lip, contained in the apparatus. The magnet can be held in position by a second
magnet taped in position on the exterior surface of the glass tubing. Pure styrene
from C was then admilted to the reactor and an immediate colour change from
green (o red was observed which persisted after the tapid reaction was
complete. The viscosity of the reaction mixture was tested by tipping it into
the ude arm E, afler rotation 1o the vertical position, and timing the fall of a
piece of metal encased in glass, through the medium. The Apparatus was retumed
through 90° to its original pusition and  fresh solution of styrene in THF,
having the same concentration us the reaction mixture, was added from bulb A,
A marked inciease in viscosity indicated further growth of the existing chains
(rather than new ones being formed) and the red colour of the polystyryl ion
was retained. In a second experiment, isoprene was contained in bulb A and
when added, formed a block copolymer with the styrene. Analysis of the product
showed that no polyisoprene was formed, again substantiating the concept of a
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“living” polymer. The use of “living” polymiers is now a standard method of ar d propagation is then
preparing bluck copolymers as well as the more unusual star-shaped and comb- H
branched polymers. I

RCH;CLi" + #CH,==CHR, = R~4-CH,—CHR,), CH,C LI’
| l

RI Rl

K-netic analysis of the reactions shows that the initiation is not a simple function
of the busicity of R, however, owing tu the characteristic tendency for Organo-
lighium compounds to associate and form tetramers or hexamers. The kinetics
arz usually complicated by this feature, which is solvent dependent, and conse-
quently fractional reaclion vrders are commonplace.

The alkyl lithiums have proved commercially useful in diene polymerization
and some steric control over the polymerization can be obtained.

H

4.14 Solvent and gegen-ion effects

Bcth the solvent and the gegen-ion have & pronounced influence on the rates
of anionic polymerizations. The polymerization rate generally increases with

| increasing polarity of the solvent, for example, kp = 2.0 dm® mol™ s for the
) an onic polymerization of styrenc in benzene, but kp = 3800 dm® mol™ s™
when the sulvent is |, 2<dunethoxyethane. v -

T ! I

[
100 200 300
([E}/mol dm™)" 12

FIGURE 4.2. Behaviour of the experimental propagation rate constant ky an 8
function of the concentration [E} of “living ends” for various salts of **Lving"

polystyrene in tetrahydrofuran at 298 K. (From data by Swarc.) 189 L
g
- |
4.13 Metal alkyl initiators
The organo-lithium derivatives, such as n-butyl lithium, sre particular members ok
of this group of electron deficient. initiators. In general, the initiation involves
addition to the double bond of the monomer .
i L
H 025 0.30 0.35

{e-1)2e+1)”"

RLi + CH;==CHR, + RCH,;—C" Li FIGURE 4.3. The propagation rate constant k), for the polystyryl-lithium ion
| pair plotscd as a function of the dieleciric constant of the reaction medium.
R, (Adapted from Bywater and Worsfold.)
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Step-growth Polymerization
|

The ciassical subdivision of polymers inlo two main groups was made sround
1929 by W. H. Casothers, who proposed that a distinction be made between
polymens prepared by the stepwise reaction of monomers and those formed
by chaim resctions. These he called:
(1) Condemsation polymers, charsctesistically formed by reactions involving
the olimination of a small molecule, such as water, at each step; and
(2) Addision polymers, where no such loss occurred.

While these definitions were perfectly adequate at the time, it soon became
obvious that nowsble excepuons exisied and that a fundamentally sounder
classification should be based on a description of the chain growth mechanism.
it is prefscuble 10 replace the term condensation with stepgrowth or step-
reaction. Raclamification as siep-growrh polymerization, now logically includes
polymes such as polyurethancs, which grow by a step reaction mechanism
without elimination of a small molecule.

In this chapier we shall examine the main features of stepgrowth polymeriza.

tion, beginning with the simpler reactions which produce linear chains exclusively .

This type of polymerization is used to produce some of the industrially import-
ant fibres such as the nylons and terylene. A brief discussion of the mose
complex branching reactions follows to illustrate how the thermosetting plastics
are formed.

2.1 Geasral reactions

In agy reaction resulting in the formation of a chain or network of high molar
muss, the functionality (see section 1. 3) of the monomer is of prime importance.
in step-growth polymerization, a linear chain of monomer residues is obtained
by the stepwise intermolecular condensation or addition of the reactive groups in
bifunctional monomers. These reactions are analogous to simple reactions

-

involving monofunctional units as typified by a poiycsicniication reaction
involving a diol anda dibasic acid,

|HO—R—0H + HOOC —R—COOH = HO—R—0CO—R'—COOH + H,0

if the water is removed as it is formed, no equilibrium is established and the first
Stage in the reaction is the formation of a dimer which is also bifunctional. As the
teaclion proceeds, longer chains, trimers, tetramers, and so on, will form through
other estesification reactions, all essentially identical in rate and mechanism,
until ultimately the reaction contains a mixture of polymer chains of large molar
masses M. However, the formation of samples with significantly large values of
M s subject to a number of rather stringent conditions which will be examined in
reater detail later in this chapter.

| Two major groups, both distinguished by the type of monomer involved, can
be identified i step-growth polymerization. In the first sroup two polyfunctional
ronomers take part in the reaction, and each possesses only one distinct type of
functional group as in the esterification reaction, or more generally:

A-A +B-B -+ {A-AB-B}

The second graup is encountered when the monomer contains more than one
type of functional group such as a hydroxyacid (HO—R—- COOH), represented
generally as A —B where the reaction is

nA-B - AR,
of HO—R—COO0H) -+ H-¢ORCO -5 OH.
* Alarge aumber of siep growth polymers have the basic structure
—{—R—{3—R—{F}—R—
where R can be-{CHy)z or _©_ and the link~—{"}— is one of three
important groups:

~0—C— ~—C—N— —0—C~—N—

I il
0 O H O H
urethane

Other links and groups are involved in these reactions and some typical step-
reaction polymers are shown in table 2.1.

ester amide

2.2 Reactivity of fusctional groups
One basic simphfying assumption proposed by Flory, when analysing the
kinetics of step-growth systems, was that all functional groups can be considered




MONomeT Gr polymer species with equal ease.
4 q The progress of the reaction can be illustrated in figure 2.1 where after 25
per cent reaction the number average chain length x, is still less than two becauss
| monomers, being the most predominant species, will tend 1o react most often,
and the reaction is mainly the formation of dimers and trimers. Even after

87.5 per cent of the reaction x, will only be about eight and it becomes increas-

2.3 Casethen equation

W. H. Carathers, the pioneer of step-growth reactions, proposed a simple equation
relating x,, to a quantity p describing the extent of the reaction for linear poly-
condensations or polyadditions.

]

nHOOC—R—COOH ~ HO—{- 0OC—R—C0-0
H,
3
OH
o

?"1
nHO—SIs—O
CH,
OH
n @ +nCH,0~+

{ tf Ny is the original number of molecules present in an A--B monomer system
and ¥ the number of all molecules remaining after time ¢, then the total number

g g ( ingly obvious that if long chains are required, the reaction must be pushed
: o towards completion.
2 :
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'!3 § ¥ FIGURE 2.1. Diagrammatic representation of a stepgrowth polymerization.
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ANH; —R-—COOH ~ H+NH—R—C0 -OH +{«* 1)},0
ANH;—R—NH; + "HOOC—R'—COOH ~ H- NH—R—NHCO~—R"~—CO 4~0H + (21 ~ 1)H,0
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3 _§ of functional groups of either A or B which have reacted is (Mo — N). At that

g S time ¢ the extent of reaction‘p is given by

e i

¢ ' P=WNo~N)iNo or Ne=Ne(l-p). @1
bd .
-§ -»‘g" If we remember that x,, = No/N, 2 combination of expressions gives the

a £ Garothers equation, )
F g 8 2

= e .o
5 . P £ 3 § g ‘ xp = 1/(1 - p). 2.y
w t|¢ g 8 £ 0 < !

a ..E: .g 2 _g,- 4 3 § ' This equaticn is also valid for an A— A + B—B reaction when one considers that
§ e | £ - LS E in this case there are initially 2¥; molecules.

The Carothers equation is particularly enlightening when we examine the
numerical relation between x,, and p; thus for p = 095 (i.e. 95 per cent conver-
sion}, xy = 50 and when p = 0.99, then x, = 100. In practical terms, it has been

—




U421 LU 7 4 the value of M, has 1o be about 12000 to 13 000 gmol ifa

high tenacity fibre is to be spun, and as this corresponds to Xy =53 t0 58, the

polymaerization has 10 proceod beyond 95 per cent completion. Similarly for
, pulyssters derived from w-hydroxydecanoic scid, H ~+O{(CH,),CO -+ 2OH,
1 2g of sbout 150 is optimum for good fibres and 50 p must exceed 0.99,

cardinal. ¥t is symptomatic of these critical requirements that only four types
Qof senction ueefully produce linssr polymers with My > 25000 g mol™ .
(1) Schossen-Baumann reaction, This involves the use of an scid chloride in an
estsrification or amidation; for example the so-called “nylon rope trick”
®action is an interfacial condensation between sebacoyl chloride and hexa-
methylenediamine, producing a polyamide known as nylon-6,10.

ACIO0(CH; )y COCI + nH, N(CH, )¢NH, - 4 CO(CH, )4 CONH(CH, ) NH a H{2n-1HC ‘.

The bifunctional acyl chloride is dissolved in CClq and placed in s beaker.

An aqueous alkaline solution of the bifunctional amine is layered on top and
the nyloa-6,10 which furms immediately at the interface can be drawn off as »
coatinuous filament until the reagents are exhausted. The resction has an Sy 2
mechaniam with the release of a pioton to the base in the aqueous phase; the
condensation is 3 successive siepwise reaction by this Sy 2 route.

(2) Salt dekydration. Disect esterification requires high purity materials in
equimolar amounts because esterifications rarely go beyond 98 per cent com- !
pletion in practice. To overcome this, hexamethylene diamine and a dibasic acid
such a3 adipic acid can be reacted 1o produce a nylon salt, hexamethylene
dismmonium adipate. A solution of 0.5 mo| diamine in a mixture of 95 per cent
othanol (160 cm*) and distilled water (60 cm®) is added to 0.5 mol discid '
dissolved in 600 cm? of 95 per cent ethanol over 3 period of 15 min. The ;
wsixture Is stirred for 30 min during which time the nylon salt precipitates as |
8 white crystalline solid. This can be recrystallized and should melt at 456 K.

The pum it can be converied into s polyamide by heating it under vacuum in

8 saled tube, protected by wire #auze, at about 540 K in the presence of a small

Quintity of the diacid, e.g. 10 g salt t0 0.55 8 adipic acid is & suitable mixture. )
If a lowsr molar mass is desired, s monofunctional acid can replace the adipic [
acid and act as a chain terminator,

C e i

(3) Ester interchange. An allemative Ieav it Uans-esleniicalion in the
presence of a proton donating or weak base catalyst such s sodium methoxide,

ey

CH,0—C —@—ﬁ-—o-—cu, + HO(CH,),0H +

I
0 0
fﬁ _@ﬁ —o—(cu,),—-oT +CH,0H
(4] 0O »

In this way ethylene giycol and-dimethyl terephthalate produce terylene. Ester
interchange is the most practical approach 10 polyester formation because of
the faster reaction rate and use of more easily purified products. The formation
of poly(ethyiene terephthalate) is essentially a two-stage process. The first stage,
at 380 to 470 K, is the formation of dimers and trimers, each with two
hydroxyl end-groups, and during this formation the methanol is being distilled
off. To complete the reaction the temperature is raised to 530 K and condensa-
tion of 1hese oligomers produces a polymer with large M, . The major advantage
is that the stoichiometry is sell-adjusting in the second stage.

(8) Saep polyaddition (Urethane Jurmatiun). Polyurethanes with large M, can be
prepared using 4 method based on the Wurtz alcohol test. In the presence of a
basic catalyst, such as a diamine, ionic addition 1akes place, for example
between | ,4-butanediot and 1 6-hexanediisucyanate:

HO(CH;)(OH + OCN(CH,),NCO - O(CH,)‘--O—ﬁ-—T—-(CH,).NHCO-h
0 H

This reaction produces a highly crystalline polymer, but a vast number of
urethanes can be formed by varying the reactants and s series of polymers covering
8 wide spectrum of prpperties can be prepared.

2.5 Swichiometric control of M, .
Often it is preferable 10 avoid production of high molar mass polymer and control
cam be effected by rapidly cooling the reaction at the sppropriate stage or by
sdding calculated quantities of monofunctional materials as in the preparation
of nylon-6,6 from the salt.

More usefully, a precisely controlled stoichiometric imbalance of the reactants
in the mixture can provide the desired result. For example, an excess of diamine
over an acid chioride would eventually produce a polyamide with two amine




S e TR BRUWRIL WIEN LRt acia chilonde was totally con-
sumed. This can be expressed in an extension of the Carothers equation as,
o2 (1 401 +r-2p), 23)

where 7 is the ratio of the number of molecules of the reactants. Thus for s
quantitative reaction (p = 0.999) between N molecules of phenolphthalein and
1.05N molecules of terephthaloy'l chloride to form poly(terephthaloyl phenol-
phthalein)

. "o o

The value of = N, o /Nyp= 1/1.05 = 0.952
andxp = (1 +0.95)/(1 40952 - 2% 0.999 x 0.952) m 39,

rather than 1000 for r = 1. This reaction is an interfacial polycondensation
whose progress inay be tfollowed by noting the culour change from the red
phenolphthalein solutivn to the colourless polyesier. The interface can remain
stationary in the experunent but the uniformity of the polymer is improved by
increasing the reacuon surface using high-speed slirring.

The corresponding equation for a monofunctional additive is similar to
equation (2.3) only now  is defined as the ratio Nao/(Nug + 2V ) where Ny
is the number of monofunctional molecules added.

2.6 Kinetics

The assumption that functional roup reactivity is independent of chain length
can be verified kinetically by following a polyesterification. The simple
esterification 1s an acid catalysed Process where protonation of the acid js
followed by interaction with the alcohol to pruduce an ester and water. If
significant polymer 1ormation is 10 be achieved, the water must be removed

continuously {rom the reaction to displace tie equilibrium and the water
eliminated can be used to estimate the extent of the reaction. Alternatively the
rate of disappearance of carboxylic groups can be measured by titrating aliquots
of the mixture.

A typical apparatus is shown in figure 2.2 consisting of a reaction kettle, 2 Dean
and Stark trap to collect the water, a stirrer, N inlet, and thermometer. The
reaction can be illustrated using ethylene glycol and adipic acid. A mixture of

FIGURE 2.2. Apparatus suitable for polycondensation reactions: a, the reaction ,

kettle, b, Dean and Stark trap; ¢, condenser; d, thermumeter; ¢, stitrer;
f, stirring motor,

decalin (35 ¢in’) and adipic acid (1 mol) is placed in the kettie and the trap is
filled with decalin. The mixture is heated to 420 K and glycol (1 mol), pre- -
heated to this temperature, is added, followed by an acid catalyst such as
p-ioluene sulphonic acid (! mmol.). Nitrogen is bubbled tapidly through the
nmixture which is quickly raised 10 reflux temperature. The water level in the
trap is noted at regular intervals and sinall aliquots of the reaction mixture

can be withdrawn, weighed, diluted with acetone, and titrated with methanolic
KOH. If an activation energy is required, the temperature can be raised several
times and the reaction followed for a time at each new temperature.
Self-catalvsed reaction. if no acid catalyst 1s added, the reaction will still
proceed because the acid can act as its own catalyst. The rate of condensation
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o any time £ can then be derived from the rate of disappearance of —COOH
groups and

- d[COOH) /ds = k[COOH)* [OH), (24)

The second order [COOH) term arises from its use as a catalyst and k is the
rate constant. For 2 system with equivalent quantities of acid and glycol the
funcuional group concentration can be written simply as ¢ and

=defdt = ke? s
This expression can be integrated under the conditions that ¢ = coatlimet=0

and
< kt=1tfet -~ 1/cd. (2.6}

The water furmed 15 removed and can be neglecied. From the Carothers
equation it folluws that ¢ = ¢o(1 = p), leading Lo the lina) torm

ke = 1)L -pty- 1. 27

Acid-catalysed reaction. The uncatalysed reaction is rather slow and s high x,, is
not readily atwaincd. In the presence of a catalyst there is an acceleration of the
rate and the kinetic cxpression is allered 10

- d[COOH) /dr = k'[COOH| |01}, (2.8)

which is kineucally first order in each functional proup. The new rate constant
k' is then a composite of the rate constant k and the catalyst concentration which
also remains constant. Hence

—defdr=k'c?, (2.9;
and integration gives Jinally

cok'r=1/(1 -p)- 1. (2.10)

Both cquations have been verified experimentally by Flory as shown in figure 2.3.

2.7 Molar mass distribution in linear systems
The creation of long chain polymers by the covalent linking of small molecules
is a random process, leading to chains of widely varying lengths. Because of the
random nature of the process, the distribution of chain iengths in a sample can
be arrived at by sunpie statistical arguments.

The problem 1 to calculate the probability of finding a chain composed of x
basic structural unus in the reaction mixiure at time 1, bor either of the two
reaclions

XA-AtxB-B~ A—A[B—BA*AI B-B,
x-1

ofrx A-H -*A-[—BA-}-Bi
x—

STEP-GROWTH POLYMERIZATION .
i.e. to cakculate the probability that a functional group A or B has reacted. For
the sake of clarity we can consider one of the functional groups to be carboxyl
and determine the probability that {x - 1) carboxyl groups have reacted to
form a chain. This is p*~!, where p is the extent of the reaction, defined in
equation (2.1).

400F T T T 1 ] ¥ 1 1
(a) " (b) -|80
™
300+ -
- -160
200 " j..
o 140 Y
100 1 L 420
a® 1

| il 1 i 1 1 i A
O 200600 1000 k00 200 400 600 800
t/min 1/min
FIGURE 2.1 (a) Self-calalysed polyestenfication of adipic acid with ethylene
gycol a1 439 K, (b) pulyestentication ol adipic acid with ethylene glycol at 382 K,

wulalysed by 0.4 moie per cent of p-toluene sulphonic scid. (From datu by
Flery.)

1t follows that if a carboxy| group remains unreacted the probability of ‘
finding this uncondensed group is (1 = p) and so the probability Py of finding one
chain x units long {j.e. an x-iner) is
Py =(1-pyp-l, (2.1)
As the [raction of x-mers in any sysiem equals the probability of finding one;
the 10tal number N, present 15 given by

Ny =N(l -pp*L, (2.12)
where N is the total number of polymer molecules present in the reaction.
Substitution of the Carothers cquation (2.2) gives

Ny = Ny() —py'p*-), (2.13)

where Ny is the 10tal number of monomer units present initially. The variation of
Ny Tor various values of p and x is shown in figure 2.4. A slightly different set



.. POLYMERS: CHEMISTRY AND PHYSICS OF MODERN MATERIALS
of curves is obtained if the composition is expressed in teems of mass fraction w,

in this case wy = xN, [N, to give
wy =x(1-pyp*-1, (2.14)

Both reveal that very high conversions are necessary if chains of significant size
ase to be obtained and that while monomer is normally the most numerous
species, the proportion of low molar mass material decreases as p exceeds 0.95.

Ll 1 T T

FIGURE 2 4. (a) Number fraction distribution curves for linear step growth
polymerizations. Cutve I, p * 0.9600; Curve 2, p = 0.9875; Cuzrve 3, p = 0.9950.
(b) Corresponding weight fraction distributions for the same system.

1.8 Average molar mases

Nu@ber and weigh! average molar masses can be calculated from the equations if
My is taken as the inolar mass of the repeat unit. Thus

My =Ny Z(MoN)IN = Mof(1-p), {2.15)
and

My =Mo(1 +p)/(]1 -p). (2.16)

STEP-GROWTH PULYMERIZATION
It cam be seen that a heterogeneity index (M,,/My) for the most probable
distribution whenp = 1 is

(Mo /Ma) = {Mo(1 + p)(1 - P)H(1 ~P)iMo} = 2. 217

29 Chamcteristics of step-growth polymerization

It might be appropriate at this stage to summarize the main features of the step-
reachions.

(1) Ay 1wo molecular species in the mixture can react.

(2) The monoimer is almost all incorporated in a chain molecule in the eatly
stages of the reaction, i.e. about | per cent of monomer remains unreacted when
x5 = 10. Hence polymer yield is independent of the reaction time in the later
stages.

(3) Imitiation, propagation, and termination reactions are essentially identical in
rate and mechanism.

(4) The chain length increases steadily as the reaction proceeds.

(5) Long reaction times and high conversions are niecessary for the production of
a polymer with large x,.

(6) Beaction rates are slow at ambient temperatures, but increase with a rise in
temperature aithough this has little effect on the chain length of the final product.
(7) Activation encrgies are moderately high and reactions are not excessively
exoliernmic.

2100 Typical step-growth reactions
Reactions are normally carried vut in bulk in the temperature range 420 to 520 K
1o emcowrage fast reactions and promote the removal of the low molar mass
concensation product. Activation encrgics are about 8¢ k) mol™.
Low temperature polycondensations. The advantages of high temperature
reactions are partly counteracted by the increasing danger of side-reactions,
and room temperature reactions using highly energetic reactants provide
routes 10 a variety of polymers. The use of the Schotten—Baumann
reaction for polygmides has already been outlined. This is an example of an
unstirred interfacial reaction in which the diamine is soluble in both phases
‘and diffuses across the interiace into the organic layer where polymeriza-
tion takes place. Continuous polymes production is achieved by withdrawing -
the ‘ilm formed at the interface 1o allow continued diffusion of the reactants.
Altarnatively, the continuity of the polymerization reaction can be maintained
by stirring the system vigorously: this ensures a constantly changing interface
and increases the surface area available for the reaction. As both methods are
diff-ssion controlled the need for stringent stoichiometric control is obviated.
When the diamine used is aromatic only low molar mass polymer is formed
because of the lower reaction rates. To produce longer chains, conditions must be
readjusted so that both phases are polat and miscible and vigorous high-speed



BT OF IO Syslem s Decessary. [his is used in the reaction between iso-
phthaloyl chloride and m-phenyiene dizmine,

uoc\©rcoc1 + H;N\©/NH, _
Tm@/cohm \©/nu]: |

These aromatic polyamides are particularly versatile materials and of considerabie

interest.

The ultimaie exiension Lo & homogeneous system with inert polar solvents
is used in the synthess of polyimides. Poly(methylene 4,4'-diphenylene pyro-
mellitamide acid) is prepared by mixing equal amounts of pyromellitic
dianhydride and bis(4-arhinopheny) methane) in N\N'-dimethylformamide

O\C /o
/
0\ > +H;N—R—NH, —»
C C
o” o
LN A
C C
e N\
N\ N—R where R=—©—CH,_<C>_
Ppe Co
0 ~o n

The reaction is maintained at 288 K, with stirting, for an hour and the polymer
is isolated by precipitation in vigorously stitred water.

Polysulphonainides, polyanhydrides, and puolyurethanes can also be formed
in homogeneous luw Lemperature reactions.
Polyurethanes. An important and versaule family of polymers, whose diverse
uses indlude foams, libres, elastomers, adhesives, and coatings, is formed by
the interaction of disucyanates with diols 10 give chains with the characteristic
~€NHCOO -3~ link. Unfortunately the polymerizations are prone to side-
reactions and an excess of the diisocyanate is often necessary initially to react
with impurities in the system. Property variations in the product can be
obiained through a suitable choice of Starting materials. Thus high melting

-

temperature compounds can be prepared if phenyl groups are incorperated in
the chain by using biphenylene diisocyanate, whereas flexible elastomeric chains
are formed if long € CH; 3, sequences are present. The side-reaction of the
isocyanate group with water can be utilized 1o make foams. Liberation of co,

CH, CH,
NCO NH— ﬁ ~—OH
+H,0 ~—» O -

NCO NCO

CH,

NH,
C03 +
NCO

in a viscous polymerizing medium blows it up into an expanded cellular form;
the rigidity or flexibility ol the foam can be controlled by the chain flexibility
of the polymer, and foam density by the amount of CO; liberated.

2.1) Ring formation
The assumnption so far has been that all bifunctional monomers in step-growth
reactions form linear polymers. This is not always true and competitive side
reactions such as cyclization may occur, as with certain hydroxyacids which
may form lactones, or lactams if an amino acid is used.

1§01

/

o
lactune .

HO—R—COOH ~ R

+ H,0

To gauge the importance of such reactions consideration must be given to
the thermody namic and kinetic aspects of ring formation. A study of ring strain
in cycloulkanes has shown that 3 and 4 membered rings are severely strained
but that this decreases dramaticatly for 5, 6, or 7 membered rings, then
increases again up o | | before decreasing for very large rings. In addition to
the thermody namic stability, the kinetic feasibility of two suitable functional
groups being in juxtaposition to react must also be considered. This probability
decreases with increasing ring size and again 5, 6, or 7 membered rings are
favoured and will form in preference to a linear chain when possible.



2.12 Ring opening polymerizations

In contrast Lo ring formation, an important group of polymer producing
reactions involve ring opening. The kinetics are similar to step-growth and the
reactions are sometimes called step-addition, but in most cases a catalyst is
required. An important example is the polymerization of e-caprolactam to give
nylon-6. The reaction is catalysed by water, at 520 K, but will also proceed in
the presence of a strong base such as an alkali metal or imetal amide. With HC.

¢=0
CH, | — “4~NH(CH;)sCO 4
N—H
CHg'—"(j(2

as catalyst, 8 series of cyclic lactams showed the following reaction rates of linear
polymesization: 82> 7> 11> 5 or 6 membered rings. Similarly lactones will
polymerize when Lreated with aqueous aikaline solutions but the 5 and 6
membered rings are resistant to cleavage and polymer formation.

2.13 High temperature polymers

While many of the more common polymers are remarkably resistant to chem:cal
attack and are stable when subjected to mechanical deformation, few can with.
stand the destructive effects of intense heat. Recent work has centred on the
synthesis of chains incorporating: (i) thermally unreactive aromatic rings;

(ii) resonance stabilized systems; (iii) crosslinked *fadder™ structures; and

(iv) protective side groups in an attempt to improve the thermal stability.

These approaches have met with considerablé success. Aromatic
polycarbonates, polyethers, and polysulphones are useful in situstions where
drastic temperature Nuctuations are encountered but they are still only stable
up to about 570 K and beyond this most fail.

For greater lemperature stability different ring systems have been tried. Fibres
from aromatic polyamides are capable of maintaining about 50 per cent of the
ambient tensile strength when heated to 550 K. They also have the added
advantage that they are extremely difficult L ignite and can be used 10 make
excellent fire resisiant clothing.

The polyimides

n,

prepared in low temperature polycondensation reactivns, constitute a further
group some of whose members can withstand temperatures of up to 800 K, These

——— i . ——— 4

are used in high temperatuse enviromnents where tubricants cannot be used and
are produced as sleeve bearings, valve sealings, and compressor vanes in jet
engines. They are also excellent insulutons but suffer from the disadvantage that
they are normally intractable in common organic solvents and present manu-
facturing difficulties.

This problem is not met with in the polybenzimidazoles; these polymers
are soluble yet retain theis characteristic high temperature resistance and good
mechanical response. They can be prepared in a two phase melt condensation
reaction inveiving the diphenyl ester of a dibasic acid and a tetra-functional
amine, e.g. pulybenzimidazole,

CoH;00C COOC
vl QY
,’.
NH

—
2 NH,

a0l

This is am example of a semi-ladder pulymner and the polybenzoxazoles

N
N
o "
and polyquinoxalines
| Ni |
‘ @I N/
n

also fall into this category.
These structures derive their thermal stability from the high resonance energy

of the aromatic and heterocyclic groups incorporated in the chain. In addition
to these, polymeric azomell;(incs with typical structures
R

={=(|3(A'r )(l'--:N(A?)N +,



%.t ) Polymerization using Ziegler-Natta catalysts

Stereoregular polymerizations carried out in homogencous systems, using
essentially polar monomers whose ability to co-ordinate with the catalyst-
complex imposes 3 stereospecific mechanism on the addition, have been dealt
with above. As the polarity of the monomer decreases, however, the ability te
control the configuration of the incoming moncmer decreases and atactic
polymers resull.

The work carried out by Ziegler on urganometallic catalyst sysiems, culminat-
ing in the discovery that ethylene can be polymerized at ambient temperatures
and atmospheric pressure, opened the way Lo the preparation of sterecregular
a-olefins. Ziegler found that the polyethylene ublained. using a catalyst formed
by mixing solutions uf triethyl aluminium and titanivin tetrachloride, was a
highly linear crystalline polymer, as opposed to the branched more amorphous
material oblained at high pressures. This stimutated Natta to further work, and
he and his co-workers demonstrated that highly crystalline linear polymers
from propylene, I-butene, and a number of other a-olefins, could be prepared
using modified catalysts of the Ziegler type. 1t was also found that the
crystallinity in these polymers arose from their highly stereoregular structure.

The systems were in all cases heterogenecus and the active initiators are now
known by the general name Ziegler-Naita catalysts. This encompasses a vast
number of substances prepared from different combinations of organometallic
compounds where the metal comes from the main Groups 1, H, or 1l and is
combined with the halide or ester of a transition metal (Groups IV 10 VIII).
Table 6.3 contains a number of the common components of the Ziegler-Natta
catalysts but this list is far from exhaustive.

These catalysts tend to control two features, (a) the rate and (b) the
specificity of the reaction, but this varies fron reaction to reaction and only a
judicious choice of catalyst can effect contrul aver both of these aspects.

Unfortunately the insolubility of the catalyst puscs the problems that the
kinetics are hard to reproduce and the reaction mechanisms are difficult to
formulate with real confidence. This means that the choice of a suitable catalysi
for a system is somewhat empiricat and very much trial and error, until oplimum
conditions are established.

Itis useful 10 remember that both heterogeneous and homogencous catalysts
exist in the Ziegler-Natta group but the latter only yield atactic or occasionally

POLYMER STEREOCHEMISTRY
TABLE 6.3. Components of Ziegler-Natta Catalysis

Meral Alkyl or Aryl Transinon mesal compounds
(C:Hs);ﬂl TiQy; TiBr;
(CaHyAICH TiCl;; VCl,
(CaHy)AIC, YCly: (CsH 1 TiCl,y
(-CqHo )1 Al ({CH3;COCHCOCH;,),V
(CyHs)y Be Ti(OCHg )y

{C2H; ), Mg TiOH)y; VOCl,
(CaHylLi MoCly ; C1Cl,

(C;Hs )1ZI‘I ZrCI.

{CaH4)ePb CuCl

{1CsHs )3 N) Al WClg

C.H; M;Br MnClg

(CaHg)aAILI NiO

syrliotactic polymers from non-polar monomeys. As only the heterogeneous
Ziegler-Natta catalysts produce isotactic poly-a-olefins, Lthese have received most
attention. The interest in this type of sysiem has been immense, as evidenced

by the vast quantity of published material, and it was most fitting that both
Ziegler and Natta were recognized Fur their work by being awarded jointly the
Nobel Prize for chemistry in 196J.

EXPERIMENTAL DEMONSTRATION

Before dealing with the mechanism of catalysis and the nature of the catalyst
in greater depth, a description uf a laboratory preparation of polyethylene will
be given to demonstrate the use of such systems.

Preparation of the catalyst. This is prepared from either sluminium triethyl or
aluminium diethyl chloride in combination with titanium tetrachjoride. The
main disadvantage in using aluminium atkyls is that they ignite spontaneously
in air and, to avoid this hazard, must be handled in an inert atmosphere.

A safer procedure is to use amy|lithiuin which can be prepared from lithium
wire and amyl chloride. Petroleum ether (50 cm?) is stirred in 2 three-necked
MNask and degassed under a stream of nitrogen, which is first purified by passing
through a pyrogallol and sodium hydroxide train to remove oxygen. Lithium
wire (3 g) is added, followed by 2 cm? of a solution of amyl chloride (20.7 em?)
in petroleum ether (25 cm? ). This is stisred vigorously until the solution becomes
turbid (LiCl) and then the remaining amy! chloride solution is added slowty over
a period of 20 min 1o the reaction flask now being cooled in an ice-bath. The
reaction mixture tumns blue-brown and after 2.5 h it is filtered under nitrogen
through glass wool into 4 graduated flask to remove unreacted Li. The filtrate
is alowed to settle and the supernatant fiquid is analysed by hydrolysing an
aliquot with wates and titrating the LIOH furmed with 0.1 M HCI. The amyl
lithium solution can be stored for some days at 273 K.
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Reoction. The catalyst is prepared in situ. An apparatus similar to that in
figure 6.2 is used. The reaction kettle (I dm®) is charged with 400 cm® petroleum
ether and 0.05 mol lithium amyl. Anhydrous TiCly (2 cm?) is added and the
formation of the catalyst as a brownish-black precipitate is complete in 20 min.
The formation i accompanied by a rise in tempezature of about 10 K. Ethylene
is then passed into the stirred mixture and polyethylene forms immediately.
The reaction can be allowed to continue for 30 min, then the catalyst is
destroyed by the addition of butanol (40 cm?). The polymer is filtered, washed
with & 1:1 mixture of HCl and methanol, and dried at 350 K. it has 2 high degree
of crystallinity, a higher density, and a melting temperature some 20 to 30 K
higher than samples prepared using high pressure techniques.

The apparatus shows a syringe in position which may be used if the more
inflammable aluminium alkyl catalysts are used, as these are often handled in
hydrocarbon soivents.

~

FIGURE 6.2. Apparatus {or polymerization of ethylene.

AN

POLYMER STEREOCHEMISTRY

6.11 Mature of the catalyst

Frequently the product of a Ziegler-Natta polymerization is sterically impure
and <an be preferentiatly extracted to give two products — a highly crystalline
stere aregular fraction, and an amorphous atactic one. This may be attributed

to the iize of the catalyst pasticles as sterearcgularity is enhanced by having
large particles, whereas a finely divided catalyst tends to produce an amorphous
polymer.

The crystal form of the catalyst is also unpostant and the violet &, ¥, and d
forms af TiCly produce a greater quantity of isotactic polypropylene when
combimed with an aluminium alkyl, than the brown f-structure. As the active
sites fcr heterogeneous polymerizations are believed 10 be situated on the crystal
surfaces, the structure is all important. In the layered structure of a-TiCly, where
every shird Ti®" ion in the lattice is missing, a number of Cl vacancies occur on
the susface Lo maintain electrical neutrality in the crystal. The Ti’* on the surface
is thets only S-co-ordinated feaving a vacant d-orbital, 0], and an active site is
creawd when an alkyl group replaces a chloride wn to furm TiRClq O. (See
diagmims page 123.)

I Ty, the knear chains Torm bundles in which some Ti ions ase surrounded
by liwe C1710ns and some by only tous CI Fhas means that the steric control at
the stes with two vacincies is now less rigid and stereoregulation is inuch pourer.

Catalyst compuosition sffects buth stereoregulation and polymer yicld. Thus
Ti** 15 2 nore active producer of isvtactic poulypropylene than Ti*" or Ti?", while
an incsease in the length of the assuciating alkyl group decreases the efficiency
of starsoregular placements. Varying the transition metal and the associated
alumirium compounds in the cytalysts also influences the nature of the product.

6.12 blatare of active centres

Most cf the experimental evidence points to propagation laking place at a carbon
to trarsition metal bond with the active centre being anionic in character. Free
radical reactions are considered to be non-existent in the Ziegler-Natta systems
becaJse neither (i) chain transfer nor (ii) catalyst consumption occurs. The active
centres alsu live longer than radicals and resemble “living™ polymer systems in
many ~ays, one being that block copolymers can be produced by feeding two
monamers allernatively into the system.

Wh le 2 number of reaction mechanisms have been suggested, two are worth
consaering in detail. These are based on the view that the active centres are
localizzed rather than migraung and that the a-olefin is complexed at the transi-
tios metal centre prior to incorporation into the chain, i.e. growth is always
fron the metal end of the growing chan.

The active species are then considered to be cither bimetallic or monometallic.

6.13 Bimetallic mechanism
Natla and lus associates have postulated & mechanism involving cham propagation
{ron: @ aclive centre furmed by the chemisorption of an electropositive metal
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alkyl of small 1onw radius on the co-catalyst surface. This yields an electron
deficient bridge complex such as 1X and chain growth then emanates from the
C-Al bond.

C]\ . K\“‘ /R
/Ti - "M\
a ~a R
IX

It is suggesied that the nucleoghilic olefin forms 4 7complex with the ion
of the transition metal and, following a partial ionization of the alky] bridge,
the monomer is included in a six-membered ring transition state. The monomer
is then incorporated into the growing chain between the Al and the C allow:g
regeneration of the complex.

X
N X
& CHx
> | o, =cH SH—
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While a limited amount of experingntal evidence does lend support 1o this
concept, major ubjections have been voiced by Zieyler, who is of the opinion

that as dimeric aluminium slkyls are inefficient catalysts in the “Aufbau” reaction,

the Ti—Al complex is not likely 10 be the effective catalytic agent. Other more
recent work also favours the second and simpler altemative, the monometallic
mechanism.

6.14 Monometallic mechanism

Majority opiniun now favours the concept that the d-orbitals in the transition
element are the main source of catalytic activity and that chain growth occuss
at the titanium-slkyl bond. The ideas now presented are predominantly those
of Cossee and Arlman, and will be developed using propylene as the monomer.

POLYMLER STERLEOCHEMISTRY
The liest stage 1 the Toraation ol the active centre illustrated here usmg
a-TiCly as catalyst. The suggestion is that alkylation of the S-co-ordinated Tr**

(\”’ Lalls
,m——m
o I
Cl—;Tl"""'Cl + M(C;“,)] et (l—Ti—C —»
c’ | ci
a Cl
CIH!
| O
— Q=T+ CIAIC, Hs),
7 |
dl
a

ion takes place by an exchange mechanis alter chenusorption of the aluminium
alkyl on the surface of the TiCly crystal. The four chioride tons remaining are
the ones firmly embedded un the lattice and the vacant site is now ready to
accommwodate the incoming monvmer unit. The reaction is confined Lo the
crystal surface and the active complex is pusely a susface phenomenon in
heterogeneous systems.

The attacking monomer is essentially non-polsr but forms a w-complex with
the titanium at the vacant d-orbital. A diagram of 2 section of the complex

[} CHJ
CH'I CH: \\\H
& Keke
A—Ti—3 +CHCH=Cll, — CQ—Ti—|
| 4 <,
a Cl l M
H
Active centre (a) Complex (b)
N
CH,
3= CH—CHj——nr
r\ﬂl, ' oL T'i"\\\"
\\ Migration I \\\U ' \\CI'
C—Ti—0 +—a— I — T C—H < CI—TI"‘"i
d | /‘\cn/ \cu cl C,
¢t @a ’ cl / H

New Active centre Active centie (d) Tmusluon state {c)
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FIGURE 6.3. Cross-sectional diagrams of the propylene-catalyst complex
through (s} the y -~z plane and (b) the x~z plane of the octahedral structure.
(Adapted from Bawn and Ledwith.)

shows that the propylens moleculs is not much bigger than a chloride ion and
comsequently the doubls band can be placed adjacent to the Ti ion and practically
s close a3 the halide. After insertion of the monomer between the Ti—C bond,
the polymer chain then migrates back into its original position ready for a further
complexing reaction.

FIGURE 6.4. Representation of the relevant orbital overlap in (a) the active
centre, (b) the titanium-olefin complex, and (c) the transition state.

POLYMER STEREOCHEMISTRY

The reactivity of the active centre is attributed primarily to the presence of
d-orbitals in the transition metal. The initial state of the active centre shows that
the ==CH; group will be capable of considerable distortion from its equilibrium
position, because of the availability of adjacent d-orbitals. Complexing (b) takes
place when the m-bonding orbitals of the vlefin overlap with the vacant de? -2
crbital of the Ti’* while at the same time the #*-antibonding orbitals can overlap
1e dyyorbitals of the Ti?*. Formation ol the transition state is aided by the
ability of the === CH, group 10 migrate by partial overlap with the d,?, dy;y, and
w*-orbitals.

The main featuses of the monometallic mechanisin are: (1) an octahedral
vacancy on the Ti'* is available to complex the olefin; (2) the presence of an
a:kyl to transition metal bond at this site is required; and (3) the growing
polymer chain is always attached 1o the transition metal.

615 Stereoregulation
To obtain a stereoregular polymer, the chemisorption of the monomer on the
catalyst surface must be controlled so that the orientation of the incoming
monomer is slways the same. Examination of models shows that 2 molecule
such as propylene will fit into the catalyst surface in only one way if a position
of closest approach of the double bond to the Ti** ion is to be achieved. This
places the == CH; group pointing into the lattice and for steric reasons the
orientation of the — CH; group to one side is preferred. This determines the
configurstion of the monomer during the complexing stage and is always the
same. Repeated absorption of the monomer in this orientation, prior to reaction,
leads to an isotactic polymer.

For the Cossee-Ariman’mechanism to operate, migration of the vacant site
back to its original position is necessary, else an alternating position is offered
to the chemisorbed monomer and a syndiotactic polymer would result. This
implies that the tacticity of the polymer formed depends essentially on the
rates of both the alkyl shift and the migration. As both of these will slow down
when the temperature is decreased., formation of syndiotactic polymer should
be favoured at low temperatures, and syndiotactic polypropylene can in fact
be obtained at 203 K.

. -

s W
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1. INTRCDUCTION

Since its discovery a great deal of vork has been done for
understanding the mechanism of Ziegler-Natta polymerization of
a-olefins. In spite of this almost 25 years old activity many
points do not appear entirely clarified and firmly established.
Indeed these catalysts join unique and very interesting properties
to a very large complexity. Thus the fieid is under constant
development and elso the aspects generally accepted (1) are often
put in debate.For istance the a-olefin imserticn in a transition
metal-carbon bond, considered as one of “he fixed step of the mech-
anism, has been questioned wery recently by proposing {2) a mech-
anism proceeding via a 1,2 ndrogen shif= fromthe a-carbon of
the groving chain and formatisn of metal.ocycle and carbene
intermediates. Even if this last proposa. does not explain end
group nature, particularly when using AlPhg, large predominance
of primary insertion in isotartic polymer-izatian and different
role of growing chain end and metal comp_ex in the steric control,
it hovever indicates that several problems are still open as
discussed in other chepters.

In the present chapter w= shell lim_t curself to discuss
the basic stereochemical features of a-o_efins polymerization,
vhich sppear rather vell understood.. Stereochemistry of iso- and
syndiotactic polymerization has been indeed interpreted not on
the ground of mechanistic spezulations bamt on the basis of
polymer structure analysis, taat is of firm experimental bases.
Reversely these conclusions can be used to check any chemical
mechanism which must explain slso stereochemistry of resulting
macromalecules.

kL

R.W. Lent end F. Clardelll jeds. ), Preparation anc. Properties of Stevaoreguler Polymrs, 73-83.
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Steric interactions responsible for stereospecific polymerization
may occur between monomer and either catalytic complex or last
unit of the growing chain (3). The former has supposed to be
responsible for isotactic propagation because of its inherently
chiral structure as shown by the high crystallinity (4) and by
the separation in fractions with opposite optieal activity (5)
of the polymers from racemic a-olefins. On the other side this
hypothesis and the determining role of growing chain end in
syndictactic propagation have been demonstrated by copolymerizing
differently substituted a-olefins (6).

Propylene is the only @ -oclefin which can be Polymerized
to either isotactie or syndiotactic polymers by means of
Ziegler - Natta catalyst. The stereochemistry of the two types of
stereospecific polymerization has been elucidated by structural
analysis of polymerization products (mainly propylene homopolymers
and ethylene-propylene copolymers) obtained in the presence of
different catalytic systems (7).

2.STEREOREGULATION IN POLYMERI ZATION OF a—-OLEFINS TO ISOTACTIC
POLYMERS

High resolution 1H- and 13C—NMB of polypropylene and of
ethylene~propylene copolymers as well as determination of
enantiomers distribution in polymers from racemic a-olefins
demonstrated that the catalytic complex is responsible for the
isotactic enchainment. This implies the chiral {racemic)structure
of the catalyst which at present seems to be adequately proved as
discussed in the two following sections.

2.1 NMR Study of propylene and ethylene-propylene copolymers,

ZIEGLER-NATTA POLYMERIZATION OF o-OLEFINS 73

gites rather than to the chirality of the grgwing chain end..
This conclusion has been achieved on the basis of the following

consideraticns:

i) The statistic of the stereochemical sequences of the
substitited carbon atoms in propylene homopolymgrs is .
substantially described by the "enntiomorphic—§1tes model
elaborated by Shelden and Furukawa (10,15). This model .
assumes that the configuration of adding monomer is determined
primarily by the configuration of the catalyst, whereas the
configuration of the growing chain has only & negligible
effect. .

ii) The steric control %s transmitted across isolated et?ylene
units as shown by L3c-nmm analysis of the stereochemical
environment of ethylene units in ethylene-propylene cop?lymers
of low ethy}gne content. Indeed copolymerization of enriched
ethylene-1 C with propylene in the presence of cata1y§ts
capable of highly isotactic control gives polymers showing
only twc ethylene resonances for the CHQ-CH?—CHQ—groups?
thus suggesting the presence of only mesc (A} or racemic
{(B) situation (11,12,16).

CHy H
I"
C

N

s H

’
’,

(o (R)

SN

\ #*
/ =

™
>

1]
A}
)
H

In the case of isotactic polymerization it has been observed
that the overal sterecchemical mechanism of addition to the doublae
bond is cis (8,9). Indeed NMR analysis of polymers obtained in

the presence of isotactic catalysts from cis- and trans-l1d ~propene ﬁa H |-\
s
I'4

W

CH3
’
,

°~ NN
/‘H

3 The two peaks detected in sample obtained with is?tactic-specific
catalyst were assigned to meso ethylene units. This resglt clearly
indicates that insertion of ethylene in the growing chain does not

indicated that erythro-diisotactic polymers are obtained f%om the

’

former and threo-diisotactic polymers from the latter. ,

The polymerization is highly regiospecific: only hesd-to-tail /C (8)
einchained monomer units are detected in highly isotactic polymers \\\\ ///
end only odd methylene sequences are detected in ethylene/propylene | . . A
copolymers {10-12}. The insertion of all propylene units into .

the reactive metal-carbon bond is primary (or antimarkownikow)

M -P + C3H6 — Mt-CHz-FH-P
CH

as determined by detailed analysis of the end groups (13,14},
The steric control is due to the chirality of the catalytic
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change configuration of propylene units according to comtrol
of the stereochemistry of the addition by the catalytic metal
complex; only in this situation in fact the stereoregu.ation
can be transmitted across the achiral ethylene unit.

iii} Determination of the stereochemistry of end groups is a

—
hydr..

third manner of grasping the problem of origin of steric
control in isotactic polymerization. As observed by Carman
and covorkers (17) the carbon atoms of the two methyls of
the isopropyl group of bragghed hydrocarbons are diastereo-
topic and show dirfeﬁnt C shifts . Work in*progren (1h)
suggests that when 3-"°C enriched propylene (*Cqlig) is
polymerized in the pregence of TiCl3lA1(CH3)3/Zn?CIi3)2
catalytic system, the ~~C enriched carbon atoms of “the

two isopropyl end groups of the resulting isotactic
macromolecules are both in an erythro relaticnship.

- 2 2 - -
Mt-CHy + n "CJH, — Mt~("CjHg) o mfaf"_m3_.
CH
3
13 13 13 13
CHy TOCH, CH CH,

CH 4 ~CH-CH,,~CH- ( C3H6)n_h-Cﬂe-CH-CHE-CH-Cﬂa

(as defined in references 18 and 19) with respect to the
methyl substituents of the respective first neighbouring
monomer unit. In the sbove scheme the isopropyl group arising
from Mt-chain hydrolysis in on the left and the one formed

by insertion of propylene in the Mt-CHy bond, at the beginning
of the polymerization, is on the right. Thus the first mad
second units inserted are subjected to the same isotacti:
steric control, despite nor the starting methyl group nor

the isobutyl group formed by insertion of the first propyslene

13f“3

- 2

M~CHy ¢ "Cifig = Mt-CH,~CH-CH,

1

3cu 1353H 130y

3

molecule are chiral.
The driving force of 5 Kcal/mole evaluated for the isotaetic

>
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propagation (20) is to assign to the asymmetric structure
of the active sites in the catalytic complex.

2.2. Polymerization of chiral a-clefins

Results obtained by polymerizing racemic a-olefins having
the asymmetric C-atom in a to the bouble bond in the presence
of the same type of catalysts are consistent with the above
conclusion.

Isotactic polymers of racemic 3,7-dimethyl-l-octene can be
separated in fractions having optical activity of opposite
sign by elution on an optically active crystalline support
consisting of poly-{(S)-S—mthyl*ldpenten:j'(El). The separation
degree F even for highly isotactic fractions is not higher

CH_=CH

O f;
g -CHy CHy¢ H v-cu-a—c-—-cué-!: —
(CH,} (CH,) lt_ _'*..
f 2°3 + 123 HBC°F H H3Cf H
CH-CH3 fl‘l-c}l3 Cgﬂ c Hs
by CH 3 2
3 3
racemjc 3,T-dimethyl-l-octene isotactie poly-[(S)—?.—uetl'wl-l-
pentene]

than 40% {22),but a very similer value has been obtained by
submitting to elution under the same conditions a 1/1 mixture
of isotactic poly-{8)-and poly-kll)-3.T-dimthyl—l—octenej('l'nble
11(23). As in this laat case the intrinaic sepersbility D is
100%, the separation efficiency of the method E=F/D is lower
than LOS. Accordingly the intrinsic separability of the
highly isotactic polymer from racemic 3,7-dimethyl-l-octene
must be higher than 90%, indicating for each macromolecule

an average enantiomeric,purity of the same order of magnitude.
These results exclude the formation of statistical and block
copolymers of the two antipodes and are rather consistent with
the formation of macromolecules. consisting of long sections
of units derived from the same antipode connected by isolated
mistakes as shown below. Such a structure can be formed only
if the catalytic complex is able to distinguish between the to

n (R+5) —= RRRSRRRRRRR + SSSRSSSSS55S

[B and S represent (R)- and {S)—3.7-dimetw1-l—oct.ene,reapectively]
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Table 1

Separation in Fractions with Opposite Optical Rotation of
Polymers from Racemic 3,T-Dimethyl-l-octene and of an Equimolar
Mixture of Homopolymers of the Two Antipodes (23).

Sample submitted to Separation Intrinsic
elution on poly-{S)- degree,% Separability,%
-3-methyl-1-pentene F D
Poly-fR)(S)-3,7-dimethyl- 33.6 91
~1-octene)

Equimolar mixture of 31.0 100

Poly{(R)-and Poly-{S)}-
-3,7-dimethyl-1-octend

antipodes, its capability being maintained even if a "wrong"
monomer insertion occurs. Moreover the random copolymers of
3,7-dimethyl-1-octene with ethylene have been separated in
fractions having optical rotation with opposite sign (2h).
The separation degree F attained (25) was only slightly lower
than for the polymers from racemic 3,7-dimethyl-l-octene
(Table 2}.

Table 2

Separation Degree F in Fractions Having Opposite Optical Rotaticn
for Polymers of Racemic 3,T-Dimethyl-l-octene and for its
Copolymer with Ethylene.

Polymer F$
Poly{(R)(5)-3,7-dimethyl-1-octene ] 27 - 34
{R})($)-3,7-dimethyl-1-octene/ 23 - 29

Ethylene 56/4l copolymer

ZIEGLER-NATTA POLYMERIZATION OF #-OLEFINS bl

It is reasonable to expect that the efficiency E of the
separation is lower for the ethylene copolymer; thus the
intrimsic separability D of this last is probably higher than
that observed indicating that insertion of ethylenme in the
groving chain does not affect the stereoselectivity of a single
site Lowards the two monomer antipodes. The process can be
represented as below, where R and S indicate (R)~ and (5)-3,7-
dimettyl-l-octene, respectively:

RRR(CH,CH, ) RRSRR(CH,CH,, )RR
R + 8 , CHCH,

racemic 8s83{ CH,CH, )xssnss( CH,CH, )yss
menomer

In this case also,the only explanation possible is that the
catalytic site is able to distinguish between the R- and S-
monomer,the assistance from the groving chain being vanishing
small if any.

According to the previous presentation heterogenous
Ziegler-Natta catalysts capable of isotactic propagation should
have 8 racemic structure with chiral site of both levo and dextro
configuration. It appeared very sttractive to attempt the prepara-
tion cf catalytic systems containing sites of a single chirality
only by using optically active components. We have to say
that vp to now this goal lias been only partially achieved starting
with cptically sctive metal alkyls (26) or using optically active
electron doncrs (27} for catalyst preparation. These systems are
indeed gble to induce preferential polymerization of a monomer
antipade but the"stereoelectivity" is not very high, the enantio-
meric prevalence in the polymer being lower than 20%, while from
the separation deta we could expect that a real chiral site is
ab;e to distinguish between the two antipodes up to more than
90%.

Rather an interesting application of the chiral structure
of active sites is obtained by copolymerizing a racemic a-olefin
with an optically active one (28). In this case we have actually
8 terpolymerization with two monomers having the same absolute
configuration (for instance R} and a third monomer having opposite
configuration (S). As the two (R)-monomer will polymerize on the
centers of the same chirality they yield a copolymer, whereas the
(8)-monomer forms a homopolymer:
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R + 8 + R! —e 555585 + RR'RRRR'I'R

(s)-homopolymer (R)(R')-copolymer

racemic optically
monomer active
monomer

|R and S represent (R)- and (§)-3,7-dimethyl-1l-octene respec-
tively and R' is (R)-3-methyl-l-pentene|

The final product, because of different solubility of homopolymer
and copolymer can be separated in fractions of opposite optical
rotation by simple solvent extraction.

3. Polymerization of propylene to syndiotactic polymers

The best way to obtain syndiotsctic polypropylene is the
low temperature polymerization in the presence of homogeneous
vanadium based catalysts (29). Also, in this case the
overall stereochemical mechanism of mddition to the double boad
is cis (30) as for isotactic propagation, but this seems to be the
only common feature of the two types of stereospecific
polymerization of propylene.

The presence of "head-to-head" and "tail-to-teil® units :m
addition to the head-to-tail ones in propylene homopolymers
(11,32}, and of & mumber of even methylene sequences in
ethylene/propylene copolymers (11,31,33-35) denotes lack of
regiospecificity. As a consequence the syndiotactic polymerization
of propylene is conveniently described as a binary copolymerization
(11, 31, 36) between "head-to-tail" and "tail-to-head” oriented
monomer molecules:

k
ew ) DU Hee
M-CHy-CH—= ¢ CHy=CH —= Mt~CH, CH~CH,~CH [1]
CH, CH CHy  CHy
k1o
Mt-CH2—(I:H—- + cI:H-CH2 — Mt-('l.‘H-CH2—CH2-(':H-~ [12]
CH, CH, CH, CHty

ZIEGLER-NATTA POLYMERIZATION OF a-OLEFINS [1]
ko1
MU-CH-CHZ™ + CHp=CH  ——— Mu-CH,~CH — CH-CHz~ [21]
T CH CHy CH,
ka2
-CH-CHz~ + CH= t~CH~CH,,~CH—CH 2~ 22
Mt-CH-CHy CH=CH,  ————e Mt~CH~CH,~CH-CH; [22]
oy CH CH,  CHy

The step [22] has been shown to be the only one syndiotactic
specifie (11,31,32), the prevailingly syndiotactic structure of
the cnains indicating that:

k11/k12 < k22/k21

and
k) RolR ks > L

The stereochemical sequences of the prevailingly syndiotactic
polymers follow & perturbed first order Markov model (a strictly
first order Markov model ahould be expected from the propagation
step [22]) (20). The secondary {or Markownikow)regiospecificity
of the step [22] turns primary across ethylene wnits with con-
tesporary decrease of the syndiotactic content. Syndiotactio
control is therefore lost whenever the last unit is achiral.

These facts together with the alternating tendence of
synéiotactic specific catalysts in the copolymerization of
ethylene with propylene and l-butene as well as the higher
syndiotactic content of propylene/l-butene copolymers than the
corresponding propylene/ethylene copolymers (6) indicate that
the syndiospecific propagation is controlled by the steric
interactions between the lagt chiral unit of the growing chain
end and the incoming monomer. These conclusions are confirmed by
the results obtained by detailed analysis of the macromolecules
end groups (1b). It is of interest to remark that a driving force
of less than 2 Kcal/mole has been eatimated for syndiotactic
polymerization control (20}, appreciably lower than for the
isotactic polymerization.

Recently a polymerization mechanism assuming pentacoordinate
catalytic complexes has been propcsed which accounts for a
number of stereochemical details concerning this type of
polymerization (37).
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RECENT DEVELOPMENTS IN THE “OLYMERIZATION OF OLEFINS WITH
QHGANOMETALL-C CATALYSS

Piero Pino* and Brunc Rotzisger
Eidgentesische Technische Hochachule - Inetitut fr Polymere
Universititstrasse 6, 8092 Zirich, Switzeriand

Abstract |- Same recent deveiopments in basic research on the po-
zation of olefins to .inear polymers are reviewed, includ-
ing progress in preparation of catalytic systems, advances in
knowledge ahast the mechanism of polymerization and attespts to
control moleeular weight distribution,
For the cata’ytic systems o the type TiCl /DgClzl Lewis bases
indirect methods for the charscterization 3: the“active centers
are corsidered, Dissimilarizies in the time dependence of the ra-
te of polymerization and changes in the productivity as a func-
tion of the hewis base-to-a_umimm alcyl ratio indicate that
ethylene and propylene polymerize, at least in a large part, on
different active centers. Hewever, productivity of the nighly
stereospecific centers synthesizing isotactic poly(o-olafin)'s ia
of the same order of magnitwde for ethylane and propylens,

INTRODUCTION

The polymerization of clefins to lineer polymers cantinues to be one of the
most investigated areas in polymer sclence. This interest from the industri-
al ard the academic/ laboratories is justiffed by both the practical interest
and by the mumercus undnlved problems in this f~eld,
mthisatmaumynplmtomndnmmninmsinceta—
lyst preparations as well as the advarcements im the understanding of the
polymerization ateps arzl of the characterizatiom of the catalytic active
centers.

We have tried to emphamire the basic mspects of the research in this feld
but we have not attenmpted to review eshaustively all the literature and
particularly the patent literatere whiich has appeared in the field.

TRENDS IN RESEARCH ON NEW CATALYTIC SYSTEMS

Since its start in the sarly fifties, the polymerization of ethylene and
a-olefins was carried cut with supported tremsition metal oxides (MoG. -CoO
reduced with hydrogen (1) or on ML0./510, support reduced with ale-
fins during the polymerization (3) or §ifh miftures of transition metal
canpourds with organametallic compoursds of the main group metals (metallor-
ganische Mischiatalysatoren) (31 or of the tranzition metals (4-6),
Soluble two component (7-10) and, later, single comporent (11) catalytic
systems were also used, particularly for the polymerization of ethylens,
Developments have taken place in all the mentioned directions as shown in
Table 1. In the field of the soluble catalysts, the most spectacular deve-
lopments concern the two camponent catalysts obtained from bis(cyclopenta-
dienylzirconiumlor titatium derivatives and alurinoxanes,(18-20), With the
zirconium catalytic|syszems preductivisies of up to 3.10 g PE/g Zr+h-bar
have been cbtained. But with both systame, titarium and zirconium, only
copletely atactic polyoropylene is produced (1B, 28). This type of cata-
lytic system can also be used for the sroductior of statistical copolymers
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TABLE 1. Organometallic Catalysts for Polymerization of Olefins

Catalyst prwcurser Polymerization Conditions Productivity | Mef.
|Wemotier Temperaters  Prasswre | gP/yit-h-bar
% [

a) Soluble Cataiysts

MICHEI),), £, » 1 " "

Ta[aH 4} (e 1y My 0 1 0|

Lu(n®-Cyeg) - O, 0 o, 0 Q ) "
Ly W ¥ ’ "

h It 1A RNO-1, Xy " 3'100°000 "
[ s 200 w

Cr{OnL{oN 3y /ATES ' s 21 1100 "

b} Supportsd Single

t Catalysts

:r(uiz-c:m,)zc‘usj.mzoh Cz“. s LR ] I 2 ]
Tr{CRy-ClRy 1oL M )/

swzlnz Ctl‘ 1o E N} 2 4]

H{m!:(ﬂ!,)ﬁ.lsm! tzu‘ ] 2.1 “ |1

t,)!‘ L] 1.8 31 n

cr(uczc(m,):p‘mo, c,u' [ i L4 2, ] 17

lr(ulz-t(m]]ztﬁl‘lllﬂ! t,n‘ 50- 17 [ ] 400 N

HE(TH-C M} FAL, 0y Cyig ™% » s L]
) Swpported Two Compament

Catalysts

Nl:l‘fllﬂ:l'llllj LA “ 0.1 50" 000 2

t,lﬁ‘ L] 1.0 14°500 )

Ty = 0§ 500 n

THC1 /0y A TRy Cg [ 10 14°100 [

T /S10,/MgR I AIRy Ty L 2.8 4000 »

of ethylene and a-olefins (18). The lutetium (16,17) and tantalum {14,15) ca-
talysts have mainly been used to investigate the basic aspects of the poly~
merization of clefina and will be discussed later.

Interesting developments have taken place in the field of single camponent
heterogeneous catalysts, the main progress being the use of catalysts comr
taining pre-formed metal-to-carbon bornds. Pioneering research in this field
was carried out by the I.C.I. laboratoriee in the early seventies (29-31).
Very active catalysts for the polymerization of ethylene which remain active
up to 300°C have been obtained by supporting tetraneophylzirconium on Al.0.
(21). No highly stereospecific catalyst of this type has been described 23
up to now for the production of isotactic a-olefins. However, particularly
interesting sterecblock polypropylenes can be produced with supported zir—
conium catalysts (22},

In the field of supported two component catalysts the use of activated

MeCl,, (32) or MnCl, (33) as support has effected a substantial progress in
the Eroduct.ion of Polyethylene (32-35) and isotactic polypropylene anmd
polybutene (33,36,37). Using titanium catalysts of the type TiCly/MeCl /AIRy,
productivities of the order of 50'000 g polymers/g Ti-h-bar at 600 can®
easily be achieved for polyethylene (23). For isotactic polypropylene, high
st:,ereospecificﬁtiea (>95% of heptane insoluble polymer) and productivities
higher than 10" g polymer/g Ti‘h-bar can be obtained using catalytic systems
of the type TiCl, /MgCl /Al]‘l}/[.ewis base (25, 38).

In order to decrgaae the chiorine content of the polymer more complicated
systems of the type SiOZIPEC12lTiClnIA1R5 have been proposed (26, 27).
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IADVANCES IN KNOWLEDGE ABOUT THE MECHANISM OF THE POLYMERIZATION
OF a-OLEFIRS

The mechardsm of the polymerization of olefins via organometallic catalysta
inclides the following three main steps which will be discussed separately:
a) Formetion of catalytic centers from the precursors of the catalyst

b) Moncmer insertion into 8 metal-to-carbon bond

¢) Cain termination

Basi= lmoviledge of the three steps is still rather scarce, although the in-
sertion mechanism was already experimentally established in the Fifties
(39, 4o:.

&) Formation of the Catalytic Species
Single component heterogenecus catalysts are believed to contain Mt-R or
Mi-H groups anchored to the support via oxygen bridges (41, 31). However
tne mumher of R groups bound to each catalytically active metal atom, the
degree of icoordinative unsaturation amd even the oxidation state of the
trarsitiom metal atoms present in the catalytically active centers are un-
imown. Bo:subatantial progress has been made in the understanding of the
formation:of the catalytic centers in heterogeneous two component catalytic
systems. it appears that centers having very different structures are gene~
rated when the supported transition metal campounds are in contact with
metel alkyls (28, 42). As we shall discuss later, some of these centers
rapidly decompose after formation, others remain active for hours. Their
Lewis acidities are very different and furthermore there are centers with
difserent degrees of coordinative unsaturation. The processes which lead
to the Tormation of the different centers can be rather different and pro-
bably consist of a maber of steps.
Same progress has been made in understanding the formation of single compo~
nent and iwo component soluble catalytic species. For [C_( )sm)-
U(C.J{'s}z Mhich polymerizes propylene,the activation 38 18 to
b ] t o diet) 1o h formati
gemﬂrﬁtﬂﬁ?cifmggnmgegtgmge?&ei@ ) 1% e;).:I'?lﬁ); no p?gc?getﬁrocg
mation iz available for the activation Sf[P(CH,)3], (1), (H)Ta=CH-C(CH, ),
whizh polymerizes ethylene at OPC {14,15); pert of éhe complex remaifiaun-
altered during the polymerization.
Corcerring the two component soluble catalytic speciea, the system
{C, 15).1'101(c }/AIC1 (Cz’*ﬁ) has been investigated in depth (43-48). A two
stes2abt vatifaomechandsm® (Scheme 1) (47) is in good agreement with the ki-
netic cata. However the structures of the "inactive® (C) and of the active
comolex (C*) remain unknown.
The formetion of the highly active catalytic centers obtained from
c 4 ).2Zr(cH,)., and [-AL(CH,)0-]_ is still under investigation ard the de-
:aiﬁ.d‘atméu?! of the active sBecies is still urknown (18),

| Scheme 1. Equilibria for the Pormation of Active Centers
:ﬁx:::l
l(Csl-ls)z'!‘iRm + V2[um2(02115)12 c
K
1€+ (AIELCL,), === 0 4+ X

'C: Al :Ti = 1:1 (imactive primary complex)
C*: AL : T = 1:1 (active complex in polymerization)
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b} Monomer Insertion into Metal-to-Carbon Bonds

Advancement in the basic knowledge of the chain growth cbtained with hete-
rogenecus catalysts is very slow, due to the intrinsie nature of catalyt:e
heterogeneous processes. In practice the process may involve a number of
steps, some of which are indicated in Scheme 2. Furthermore, due to the
large difference in structure and reactivity among the catalytic certers
(28,42),the mmber of steps involved and the, probably different, related
specific rates, the interpretation of the kinetic measurements on a molecu-
lar basis is extremely uncertain.

Scheme 2.,

Md=! "a
—a e

Hao--—— Ha

Ht-(H)n-R +H — Mt-(l‘l)ml-l!

"d ! monomer dissolved in reaction medium
Ma ¢ monomer adsorbed on surface of the catalyst
n; ! monomer adscorbed on active center

M : inserted monomeric unit

Further uncertainties are created by the difficulty in detemining tne as-
tual concentration of the active centers per unit weight of catalyst and its
variation with time (49-54). Despite this complicated situation, same kiw-
tic aspects of the polymerization appear to be deceivingly simple. Por i~
stance, the total amount of polymer produced in the po]ymerigatim of pro-
Pylene with a TiCl,/MgCl,/AL(i~C,H,), catalytic system at 60° is prooar—
tional to the partial pvgssure o? lene over a relatively large inter-
val (0.25 bar to 7.74 bar, Figure la). However, if the productivities of
different types of diasterecmeric polymers are considered separately, a
nom-linear behavior is evident (Figure 1b).

More pramising is the investigation of the soluble catalytic systems for ex-
perimental observations carried out during the period in which there is m
precipitation of polymer, With reascnable assumptions, the rate of chain
growth at 10°C could be caleculated for the polymerization of ethylene wits
the catalytic system obtained from (¢ Hﬁ; TiCL{CH_) and AIC1 (C_H_} (L&,
In the first polymerization steps, r,h@ ge of chafn growth dgcrgﬂage: from
120-140 t/mol-sec far the insertion of ethylene into a Ti-C. bord o

47 t/mol+sec for insertion into a Ti-C.H bond.

For the above catalytic system, a pictgrpof the polymerization of ethylese
emerges which is substantially different fram that of the radical po_ymeri-
zation, the ratio between the rate of formation of active centers and the
rate of chain growth being much higher than one in the first case and mue)
lower than one in the second case, at camparable temperatures.

No »-olefin cumplex was detected in this system; furthermore, the change in
chain growth rate with growing chain length indicates that insertion of tre
monamer rather than formation of catalyst-to-moncmer complex is the atep
with the slowest specific rate conatant in the process., Fram these two
facts it appears that either the formation of the a-olefin camplex is the:-

o} bl

50 .0}

m L
= 0
St §
2ot z
3 2wk
g H
Elo- H

a
A 'l L A
l}l') 2 & ] ] 10 00 F &4 6 [} 0
pq.lbwl pq{ln-l

Fig. 1. Productivity (PJ{(1/g titanium) of the @12!'1'101 /AJR
catalytic system in the polymerization of propylens“at di’f‘eneﬁt
partial pressures of propylene.

a) overall productivity (e); b) productivity referred to the
ether soluble fraction (e) and productivity referred to the
heptane insoluble fraction (o). Reaction conditions: §,0 mmoles
M(i‘cu“g)g, in 600 ml heptane at 333 K; runs of 2 h.

modynamically unfavored and is not present in detectable concentration op
the formation of the w-olefin camplex does not play a role in insertion of
monomer, at least in this case. A low value of equilibrium constant for the
formation of the » complex was found by Ballard and cowarkers in the poly-
merization of ethylene with the catalytic system Zr[ulzs.i(ﬂ'l})slu (55},

The mechanism of the insertion reaction with some titanium-alumirum systems
was proved by Matta and coworkers already in the fifties (Scheme 3) (39,40},
the only aspect remaining unclarified being the possibility of the farwme-
tion of an intermediate s complex preceding the actual insertion.

Scheme 3
Cl-lz=CHR
// [cit:]-l.':&l{5

[Cat’.]-Cﬁl'l5 + CH,=CH-R

lcat]-ﬂ'lz-ai(R)—CGHS
R = H, alkyl

While it seems likely that with heterogeneous catalysts, adsorption of the
manamers on the catalyst precedes the actual insertion (56,57), the forma-
tion of a w-olefin complex as postulated by Cossee (58-60) has received
nc experimental confirmation and has recently been challenged also on theo-
retical grounds (61},

45
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Some authors (62,63) have postulated that when a hydrogen atom is present
on the carbon atom in an a-position with respect to the metal gtom, it is
possible that the insertion of the clefins occurs through a carbene inter-
mediate.This interesting additional possibility for the insertion of the
Slefins into & M&-CHC bond (Scheme 4a) has been subjected to experimental
verification: in the copolymerization of C with C using a

(CHe ) JTICL(C A )/A101,(C o) catalytic sy tém, virthally no isotope effect
wad GbBerved fIc. /i ¢ 1208 ¢ 0,03), (64) contrary to expectations fram
the model of thBHcawene intermediate (62,63).

Scheme Ua
R P
N\
. C H
li[ ]it _C:C: li] / \C' '-(!,'-é
[Cat]-?-?-—-—v[(:at]a(;,‘-l' —— [Cat.]\ P \-—.[cat].? ' l..p
R C R

Py

In the inveatigation of the dimerization of propylene with the [C (G'L_,’)s Iy
Lu-CH, catalytic systems (Scheme b) (16) only chains containing 5CH

groups have been cbtained, while —CDH groups should be present, accdrding
to the model of carbene intermediate; unless the cleavage of the metallacy-
clobutane ring is completely regioselective,

Scheme 4b

" - CD,=CD~CD,
[05(0'13)5]2111-0113—‘[05(0}13)5]2!11- y —

fe (o) lzb.l-CD =CD-CH.
5735 2 3
— [ !‘ll /CHZ\ / éD}
Csfl}ij)s]alu\cn/mj
2 [05(0‘13)5]2111-012-?!)-003
oM

On the other hand ethylene is readily polymerized at Oouusirg

[P(CH,),1,(I) (H)Ta=CHC(CH).), as catalyst precursor (1 »15) as expected
from thé dodef of the carbefe’Intermediate.

Fecent research on the insertion of n-olefin into metal-to-carbon bonds has
confirmed the remarkable regioselectivity of the process {Table 2).
Insertion of the 1-2 type has been confirmed for 3methyl-l-pentene(67) and
propylene (66) as momamers with the catalytic system s-TiC1 /AL{C-H- ), CY as
well es for the supported system TiCL /MiCL,/AIR,fethylbenzdate (863, The
same type of insertion was confirmed in thecase”of propylene for the so~
luble system [C, (mtj)sl,t,lu-CH (16) and seems very likely for the soluble
system (C %ﬁ(c&l Y /E-a1(ch, Jo-1_ (28).

Appamntl? ertio\q Sf‘ the 2-7 typ¥ and‘or low regloselectivity are pecu-
liarities of soluble catalytic systeme of vanadium (65).

The stereospecificity of the insertion of the monomer B the first step of
polymer-ization of propylene was investigated using Al(}’cH ),E,X (X=Cl or I)
or AL(17CH,CH,), (66). As shown In Table 3 the stereospecififity of the
first inseMidn'was always lower than that of the following steps of polyme-
rization, However, in the polymerization of propylene a remarkable increase
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TABLE 2, Regioselectivity in a-Olefin Insertion
Typw of O, -CHy
0letin Catalyst prucwrsor prevailing | sequences Pt
insertion | 9/1009 polymsr
Promyima | (Co0M) 1 LHON) BEN 1-2 - s 17
Propylane i t:slls):"[ﬂl,)t/l‘ll(l}o-]“ t-2 - < 3
Propyleme l-"ﬂfll(t’s)zﬁl 1-2 <l (]
Prowyiom [ Tict omer,snr (e e ) 2 - “
Propylone | vC1, /1 1C ) O ramtsate V) P 1.3 "
l’:':-";".'-'.. E-TIO)YRTION ) /I8 O ), 1.2 - [
a) Ethylbenzoate
b) at -78°C

in the stereospecificity was cbserved for $~TiC13/AIRX systems with R = CHsy
#oing from X = C1 to X = I (65-67). Furthermore, an increase was found g
ing from A.l(ﬁ'l;) Cl to M(C#i) (66). The sterecepecificity in the first
atep of palyme: iaatim is sfmfldr using 8-TiCl, or TiCl,/MgCl. as the solid
component of the catalyst {(66). Similar resultd have begn obtiined using
rac.- or (3)-3}-methyl-l-pentene as monomers (67).

TABLE 3. Stereoregulation in the Pirst Polymerization Step of

Propylene (66)
Iatalytic Sys am m trisks Ill“ M
molar fraction

1y (Pag,0 on |os | M,

ety (ot o |om | Mo

1t yan Voo ) ang om0, en Jor | Voym

o1 gt reasnr (o ony) 1

ol 1-:"cuzeu:1:l oo |em | Yoo

My GHy

8) molar fraction of erythro terminal groups (-diz—éli-uiz-g-ﬂ)
H

These results show that in agreement with other experimental data (28),
stereospecificity in the polymerization of a-olefins ia comected with the
presence of chiral catalytic centers (68), However, since the sterecspecifi-
city in the first step of polymerization is also connected with the aize of
the allyl group bound to the catalytic center, it appears that the bulkiness
of the last inserted monomeric unit bound to the catalyst plays an important
role in stereoregulation. This is in keeping with predictions from the ste-
reochemical models proposed by Corradini and coworkers (69~71).

The sterecregularity of polypropylenes measured on the basis of the content
of meso pertads is closely cormected to the type of the catalytic system
used in the polymerization (Table 4).
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TABLE Y4, Isotactic Pentads in Polypropylenes Cbtained with
Different Catalytic Systems

Pelyane friction
Catalyst peocurser Ether seluble [Naptons 1alubla logtane (asaivblel Muf.
i amsn 3} ssmm 3 maew
s ] T
Oy e, | e s - . "
IrOy-C(og) e ) sty | 47 W u g} - n
THC/MCE A M)y wowt | e 914 | %4 me |2
no el mead A Y 1 w1 | o wr | swe s | n

a) 1B = Csﬂsmz}ls; 18/&133 = 0.8
b) Ether insoluble fraction

The minimm content mmmmmmmmwmm;wp
tained with the acluble catalytic systems (C_H_) TS(CH ). /[-Al{ Yo-1
{18-20, 28). Of the heterogenecus catalytic Systéms, single mgo'?m ta-
lysts do mot yleld highly ste polymers. Most of these data come
from the patent literature (21) ard it is not clear if the relatively low
stereoreguiarity in the non-fractionated polymer is comected to the absence
of highly sterecspecific centera in these catalysts.

With the MgCl. supported TiCl catalyst, the low percent of mesc pentads in
the mf‘t'ﬂ.ctforntaipolypmpy enes is clearly due to the presence of centers
yieldirg atactic polypropylene in addition to stereospecific centers; in
fact, highly isotactic polypropylenes with meso pentads content above 90%
can be obtained by modifying the catalytic systems with the addition of
Lewis bases., In Table 5 the meso pentads content as well ag the percentage
of same other relevant pentads are shown for fractions obtained using the
catalytic system TiClu/}gCl IAJ.R3 in the sbserwe and in the presence

(LB/A1 = 0,8) of & Lewis baﬁe (72). The presence of the Lewis base comple-
tely charges the diastereomeric composition of the polymera, as shown by the
Percentage of the different fractions obtained in either case, Purthermore,
in the ether soluble and in the ether insoluble/heptane saluble fractions,
the ratio between the meso and the racemic pentads substantially decreasea
in the presence of a Lewis base, showing that in this type of catalyst the
few centers which produce syndiotactic polypropylenes have not been modified
or poisoned by the Lewis base,

It has been proven experimentally (73, 74) that the Lewis basea act in two
ways; i.e. by poisoning the non-sterecspecific centers which have lower
lewis acidities than the atereospecific ones or by transforming non-stereo—
specific centers into sterecspecific ones by coordination to one of the va-
cant coordination sites,
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TABLE 5. Steric Irregularities in Polypropylenes Obtained with
TimE fmclg Catalysts in the Presence and in the Ab-

of Banes
Palymr Fraction Catalytic Spntem —-— - e L. d
L] [ 3 H 3

Acatone {asalurle, i ».0] 0.05] 5.1 .9 4 ity
Ethor selubly » 33| tor] 8 i LX) "
Cthar ingoluble, A n.r .5 LR} Ly 40
Meptang soluble ] IRIERITE R [ 8} .4 15.3
Nuptane Imlh—le. ] FRIK Ik K] Ll 40 ol
Trimsthyipontans solubla [ ] 8. 1.0 M. 4“5 2 0y
Trimsthyipentam inselvkle, [ 6.9 2.09f M, [ ¥ 4 14 0.0
Octans seluble [ 12.4] 1. M| Wy 5 X ] [ A
Octane Insaluble A 15.4] 2.3%| ®.3 3.0 2.5 .4

[ ] 68.3] 4.00] . L5 .0 L ]

A 4O mg MgC] l'l‘ic1u (2,88 Titanium)

B . 455 mg MgC1/TiCl, (2,B% Titanium); 10.6 mM Ethyl benzoate
Polymerization Conditiors: 600 ml heptane; 2,7 bar (0.88 M) O H,;
13.3 wM AL(i-Bu)3; 60°C; 2 h; 1000 RPM. Steric pentad fracticde
determined by 130 WR. *[n] in dl/g (tetraline at 1350),

¢} Chain Termination

The investigation ol the polymerization of propylene with the

[C_(2H,). ) lu=CH_ (17} soluble catalytic system has shown that there are
twd othes st:aib}e chain terminations (Scheme Se,f) in addition to the four
well-known reactions (Scheme Sa,b,c,d). As early as 1960 the elimination of
the 3-methyl group in trinecpentylalumirum was observed (75), but this me-
chanism has never been considered as one of the possible chain terminations
in the polymerization of propylene.

Scheme 5, Chain Termination

a) Mu—CH,~CH(R)-P T ME-H ¢ CHC(R)-P

b) Mc-GH;-CH(R)-P + CH,=CH-R = Mt~CH,=CH,-R + CH,=C(R)-P

c} Ht-mz—al(n)-r +H, — Mt-H + cus-m(a)-?

d) M—CH,~CH(R)-P + m:(c.’_,us)n — m—mz-ai}w(czns)n_lmz-m(m-P
e) m-ma-m(cu})-r — m;-CH3 + Cliy=Q-P

£) Mt-CH,-CH(CH, )-P + CH,=CH-CHy ~— Mu~CH,~CH=CH, + CH~CH(CHy )-P

Chain termination by hydride transfer to the monomer (Scheme 5b)} does not
play any role in the dimerization of propylene with aluminumalkyls (76) but
it seems to play a role in the polymerization of propylene with the
TiCI*INgClzIAlR catalytic system. In fact no change in the average molecu-
lar weight“in tl}e lsctactic fraction was observed when the partial pressure
of propylene was increased fram 0.5 to 7.7 bar (Pig. 2) (23,80) and this can
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Fig. 2, Intrinsic viscosity of the heptane insoluble fraction of
polypropylenes obtained at different Pc H

4 TiCL,/MeCl,, TMEDA/AL = 0,2, 2.8% 7iC3ls, TiCl,/MgCl,, 2.8% Ti.
o TiCl,/MgCl,, 2.6% Ti. Reaction conditions in Fig. 1.

be taken as an indication that moncmer concentration influences both growth
and terminatjon reactiona in the asme way. Only at very low propylene com
centrations was a decrease in average molecular weight noticed,

A six member transition state similar to the one proposed for the dimeriza-
tion of propylene in presence of a nickel complex (17,78) is believed to
be resporsible for this type of termination (79). Scheme 6 shows the simi-
lar transition states for insertion and chain termination by hydride traps-
fer to the monomer, where the position of the moncmer zlone has been alte-
red by rotation.

Scheme 6: Possible Structure of the Trarsition States for
Insertion and Chaln. Termination in CsHg polymerization

e Lk
H C(:' ?
1S -
He Ve S M-CH, Mt
| » CH-CH, $
] [ B CHy
CH, Hy O
™ Q/ 5(; — A/ Q . 't‘l:,
P | 4

;n the MaC1_/TiC1, 7AL catalytic system the reaction of chain termination
irduced by 31 1 doea not seem to be significant at least under the
chosen reaction conditions. In fact the increase by a factor of 200 of the
concentration of aluminmalkyl led to only small decreases in the average
Mmolecular weights of the heptane soluble and heptane insoluble fractions,
The increase in concentration of alumirumalkyl caused an increase in the
heptane inscluble fractions and a decrease in the ether soluble fractions
a3 well as in the overall productivities (23) (Table &),

51

TARLE. 6, Effect of the Concentration on the Diastereameric
Compoaition of ti Polypropylene Prepared with the
Catalytic System 'I‘:I.Cluﬂhclzfﬁl(icul'lg)}

Min), n,‘m Productivity
molar
moles | ratie | (9PF/aTiansbar,

Polypropylene Fractions

X acatony diathyiether haptang haptane
sotuble soluble seluble insoluble
LN L] ] tn) 1 In 3 In)
LLF/] g disg dyy
a.7 ] 305 RN NN “.) A0 s e | 2ae
1.3 [ 3] "0 B2 aé 0.5 FLLIE I R ] nr rLé
13.3 1% n .3 n )5.% A Mt | w2 rae
123 114 ] L) 3.1 ad. ns A IS L {es o em
m.3 nw s AN e 68 10 o8 | a5y a2

Polymerization conditions: p(C;H:) = 1,0 bar, T = 333K, T-con-
tent = 2,80%, solvent: 600 ml - tane, polymerization time =2 h.

iChain termination by hydrogen (96,97) was investigated using different ca-
italytic systems (81,82); particularly relevant are the results obtained in
the chain terwination by hydrogen in the polymerization or ethylene and
propylene with a ‘H.C.'lll;"Ji'g012;".l\lﬂ3 catalytic system (Pigure 3) (83),

%0 -
= LA
%l
; a4
‘ 2 |
‘ z
‘ gsol
e L Nl 1 Il A
01 2 3 ¢ s

piH kg em]
| Fig, 3. Productivity of ethylene (o) and propylene (o) as & M-
| tion of ; reaction comgitions:
| Catl: p =725.0 atm,T = 333K, t = 1.0 1 {AL{CHg)3] = 10 oM
‘ =

Cie: P+ 3.0am,T= 343K, ¢t =05 n [AL(C,Hg)a] = &5 mM

tial pressure of hydrogen up to 4 atm, with the same catalyst there is a
three fold increase in productivity of Polypropylene when the partial pres-
sure af hydrogen is increased from O to 3 atm, This can be rationalized ma-
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suming that ethylene is polymerized at least in large part by centers which
are substantially different from the centers which polymerize propylene. We
ahail discuss this point further in the section dedicated to the characte-
rization of the catalytic centers of this type of supported cgtal,yst.
For propylere the decrease in molecular weight fits the equation proposed
for the traditional catalysts (M)/M, = 1 + K{p, )¥2) (84,85).

2

CONTROL OF MOLECULAR WEIGHT DISTRIBUTION IN LINEAR PCLYOLEFINS

This problem is attracting more amd more attention because molecular weight
distribution controls some important properties of poly{s-olefin)'s,

An exhaustive review on this subject by U. Zucchini and G. Cecchin {86) has
recently been published; therefore only a few remarks will be made here on
this subject.

As shown in Table 7 polydispersity in linear polyethylenes can vary over 8
broad range (M /M_= 1.07-10), depending on the catalytic system used, In
general, low pdlylispersity is only obtained with soluble catalysts at low
temperatures. The typically high polydispersity obtained with heterogereous
catalysts is at least in part related to the variety of chemical nature of
the active centers. In the polymerization of propylene the use of lthl2 to
support TiCl, catalysts does not seem to influence polydispersity, but“more
data are neeaed to confinm this point.

TABLE 7. Folydispersity of Polyethylenes Obtained with Soluble,
Traditional, SiO. -.uzo} Supported amd ltClz Supported
Titanium Catalysts

Gatalptic System Y-:uwn LR LV ot
4 w?
Co HELCIAIENCY, o - 1.0 w
[p,THC1,AIEL, L) s B} . 1.0 »
o-TIC1,-0.3 AKC) /ALy 70 w X [
THCH /310,041, 0, 7AIEL, 10 0 1.0 »
LC S T TR we ez "

a) in toluene; AL/Ti = 1-10
b) in benzene
¢) in the presence of hydrogen

According to Zucchini and Cecchin {86) the polydisper-sit_:y in polyolefim is
influenced, amorg other factors, by the type of transition metal, and, in
the two component catalytic system, by the type of main group rfletal alkyl,
by the rature of the carrier and by the temperature of polymerization. Due
te this situation a rational approach for controlling polydispersity is

not feasible at present. A better knowledge of the structure of the cataly-
tic centers, the synthesia of catalysts which contain only a few types of
well defined active centers and 2 much deeper un.ieratand%ng of the mecha-
nism and kinetics of polymerization are required, An e:rpu'i:cal approach
with selected catalytic systems has produced some success in controlling
the polydispersity of linear polyethylenes and in many laboratories further
research is in progresa to obtain similar control of polydispersity of poly-
propylenes,

CHARACTERIZATION OF THE ACTIVE CENTFRS TN THE ORGANCMETALLIC
CATALYSTS FOR THE POLYMERIZATION OF OLEFINS

The characterization of the active centers in catalytic systems is one of
the main probleme still to be solved in homogeneous and heterogenecus cata-
lysia. In view of the low concentrations and of the very high reactivities
of the active centers direct physico-chemical measurements yield only re-
latively little information. Indirect methods, such as the investigations
of the structure and the composition of the reaction products, of the time
dependence of the reaction rate, studies of model reactions and studies of
the reactions leading to the formation and disappeararnce of the catalytic
centers has yielded more interesting information, at least in the polymeri-
zations of ethylene and o-olefins. The most interesting recent results have
been obtained with the catalytic systems of the type TiCl /MaCl_/ALR, which
give well reproducible results and can be reversibly mdihed by the“use of
auitable Lewis bases (23)(28).
Indeed, the systematic investigation of the influence of the Lewis base to
ratios (r) on the productivity of catalyst (28),on the time dependence
:::H}vductivity (90}, on the diastereameric cwpoaition of the polymers(28)
and on the sterecelectivity in the polymerization of racemic s-olefina (2,
91} has yielded new and very interesting information.
We shall first examine the information arising from the inveatigation of
the time dependence of the overall productivity of polyethylene and poly-~
{solefin}’a a3 a function of (r) and then we shall discuss the information
obtained from the study of the diastereomeric composition of the poly{a-ole-
fin) as a function of (r). Information arising from the use of Lewis bases
with different structures have already been published (92) and will not
be comsidered here.

a) Polymerizatfon of Ethylene and of a-Olefins with the Catalytic System
TiCl,lhquMlR} in the Absence and in the Presence of a Lewis Base

Etswylene and e-olefins are polymerized very rapidly by the THC1 7!@01271\1133
catalytic system. In our experiments the ratesof polymerization after‘one
hour are 50'000 $/gTi+h for ethylene, 400 t/gTi-h for propylene and

200 ¢/gTi+h for i-butene,respectively.

A closer examination of the time dependence of the polymerization rate
shows that for ethylene the rate reaches a limiting value after 40 min and
remains constant for at least one additional hour (Pigure Y4a). On the con-
trary, with propylene a rate maximum is reached after few seconds and then

a) 3- b
— 40
= Ethylane z Propylene
= B =2
el
g !
T & B E
1] as "0 15 20 4] 05 10 15 0
hours hours

Fig, 4. Time deperdence of the rate of polymerization of ethylene
and propylere: a) p, S 0.25 bar, b) Po = 10 bar; polymeriza-
tion corditions in “¢'Fig, 1 e

/
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Fig. 5. Influence of catalyst aging on the rate of polymerization
of ethylene and propylere a) C ys BEing time 1 h, pc'H'.= 0.25 bar
b)CBHnglrgt.imeO.ESandl ,pc,ﬂi=1.0bar ¢

it rapidly decreases, reaching a nearly constant value after about one hour
(Figure 4b}. In both cases, the change in rate with time can be attributed
to the formation or disappearance of active centers. In fact, the measure-
ments of concentration of active centers at different times made by Gianni-
ni and coworkers (93) and oy Keii ard coworkers {57) show that there is a
rapid decrease with time in the concentration of the catalytic centers that
polymerize propylene. Furthermore, when monomer was added to the catalytic
system after one hour, the same rate was cbserved (Pig. 5) as preparing the
catalyst in presence of monamer, showing that the presence of either mono-
mer does not influence the rate of formation or of disappearance of the ac-
tive centers. If the charge in productivity at comstant concentration of
moncmer is taken as an indication of a change in comcentratien of active
centers, the variation with time i{n the overall productivity at different
AJ.RB concentrations (Fig. 6) indicates at least in the case of propylene
that the A].IF{3 takes part in both the formation and the inactivation of ac~
tive centers?

In agreement with the experiments of Xashiwa and Yoshitake (94) who succeed
ed in re-generating the active centers by treating the catalyst with chlo-
rire, and from analyeis of the curve of Figure Sh, it appears that inacti-
vation of the catalytic centers is a bimolecular process which leads to Ti
species with lower oxidation states. In agreement with the proposal of
Keii et al., (57} a complexation equilibrium between aluminum alkyl in so-

(M 11BuL,| = OB mM
— == [A{1Bul,) 13 mM
—— 1A 11Buly] = 130mM

Polymerization Rabe [I45Ti sh}

Time [Hour)

Pig. 6. Tire dependence of the rate of polymerization at diffe-

rent concentrations of alumimm alkyl; polymerization conditiona:

"c,n,,’ l.0bar, T=333K, t=2h, TiCl,.llgCl.‘,, 2.8% Ti, sol~-
vent = heptane

lution and adsorbed on the surface of solid catalyst should exist. This ad-
scrbed aluminum alkyl should favor both the alkylation of titanium (this is
supposed to be one of the steps in the synthesis of the catalytic centers
for the polymerization of propylene) and the bimolecular imactivation of
thogse catalytic ce=nters.

The experiments snow that the centers for the polymerization of ethylene
are much more stavle than the centérs for the polymerization of propylene,
but in order to c-aracterize them, further research is necessary. A compari-
son of the decrease ir. the rate of polymerization of ethylene with that of
propylene, hoth {n the presence of ethylbenzoste as a Lewis base (Fig. 7},
shows that on the average the centers for the polymerization of ethylene
are stronger Lewis acids than the centers which polymerize propylene.

10
Pn
a8
06
04|
a2y \\1
o- T

0 UJUl-r 06 ©08

Pig. 7. Normelized productivities (Pn) of polyethylens {s) and
polypropylene (v) at different ethylbenzoate-to-aluminum alkyl
ratios (r). Reaction comditions in Fig. 1, pczm z 0.25 bar

The charge In the time dependence of the rate of polymerization of ethylene
for different values of {r) (Fig. 8) conlimms these results.

Furthermore, in Fig. 8 it is shown that at high values of (r) {(r) = 0.8)
the charges in time deperdence of the rates of polymerization for propylene
& for ethylene gre very similar, and their productivities are of the
same order of magritude.
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Fig, B. Time dependence of the rate of polymerization of ethylene
at different ethylbenzoate-to-alumirum ratios (r), Reaction condi-
tione in Fig. 7.

Therefore,we conclude that ethylene is also polymerized by the catalytic
centers which polymerize propylene. However in the absence of Lewis base
most of the ethylene is polymerized by catalytic centers which do not poly-
merize propylene or polymerize it only at a very low rete.

Giannini and Guastalls (B3) demonstrated the effect of hydrogen on the pro-
ductivity of* the catalytic aystem TiCl MIZM ard it appears that for
the polymerization of ethylene the ca tic TS are not, or are only
8lowly re-generated after reaction with hydrogen, while for the polymeriza-
tion of propylene the presence of metal-to-hydrogen bonds generated by the
addition of hydrogen slows down the bimolecular deactivation of the cataly-
tic centers. This is further evidence of the remarkable differences in the
two types of centers.

b) Information about the Catalytic Centers Arising from the Diasterecmeric
Composition of the Polymers of a-Olefins

The analysis of the diastereomeric composition of the poly(e—clefin)'s

yielded jmportant information about the catalytic centers. However, it must

be emphasized that as in iinetic controlled multistep reactions all the in-

formation from the composition of reactjon products concerns the transitionm

state with the highest energy (95)(Fig. 9). In order to organize the above

2
° l/‘\ o,
o
;
3
N
-~

Fig. 9. Free energies of two possible transition states in poly-

merization of propylene with heterogenecus catalysts to isotactic
polymer.

Fig. 10. sSimplified model of the transition state of the insertion

of propylene. Condition for 1-2 insertion: L>»>CH ; 1sospecific

centers: X>»3; unspecific centers X ¥ &
infawmation, we assumed thet this transition state correspords to the in-
sertion af the a-olefin into the metal-to-growing chain bond as schemati-
¢ally represented in Fig. 10,
This representation is based on the experimentally proved chiral nature of
the catalytic centers; it rationalizes on the basis of the different steric
nim:ameorthelim’dsS,XaruLtotheappmachoftMImmzr, the
1-2 regiomelectivity (large aize of L with respect ta the GH, group of the
growing chain) and the aterecspecificity (large difference ig size between
X ard 3}, In the above framework, the previously described active centers
whick polymerize ethylene but not {(or very slowly) propylene should have
substituents S and X, which both exert a high ateric hindrarce in the di-
reet_on of the approach of monomers, thus hindering the polymerization of
s—olefins but not of ethylene. The stereoregulating effect of the Lewis
base is shown in Fig. 11 and is connected to the presence of active centers
with two vacant sites, The same scheme alsc rationalizes the sterecelecti-
vity obtained in the polymerization of racemic a-clefins in the presence of

¢hiral Lewis bases (74).
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Pig. 11. Simplified model of a possible stereoregulating effect
of the Lewis base (B)
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According to the results obtained by polymeriaing non~chiral and racemic
olefins at different Lewis base-to-aluminium alkyl ratics aix classes ol
active centers have been postulated in the TiClnlmclzl.\].R3llB catalytic
systems (74).

U:ing t;ht(e?scrﬂmtic representation of the tramsition states reported in
Fig. 10 and 11, which does not contradict the model of active centers which
was recently proposed by Corradini and coworkers (69-71), we are now exterr
ding our own research to lLewis bases with different structure (92), with
the hope of obtaining further information about the astructure of the cata-
lytic centers and about shape and dimension of the L, X and S groups coordi-
nated to the transition metals.

FINAL REMARKS

After the rapid development of new highly active and highly stereospecific
catalytic systems in the seventies, which brought about remarkable impro-
vements in the industrial processes for the production of linear polyole-
fins, the main goals of industrial research in the field are now to develq
new processes for the production of copolymers of ethylene and a~olefins
to replace the usual high pressure polyethylenes, and to control poly-
dispersity and morphology of polymers and copolymers of olefins in order to
cbtain products with varied tailor-made properties for the different end-
uses,
Basic research is directed towards having a better krnowledge of the struc-
tures of the catalytic centers and of the methods for synthesizing catalysts
containing catalytic centers with similar structures and catalytic proper-
ties. The detailed research on the TiCl, /MgCl IAlRé catalytic systems, in
keeping with the research on hetemgenegus ca@a.lys s, shows how broad the
sbove field is and how far we are from a detailed understanding of the in=
terpiay between the steric and electronic factors which the activity and
specificity of the catalytic centers are based on.
Detailed knowledge about the synthesis of the active centeis in soluble and
jnsocluble catalysts is still lacking, even though some general aspects, such
an the formation of tramsition metal-to-carbon bords, have been confirmed.
Concerning chain growth and chain termination, the basic knowledge acquired
in the fifties, mainly by Natta and his group, are still valid and the sub-
stantial differences between radical polymerization and the polymerization
of olefins by pelyinsertion into metal-to-carbon bord have been completely
confirmed by the detailed kinetic investigations of the polymerization of
olefing in homogeneous phase.
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Reactions of

Macromolecules

23.1. Basic Principles

23.1.1. Review

Reactions are often carried out on macromolecules in order to elucidate
their chemical structure.

Macromolecular transformations are also of scientific and commercial
interest. They can be used for the manufacture of new compounds, particu-
tarly in cases where no monomer exists (vinyl alcohol as the enolic form
of acelaidehyde) or where the monomer polymerizes with difliculty or
not at all (e.g, vinyl hydroquinone). In these cases, derivatives such as
vinyl acetate or vinyl hydroguinone ester arc polymerized and the polymers
arc then saponified 1o poly(vinyl alcohol) and pofy(vinyl hydroquinone),
respectively. Other processes of industrial importance are conversions of
inexpensive macromolecular compounds such as cellulose into new materials
{ceilulose acerate, cellulose nitrate, etc.), manufacture of ion-exchange
resins, and dyeing with reactive dyestuffs. All of these reactions lead to a
definite product. If the degree of polymerization is retained, then they
are calied poiymer analog reactions.

Undesirable reactions are among those that occur during the more
or less long-term applications of macromolecular materials exposed to the
influence of atmospheric conditions {air, water, light, ctc.). This aging, as
i s called, to form undesirable products not only causes the constitution
of the monomeric units to change (for example, through oxidation}; it

T




, may also oner the degree of polymerization through oxidative degradanan

or hydm!ym In a few cases, however, the molecular weight is increased
by simultaneously occurring cross-linking reactions, Since the decrease
in the degree of polymerization usuaily predominates, this undes:red
reaction is oflen described simply as “degradation.” The term “degradation™”
should really be confined to reactions where a decrease in the degree of
polymermuoq occurs with retention of the original constitution.

The feactions and properties of macromolecules are determined by
chemical structure and molecular size. Consequently, it is convenient o
use these parameters instead of, for example, mechanisms to classify macro-
molecular reactions. Distinction is made among catalyses, isomerizations,
polqur analog conversions, chain exiension, and degradation reactions
sccording to whether the chemical siructure, the molecular weight, and;cr
the degree of polymerization are retained or changed.

23.1.2. Molecules and Chemical Groups

In Iow-molccular-wcight chemistry, side reactions oni
- - . . + a ' y M to .
dlmmulnn_. of the yicld of the main produci. In macromolecular chemistry
bowever, side reactions <an involve the same molecule, since each macro-
possesses many reactive groups. Consequently, main and by-
pmduqs cannot be scparalqd from ecach other by the more or less simple
deparation processes used in low-molecular—wcight chemistry. Thus, in
contrast to Iow-molecularTw_eighl chemistry, yield (with respect to mole-
culu) must be sharply distinguished from conversion (with respect to
mu_;_v; groups) when dealing with macromoiecular reactions,
‘ reactivity of macromolecular and low-molecular-weight groups
;:mu the same when neighboring group effects are taken into considera-
Isopropyl acetate, and not ethyl acetate or vinyl acetate, i
; 3 e, is thus the
w-otu;uul:ll;e ::glel c:n:ipou::e for considering the hydrolysis of poly(vinyl
wi wm hydroxide in acetone/water (75:25) a1 30°C
be seen from the rate constants : ( ‘ 8¢ can

+CH,—CH4CH,— H—CH,—CH—CH,~H  H—CH,—CH—y
|
| ? 0
|
COCH 3 éOCH ) COCH )
dway 4 =usr A= 35 dm' mol g !

WL &S T R Bl Frinciplex ol =4

If there is only a small number of reactive groups per macromolecule®
environment of these groups is not changed as the reaction proceeds. The™
macromolecular chain simply acts as a diluent. Of course, neighboring
group eflects can also play a role, especially if five- and six-membered
cydic transition states can be formed. An example of this is the partial
imidization of poly{methacrylamide) at tempcratures above 65°C:

‘M, CH, CH, CH, CH, CH,
~Nit,
0o (o co N o
I I | o H o NH,

NH, NH, NH,
or lactone formation in the polymerization of chloracrylic acid in water:

Q COOH (I OOH
{23.2)
O0H OOMH 00H

Even with a very low macromoiecular concentration, the reactive
groups are present at a quite high local concentration, since they are localiy
confined by being attached 1o the macromolecule. Most macromolecules
form coils in solution (see Chapter 4). The concentration of reactive groups
very high within the coils ; it is virtually zero outside.

The following example illustrates this situation: A 1% solution of
ethyl acetate (M = 88 g/mol) represents a solution of 0.11 mol/dm? with
sespect 1o acctate groups. A 19, solution of poly(vinyl acetate) with
M = 10* g/mol is also about 0.1] molar with respect to acelate groups
(M, = 86 g/mol). However, in a coil of spherical shape and homogeneous
density the number of groups per unit volume is given by

X, MM,

Consequently, a local concentration of 3.5 x 10%° groups/cm’, or 0.55 mol
of acctate groups/dm®, is obtained for r = 20 nm.

The environment cun have & decisive influence on the course of a
reaction in macromolecular chemistry, altering not only the rate but also
the optimum obtainable yield. At equal concentrations, the probability
for intramolecuiar reactions of coil molecules is greater in poor solvents
(low second virial coefficient) than in good solvents (high second virial
coefficient). Ring-forming reactions therefore occur preferentially in poor
solvents.

S W4
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In every case of polymer anslog reactions on unipolymers, a copolymer
ls first formed at incomplete yield. If this copolymer is insoluble in the
solvent, then it precipitates, and no further conversion may be achicved
because of the inaccessibility of the potentially convertible groups. The
resuiting conversion product contains a heterogeneous distribution of the
sewly introduced groups. [n order to obtain homogeneous products, there-
fore, it is necessary that the solvent employed for the reaction be one in
which the intermediate and end product will dissolve.

In extreme cases, block copolymers or polymer mixtures result from
reactions of this kind. In the hydrogenations of poly(styrene) with Rancy
nickel as catalyst, the groups close to the catalyst are preferentially hydro-
genated. First, a block of hexahydrostyrene (vinyl cyclohexanc) umits is
formed in a poly(styrene) chain. If the block is large enough, then it witl
be incompatible with the polystyrene blocks (on incompalibility, see
Section 6.6.6). Becuuse of the resulting partial phase separation, ony
these block copolymer chains remain close Lo the catalyst, and these chains
are first Rally hydrogenated, while other chains consist entirely of polystyreae
units. Thus, although hydrogenation in itself takes place randomly, the
influence of the environment leads to polymer mixtures. Chains are in &
highly ordered state in crystalline polymers. Diffusion is therefore siow in
crysalline regions. In partially crystalline polymers, consequently, the
reactions occur predominantly in the amorphous regions. Since the onenta-
tion of the chains also cnsurcs that access is made more difficult, it is possible
to obtain different yields with solid polymers according to the degree and
kind of morphologically influencing pretreatment. On the other hand,
solvents may swell the solid polymer, so that higher yiclds arc possible.

23.2. Macromolecular Catalysts

By definition, catalysts are substances that make a reaction possible
by lowering the activation encrgy barrier or strongly accelerating & reaction,
under the condition that the catalyst remain unchanged at the end of the
reaction. Consequently, neither the chemical structure nor the molecular
weight of the catalyst is altered.

Macromolecular catalysts are thus macromolecules that possess
caulytically cflective groups. Whether and to what extent these catalytic
groups are more effective than their low-molecular-weight counterparts
depends on the positioning of these catalytic groups relative to each other
in the macromolecule. This relative positioning is especially important
with bifunctional catalysis. Such a bifunctional catalysis occurs, for example,
in the joint action of & nucleophilic and an electrophilic reagent on a sub-

b

Flyure 23-4. Arrangement of coop-
eratively operating catalytic posi-
tions m hormones and engzymes.
(A} Contimuate word, (B) discon-
tinuste word.

B2p &

strate. Bifunctional catalysis is held 1o be responsible for the high efficiency
of enzymes.

A distinction is made with hormoncs and enzymes between n"‘con-
tinuate word” positioning and & ~discontinuatc word™ positioning of
catalytically effective groups (Figure 23-1). With “continuate word™ gositiop-
ing, the sequence of the cffective groups is important, whereas with “dis-

~ continuate word™ positioning, the topology is imporiant. The former case

can be described as one of \wo-dimensional stereochemistry, whercas the
latter case is one of three-dimensional stereochemistry. High sctivities,
or effectivities, and specificities are only to be expected with “discontinuate
word™ positiomng.

A similar method of classification can be used for the caalytically
effective groups of synthetic polymers. The effectivity of conventionally
produced graft copolymers and random copolymers is relalivcly_l_mall.
because only few of the catalytically effective groups are correctly positioned
relative 1o each other (Figure 23-2). However, the correct positioning can
be achieved when cross-linking agents with scissionable groups are used.
For example, the ester of 2.3-0-p-viny! phenyl boric acid and D-glycerinic
p-vinyl anilide can be copolymerized with diviny! benzene in acctonitrile.
After removal of glycerinic acid, the cross-linked polymer possesses free
amino and [ree boric acid groups, which are maintained in the correct
position 10 each other by the cross-linked carrier (Figure 23-3). The polymer
produced can effect an antipodal separation of D,L-glycerinic acid and
p,L-glycerinaldehyde. Similar effects can be expected for catalytically

B g

Flgure23-2. Arnn.ememofcoopemiv:iyopcmin;enulylicpooiliouinm)mncopt_slynm:
(B} raadom copolymers; and Q) conformationally prearranged (before introduction imo
polymer) groups.
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Figure 2}-3. Example of a group prearranged for cooperative catalytic effectivity before
introduction into the polymer.

effective groups. The proximity of the two catalytically active groups can

produce more cntropically favorable conditions for reactions with the

m:' Esscntially termolecular reactions behave as bimolecular
A The selocti 'or
. { ity of a macromolecular catalyst depends on the size of
"t_ th substrate a5 well as on hydrophobic effectis. It becomes increasingly
5 dificult fot_proper contact between catalytically effective groups and the
p™bstrate with increasing substrate size for otberwise identical reaction
conditions. Tlngs, the “polymer” rhodium catalyst (1) hydrogenates cyclo-
dodecenc five times more slowly than it does cyclohexene. This substrate
sis offect is not observed with the analogous “isolated” low-molecular-

- -

weight compound (l1):
rlcoHsh :'(Co"'sh
}u:.n.—cu ,—HC.H,},—:h—(‘I (CH ), P—Rh—C)
|
MC H,), PC.H,),

Saponification of 1ype (111} esters with poly(vinyl imidazole) (1V) as catalyst
proceeds about 1000 times faster than saponification with imidazole (V)
as caulyst: In addition, the polymer-catalyzed reaction is autocartalytic,
The saponification rate increases with the length of the acyl residue (by
a fn.ctor of 25 from n =1 to n = |7). Obviously, increased methylene
ebn}n lgnnh leads to increasing intramolecular association of the polymer,
which is acylated in an intermediate step of the reaction.

e wes T RIS U Mdorimuoiccuies
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Sev. 280 0 Lsomerization #05
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N, _NH N, _NH
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o
CO(CH,)H
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Semiconducting polymers are used as catalysts in dehydrogenation,
oxidation, and decomposition reactions. The basis of their effectiveness
is as yet not understood. Obviously, only such polymers possessing an
aromatic structure that can change 10 a quinone structure, and vice versa,
are catalysts for dehydrogenation reactions. For example, with such
catalysts, cyclohexanol is converted exclusively to cyclohexanone at 250°C
and cyclohexene is converied to benzene at 350°C withoui the dispropor-
tionation to benzene and cyclohexanc usually observed with palladium
catalysts. :

23.3. Isomerizations

IsomerizatiBns are defined as reactions that occur with change in the
chemical structure but without change in the number-average degree of
polymerization.

23.3.1. Exchange Equilibria

Segments can be interchanged beiween (wo polymer chains, as, for
example, with polysiloxanes:

+SiR,—O-4 S8R, (iusau,—o-p., +SiR;—O-ly—SiR ;O Sik,— O,
| + —— +
+O—SiR —0 Sk, +0—Sik 4, +O—SiR H—O—Sik ,+-O—SiR 4

(23-4)

These equilibria are also called exchange equilibria. They occur particularly
readily in chains with heteroatoms. Besides poly(dimethyl siloxanc),
polyamides, polyesiers, polyacelals, and polyurethanes can be quoted
as examples. Exchange equilibria occur readily in all of these compounds
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! double bonds. This reaction is also known as olefin metathesis. FaK
Olefin metathesis can be used to synthesize macromolecules. If cyclo- ““§ SGE.
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because the activation energy for reactions of this kind is low in chaime
with heteroatoms. In carbon chains, the activation energy noeded is much
higher, since there are neither electron vacancies, free electron pairs, nor
incomplete clectron shells. Generally, however, the reactions leading 1o
the establishment of an equilibrium can be appropriately catalyzed, for
example, with sulfuric acid in poly(dimethyl siloxane). The reactions aire
termed transamidations, transacetalations, etc., and, in the special case of
polysiloxanes, equilibrations.

The reaction enthalpy of such exchange reactions is zero, since the saime
kinds of bonds are exchanged. Consequently, the reaction entropy, that is,
the arrangement possibilities of the chains, is controlling. If, for example,
pentene-2 is converted with the catalyst WCl,/C;H,OH/C,H,AIC]; at
room temperature, then within a few minutes a mixture of 25 mol %, butene-
2, S0 mol % pentene-2, and 25 mol %, hexenc-3 is obtained. This composi-
tion exactly fulfills the statistical expectations for a random exchange of

olefins are treated with the above-mentioned catalyst system, then large %1% i
rings are obtained by ring expansion polymerization. Thus, the cyclic NP
hydrocarbons C, H,q, C;35H,,, etc, up to the 120-membered ring (15- PO
mer) can be isolated from the reaction with cyciopentene. It can be assumed 4§
that the experiments with small initiator concentrations give polymers
which represent ring-shaped macromolecules without end groupe The
mechanism is not yet fully understood. The intermediate formation of &
complex between the olefinic double bond and the tungsten atom or &
carbene intermediary are possibilities under discussion.

in exchange reactions between linear macromolecules, the number-
sverage molecular weight remains constant because the number of mole-
cules is not changed by the reaction. When the initial material has a narrow
molecular-weight distribution, however, the weight-average molecular
weight increases until a value of X, = 2X, — 1 is obtained. The same
value of X_ is obtained in polycondensation [see equation (17-26)], which
is understundable since the position of an equilibrium is independent of
the path leading to it. Exchange cquilibria are not always industrially
desirable. For example, quite narrow distributions are obtained in ithe
anionic polymerization of e-caprolactam. However, subsequent processing
of this polymer leads to exchange equilibria that increase the weight-
average molecular weight and therefore the melt viscosity. Consequenily, '
the processing rate (e.g., in melt spinning) must be continuously regulated. j

The exchange equilibrium position can be displaced when certain
sequences preferentially crystallize. Both glycols are randomly incorporated
in the polycondensation of terephthalic acid with cis- and trans-1,4-cydo-
hexyl dimethylol. The melting point of this random copolymer depends

i A
{ IO
i O

on the trans content, If ester exchange catalysts are added and the material
is heated to just below the melting point, then the melting point of the
polyester increases and its solubility decreases: A block copolymer with
jong, crystallizable trans sequences is formed by the ester exchange reaction.

23.3.2. Constitutional Transformations

Of the many possible isomerization reactions of monomeric units,
only those initiated by light have been studied in detail,
The action of light can induce a Frics rearrangement in aromatic

polyesters:

g O
prors ==l o—C—0 pyyr
F@‘ |
CH, 0
(23-9)

CH

|
e o
— |
C

3
H
H, E -Q \
H

These processes are called photochromic if considerable color changes
occur during the photoisomerization. Poly(methacrylates) with certain
spiropyran groups become colored on irradiation with light and subse-
guently decolorize slowly in the dark:

(l:H" H’
rrrrs .—CHz—?——-atdo.
C—-NH—E I
] NO,
0 |
CH,
e

!

oooooo

(23-6)
o
verrs.—CH ,_(l:._ . »,_a
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1 N H’ NOI
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23.3.3. Configurational Transformations

The position of the configurational equilibrium depends on differences
in the energy contents of the configurational and geometric isomers:
G, =G, -G, = -RTIhK,, = -RTlnE—:—} | (23-7)

Here a and b ure the isomers; for example, R and S isomers of opticaly

active compounds or cis and trans isomers.

An isomerization leads to equal amounts of both isomers when their
.t GBIEY contents are equal This special casc is known as racemization.
v /Am example of this is the isomerization of a-amino acids.

-+ Polydienes can be made to undergo a cis-trans isomerization. Threugh
#ddition of free radicals X" 1o the double bond, this bond can rotase freely,
“On subsoquent climination of the free radical, the reformed double boad
, CJm fake up & new position:

H H H H
e e
""“C“I c"’m "X .u-u-.uCHl ml"“m
i (23-3)
H CH,'“"“‘ H [ & ; RV
N, 7 -x* N 3
= —_ c--e{x
MCH’ H *X umcu' H

‘Buch free radicals X" are produced by irradiating organobromides, organe-

~ sulfides, or mercapians, or by the action of UV light on Br,. Alternatively,
the isomerization can procced via charge transfer complexes with sallur
or solenium. In this way, cis-1,4-poly(butadiene) is isomerized at 25°C
10 80 equilibrium product containing 77¢; trans bonds. Thus, with K=
77/2) = 3.35, equation (23-7) gives AG,, = — 3.0 kJ/mol.

The tetrahedral state of the carbon atoms first must be destroyed in
the isomerization of iso- and syndiotactic polymers. For this, however,
bonds (either main-chain bonds or bonds from the main chain to substitu-
#ats) must be desiroyed. The most probable state occurs on reformation
of destroyed bonds, that is, polymers with the ratio of iso- to syndiotactic
diads corresponding 10 the conformational equilibrium are formed.

The isomerization of it/st polymers can only rarely be achieved.
Destruction of chain bonds requires a high activation energy and ako
leads 10 an undesired degradation of the polymer in the majority of cases.
Consequently, it/st isomerizations without undesirable side reactions are
only rarely observed. An example of one of these rarc cases is the isomenz-
tion of it-poly(isopropyl acrylate) with catalytic amounts of sodium iso-

@

propylate in dry isopropanol. A transitory carbanion is formed on the a-
carbon atom by the action of the base, and this carbanion is a mesomer
of its enolate form. This results in conformational changes on reformation
of the original constitution, and an “atactic” polymer is formed:

o
L-CH'—?*
-0
il-t-(.‘ll,-—(l.'ll-li —."‘-1. OR = AHCH,—CHR  (239)
C=0 c=0
| +CH,—C» ]
or L, or
i
OR

The configurational equilibrium obscrved in solution cap be displaced
when one isomer can be removed from the equilibrium, by, for example,

t{crystallization. For exampie, when 1 4-poly(butadienes) of high trans

i 'ooatent are dosed with trace amounts of an all-trans poly(butadiene), &

! ﬁ ;:'m in the trans content is initiatly observed: Subsequently, however,
;.- the trans content increases again. It is assumed that a trans isomerization

oocurs ai the crystalline-amorphous interfuce, whereby the longer trans

""" sequences are incorporaled into the crysial lattice and thereby removed

from the equilibrium. A new equilibrium is then established by producing
SM0TE NCw trans sequences.
/

234. Polymer Analog Conversions

234.1. Review

The constitution of the monomeric unit is changed but the degree
of polymerization remains constant in polymer analog reactions. Chain
analog reactions nre a special case where the end groups are transformed
but the constitution of the monomeric units is retained.

An example of a polymer analog reaction is the saponification of
poly(methyl methacrylate) 1o poly(methacrylic acid):

li‘H, CH,
+1L0
TR T OO (23-10)
COOCH, COOH

In industry, polymer analog reactions are carried out on a large
scale 10 produce polymers that cannot be synthesized directly from their
monomers. Examples of this are the saponification of poly{vinyl acelate)



814 Chap. 23 *  Reactions of Macromolecules

23.4.3.2. Ilon-Exchange Resins

lon-cxchange resins are cross-linked polyelectrolytes. The majority
of commercial products consist of a basic framework of cross-linked
:‘oopolymers" of styrene with divinyl benzene. Cross-linked poly(styrene)
is particularly suitable for the synthesis of ion-exchange resins because
t!ie introduction of various jonically dissociating groups into the phenyl
ning occurs easily. Reaction with SO, produces a strongly acidic cation-
exchange resin:

-u.mn{_'“: H v :-.59_'.... m"“CHr—-CH“”"

(23.15)

$O,H

and treatment with chlorodimethyt ether followed by quaternization, or
conversion with N-chloromethyl phthalimide, gives strongly basic anion-
exchange resins:

CH,—CH

+OCH,0cH, | -on,0m

H,Q CH,-N/
~

-~ - ,

v CH —CHommmn

s CH y—CHrne

< ]
CH,N(CH,),c®

7

)&c. 234 o Polymer Analog Conversions 8

Weakly acidic cation-exchange resins are obtained by copolymerizing
divinyl benzene with acrylic esters. The ester groups are then saponified
with alkali. Many other types are known besides these types; for example,
those based on phenol/formaldehyde resins, cellulose, etc.

lon-exchange resins prepared in this way swell considerably in water,
thus giving (he dissociating groups more accessibility. The exchange of
the dissociating, low-molecular-weight ions of the resins is an equilibrivm
reaction, so that water containing salt can be completely freed of salt by
passing through a cation- and an anion-exchange resin with the polyions
{poly)™ or (poly)*, respectively:

(poly)"H* 4 Na* eb(poly)"Na* + H*
{poly)*OH™ + C1I” wm(poly}*Ct~ + OH"

(poly) H* + (poly)* OH" + NeClea(poly) Na* + (poly}*Cl- + H,0  (23-17)

The spent ion-exchange resins are then regenerated by acid or alkali treat-
ment.

The exchange capacity is determined by the number of dissociating
groups per monomer unit and the degree of cross-linking The higher the
degree of cross-linking, the greater will be the pK, value of the polyacids
(decreased accessibility). Macroporous ion-exchange resins possess par-
ticularly good ion-exchange capacities, because they have a strong gel
structure which does not swell (see Section 2.4.2).

The acid strength of the cross-linked polyacids falls with the size of
the hydrated gegenions. The hydrated lithium ion is larger than the hydrated
rubidium ion, so that the apparent acid strength of cross-linked polyacids
is greater in the presence of rubidium ions than in the presence of lithium
ions. This is exactly the reverse of the situation for non-cross-linked poly-
acids, where acid strength depends on the size of the unhydrated ions.

This effect is probably due to the structure of water in the gel, which
is most probably different from the water structure within the coil. According
D proton magnetic resonance measurements, the water within the gel in
poly(styrene sulfonic acid) is less ordered than that outside the gel. Since
the degree of order varies with the density of cross-linking, this discovery
could also explain why the selectivity of an ionized gel with respect to
ions goes through a maximum with increasing cross-link density.

2344. Ring-Forming Reactions

23.4.4.1. Polymer Analog Conversions

Ring-shaped substituents are produced when bifunctional reagents
react with neighboring monofunctional groups on polymers. An example
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of this is the conversion of poly(viny! alcohol) with aldehydes to poly{vinyl
aostal):

OH OH OH OH OH OH OH OH OH OH
l"'““’ (23-18)

T OoH ~
" W 2" n .:C:H n’c"*u

I the reaction is irreversible and occurs randomly, some individual hydroxyl

groups cannot react. If reactions can only occur belween nen.hbonng
hydroayl pairs, then a 100%, conversion can never be oblained. The reaction
between aldchyde and hydroxyl groups on different polymer molecules
can be largely avoided by working in dilute solutions, and reactions between
digtant hydroxyl groups on the same molecule can mostly be prevented
by working with good solvenis.

The maximum achievable conversion in this reaction depends on
whether all monomeric units are joined head to tail with cach owher. If
all the reacting groups are situated on the 1,3 positions relative to each
other, then, theoretically, 1/e* of the groups cannot react (see the appendix
to this chapier). This corresponds to a maximum theotetical conversion,
or yield, of 86.57, Yields of 85.8% for chloroacctaldehyde, 8507, for

" palmitinaldehyde, and 83% for benzaldehyde have been obtained and

show good agreement with the theoretical figure. If the aldehyde contains
ionizable groups, then the yield decreases strongly because of the neighbor-
ing group effect, i.e, 10 4%, for o-benzaldchyde sulfonic acid and 10 367,
for 2.4-benzaldehyde disulfonic acid.

Similar calculations are applicable 1o copolymers of & moncmer |
with reactive groups and monomer 2 with nonreactive groups. Only a
fraction p of the mooomer | can react. This fraction can be calculated
from the probability p,, that constitutive monomer | diads occur in the
copolymer [luaquum(22-4)] Foroopolymn. the expression exp(—-2p,,)
is inscried in place of the expression 1/e? = exp(—2), which is valid for
uaipolymers.

The situation is different for the reaction between two neighboring
groups without ihe participation of an additional low-molecular-weight
reagent. An example of this is the intramolecular climination of water
from poly(vinyl methyl ketone). If only head-io-tail bonds occur, then in
this case 1/(2¢) = 18.47, of the reactive groups will not react {sec also
Table 23-1):

Table 23.1. The Froctionfof Unreacied Groups in the Bifuncrional Bonding of Substituents R in Unipolymers or Azeotropic Copolymers®

Fraction fof unreacied groups

Reaction

Polymer

p=1

puo
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Number of
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per mer
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reacting
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Order of
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i copolymer

of substituents

Position and order

Type

|
. -
: e

]
= 'E_".
e +
o -
+ " 2
LS on
313%gl5.

AR v o= NN

7238
11l
EEEEéEEE
++EE
FEEE
EEEREREL:

* in the mole bractins of copolymer grouss capable of reacting. H. bead . T, 1ail; Una, unipolymer; Ca. copolymer.
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l-n,o (23-19)

CH, CH,

Of course, with pure head-10-tail or tait-10-1ail polymers, all of the
substituents can still react, but polymers of differemt constitution are
produced :

Lo I
CH, CH, CH, J:n,

(23-29)

234.42. Two-Step Transannular Reactions

Purely randomly occurring transannular reactions cannot lead to
very long sequences of transannular rings [see, for example, (23-19)]
since a maximum yicld may not be exceeded. The case of a two-step trang-
annular reaction caused by a polymerization reaction is more favorable,

In the first step a polymer chain with regularly ordered substituents
is produced, and in the second stcp the substituents themselves are poly-
metized. An example of this is the polymerization of butadiene to 1.2-
poly(butadicne), which is then cyclized by polymerization of the vinyl
groupe:

Sec.233 s Chain Extension, Bronching. and Cross-Linking Reactions 3y

CH H H H H
o, Scn, “ew, Scu, Sen, “ow, e,

+a® (23-21)

H /Cl'l H CH CH H

S o H ¢ P / C CH®
KoMy Cow” ol Sowy el Sew! o

Other examples include the transannulation of poly(vinyl isocyanate)
and poly(acrylonitrile).
In these reactions, polymerizations initiated by free radicals or anions
. @re to be preferred over those initiated by cations, since the latter tend to
' give frequent transfer reactions. For example, in the cyclization of natural
x| fubber with the aid of concentrated acids of Lewis acids, only three trans-
e sonulur rings on the average are obtained [sce reaction (25-20)]. »

: Complete sequences of trunsannular rings give what are known as
*| Isdder polymers, because they look like ladders with steps. Of course,
| Indder polymers can also be produced by one-step transannular reactions.

' I An example of this is the Diels-Alder polymerization of 2-vinyl butadiene
" and p-quinone:

23-22)

Ce A AT e et &
. ,

; The degree of polymerization of the macromolecule increases in
#1 | chain extension, branching, and cross-linking reactions. According 1o the
| chain structure of the newly produced macromolecule, distinction is made

i,
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# reactions, one or both ends of s chain will be extended by one or two bio 2

.? Chp. £J ¢ Reachions o
smong block-copolymer-forming reactions, grafting reactions, and
Mykiag reactions (leading to cross-linked networks) In block foro

of a dificrent monomer. Here, strictly speaking, the chain remains un-
beanched. In grafl reactions, side chains are formed on individual monomeri:
umits in a polymer chain. The graft polymer is branched. In cross-linking
reactions, the primary polymer molecules (macromolecules initially present
before cross-linking) are croms-linked together to a single molecule.

Block formation reactions and grafl reactions arc neatly always
carried out with different monomers. Block and grafi polymers are therefore
copolymers. Cross-linking reactions, on the other hand, can also be carried
out in the absence of a second monomer or polymer. Besides addition
polymerization reactions, polycondensation and polyinsertion reactions
can be used with all three types of reactions.

23.5.1 Block Copolymerization

Block copolymers can be produced from the coupling of alrcady
existing blocks from the addition of monomer 10 an already existing block
containing other monomer units, i.e.

—2 e A,
A, — (23-23)
2. A8 e A-m, 2. o, :

Which block copolymer forming process should be used depends on
the structure of the required biock copolymer as well as on the polyreactions
that will dead (0 its formation. It is convenient to distinguish betwesn
two-block copolymers A B,, three-block copolymers A B_A,, and multi-
block copolymers (A,B,),. Multiblock copolymers with short A, and B,
blocks are also known as segmented or segment copolymers.

All of the more important methods of producing block copolymers
with long blocks utilize the “living” polymer method. To obtain definitive
block lengths, the growing chain ends may not undergo termination ot
transfer reactions. Consequently, anionic polymerizations are move suitable
than cationic polymerizations (sec also Chapter 18).

The strategies used to produce block copolymers can be well demon-
strated with the exampie of a three-block copolymer, (styrene) (butadicne),-
(styrenc),, which is commercially available as a thermoplastic elastomes
(see Sections 5.54 and 25.3.11) This three-block copolymer can best be
produced in a two-stage process with bifunctional initiators. Sodium naph-
thalide or dilithium compounds can be uscd as initiators (see Section 18.1)
Styrene is added on to the dianion produced ®B® and ®S_B,SS is formed.
The initistors mentioned above, however, are only effective in tetrahydro-

w5 6

i A

i Er -1-'-',.'*..—‘}' ]
Lok w gl .

. furan and other ethers. But butadiene blocks of only limited cis-1,4 content
1 are produced in these solvents, and this has an undesirable effect on the

R shermoplastic elastomer (glass-transition temperature is too high). Conse-

quently, well-dissolving aromatic dilithium compounds are preferably

! ., weed in the presence of small amounts of aromatic cthers. After formation

* of the diene blocks, dimethoxyethane is added and the styrene polymeriza-
tion is carried out in this soivent. Undesired termination reactions kad,
jn this case, 10 either poly(buiadiene) unipolymer or to two-block co-
polymers A_B,. Poly(butadicne) only increases the matrix fraction of the
thermoplastic elastomers (sce Section 5.5.4) and consequently does not
bave a deleterious effect on desired properties. The process can be pictured
from the following reaction scheme:
®R” + nB -~ + °H,,RBJ, LmA YAJB,,RE,, A0 (23-24)
In & two-stage process with monofunctional initiators, & two-block
eopolymer is first produced and this is then coupled in the center to give
a three-block copolymer:
RY + mA — » RAY thial, RA_BY,
MABY, + X ——-+ RAB,,XB, AR -29)

I, for cxample, buty! lithium is used as initiator, then the C.H A BS,Li®
compound produced can be coupled with X = COCl, to form a three-
block copolymer. In general, this process leads to & higher fraction of

'\ two-block copolymers than the two-stage process with bifunctional

initiators. /
Three-stage processes also use monofunctional initiators, but do not
fequire ¥ coupling stage:

L onid +mA

RO 4+ mA — RAZ e RABZ ~——= RADBAS (23-26)
However, there is an increased probability for undesired termination

reactions because of the three separate propagation steps.
23.3.2. Graft Copolymerization

5 ; Some polymers already contain reactive groups that can initiatc a graft

| jye. polymerization. The hydroxyl groups in cellulose initiate the polymerization

of ethylenc imine:
cell—OH + nCI-{,—CH, — Cell—O--CH —~CH,;—NH-)H (23-27)
NH”
. and the amide groups in polyamides react with ethylene oxide:

s NH—COwernn 4 #CH ;——CH,; == soovn NeeCQommmnn

N I 23-2
0 (CH,;~CH,—OLH (23-28)
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With poly(vinyl alcohol), it is possible to produce free radicals which start
the polymerization of vinyl monomers:

wnnir CH ymeCH nnrs 4 C®* e COMPIEK ——= cxuns CH o Cornem 4 H* 4 Ce?*
OH OH (23-29)
If there are no groups of this type, then they can often be introduced
by a suitable polymer analog reaction on the polymer. The polymerization
of monomers onto poly(styrene) is readily achieved, for example, when
some phenyl nuclei are first isopropylated and then converted to hydro-
peroxide. The formation of hydroperoxide is aided by the addition of
free-radical-forming agents (peroxides), since the primary reaction
(RH + O, — R* + ‘OOH) is very slow (scc Section 24.2.1). The hydro-
peroxide decomposes thermally into an RO’ radical and an HO® radical,
both of which initiate the polymerization of vinyl monomers. The HO’
radical causes unwanted unipolymerization as well as the desired graflt
polymers. These unipolymers are difficult 1o separate from the copolymer
mixture, and thus it is impossible to determine the graft yield with any
certainty. In addition, unipolymers and copolymers are generally in-
compatible over wide areas of the copolymer composition, causing a
deterioration in the mechanical properties. The hydroperoxide radical
can be decomposed chemically, however, when the "'OH radical is not
formed, and only the RO’ radical is left to initiate polymerization;

wnnr CH y—CH o 'c";:ﬂ' wamnsaaCH = CH wenns
3
H
~
cff, cH,
l’o‘ pemsl, RO + *OH

svrnnCHy— CHwavnms
RO* + OH" + Fe**

+Fe’’

(23-30)
Fodost

In many cases, however, it is impossible to start a graft copolymeriza-

tion by including or forming specific groups in the chain. Reactive sites

—— v —— - -
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are therefore produced at the same time as the monomer to be grafted
is introduced. These methods work under drastic conditions and are
therefore nonspecific and inapplicable to many polymers. Frequently, it
is questionable whether or not actual graft reactions have occurred, and
degradation is generally unavoidable.-

One universally applicable method of grafting (with respect to sub-
strate) is by chain transfer. A radical P* (polymer free radical) or R’ (initiator
free radical) abstracts, for example, an H or Cl atom and forms a macro-
radical, which initiates the polymerization of the added monomer:

$
é“, CH' +aM “1
R'+ | —<RCt+ | = =
CHCH ~CH H—C—(M};

J i

The iransfer constants of the polymer free radicals P~ are relatively low,
however, so thal the graft yield will be very small. The macroradicals are
therefare formed through an addition of initiator radicals R".

The initiator concentration must be high in this reaction. However,
only initiator radicals that can transfer to polymer are effective (see Section
203.4). The question of whether the macroradical formed initiates the
polymerization of the added monomer depends on the resonance stabiliza-
tion and polarity of macroradical and monomer. The effectiveness can
therefare be estitmated using the Q¢ scheme. Unipolymers are also formed
in every case in which this grafting method is used. Industrially, this method
is used to synthesize certain types of ABS polymers (Section 25.2.6.2).

Still fewer polymers can be activated directly with ultraviolet light.
An example of such a case is poly(vinyl methyl ketone):

MCH,—LI'H-—CH,—CH—CH ,—Cll-l -
co é‘O cO

(23-31)

ey, n,

A o s CHy—CH—CH;—CH—CH,—CH=wmn 4 CH,=C* (-+CH, + CO)
¢o bo 5
&n, &n,

2 e wawsCH;—CH—CH,—CH—CH,—CHamws + “CH, (23-32)
to o o
(l"H, CH,

L2 e cwns CH,—CH® 4 *CHy—-CH—CH ;—CHw~w
Lo o o

i |
CH, CH, CH,
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The polymer is simultaneously degraded, however. In addition, unipolymers

- The formation of macroradicals by y rays is also not specific. The
frec radicals are formed in both amorphous and crystalline arcas of ir-
radiatod solid, crysialline polymers. In the amorphous area, the free radicals
<an recombine at T> Ty, causing the polymer 10 become cross-linked.
The free radicals in the crystalline region, on the other hand, cannot migrate
readily and recombine very slowly. If irradiation is carried out in the
presence of the monomer to be grafied, then both macro and monomer
frec radicals are formed, both of which initiate the polymerization of the
monomer. The undesirable formation of unipolymers can be minimized,
bowever, by a suitable polymer-monomer choice. Halogen compounds,
for example, give a high Gy, value, whereas aromatic compounds give a
low value (Section 21.21). The irradiation of poly{vinyl chloride) in the
presence of siyrenc thus gives & high yield of graft copolymer along with
& very small amount of poly(styrenc).

Iif macroradical recombination is very slow, then it is also possible
10 irradiate first and add the monomer for grafting after the irradiation.
For this, the chosen temperature must be such that the rate of muiual
deactivation of trapped free macroradicals is lower than the rate of initiation
of growing chains wilh the second monomer. Consequently, the graft
yield is especially high in the region of the glass-transition temperature.

23.5.3. Cross-Linking Reactions

In cross-linking, the individual molecular chains are bonded togezher
into “infinitely large” molecules. The macromolecules present before cross-
linking takes place are called primary molecules. Undesirable cross-
linking often occurs in graft polymerizations. Intentional cross-linking
(controlled cross-linking), on the other hand, is of great commercial impor-
tance. It can be carried out by polycondensation or addition polymerization
reactions, according to the constitution of the primary molecules. Examples
of cross-linking by polycomdensation are what is called the curing of
phesol, amino, and epoxy resins (sec Sections 26.3, 28.2, and 26.23.2)

Cross-linking by addition polymerization is also used to a considerable
axlent. Unsaturated polyesters are cross-linked by copolymerization with
styrene or methyl methacrylate. Cross-linking soft, natural rubber with
sulfur gives the normally used hard, vulcanized rubber. Ethylene/propylene
fubbers can be cross-linked with peroxides. The cross-linking of elastomers
is also called “vulcanization,” since the classic cross-linking of natural

- rubber, cis-1,4-poly(isoprenc), uses heat and sulfur, which were the clements

assignod 10 the god Vulcan.

Sec. 23.5 « Chain Extension, Branching, and Cross-Linking Reactions A28

In the vulcanization of polydienes with sulfur, sulfur bonds are formed
[see reaction (23-33)]. In the uncatalyzed reaction, approximately one
cross-linking bond is formed for every 50 sulfur atoms added. In catalyzed
reactions, (with ZnQ, pyridine derivatives, thiuram sulfides, etc.), this
number decreases (o ~ 1.6. Natural rubber can also be vulcanized cold,
however, with S,Cl; or MgO. Basically, all reactions are suitable for
cross-linking if the attacking agent is at least bifunctional;

CH' f"l
amros CHy—C 15 CHCH s g sevives CH—C =CH—CH joenns
S, CH,

1)
vt CHy—CH—ComCH—CH s

U/M ] mc"m\ﬂ

I
[y ]
v—-ns(‘"_(‘ 4‘}‘4‘“,4“\\‘\ ‘““‘“‘CH SN ‘
+ /a)
S, CH, nS (23-33)
v CH el H—CmCH—C H oovone m?"_.?"ms\
c\us, CH,

Surface créss-linking can be achieved by the so-calld CASING
process (cross-linking by activated species of inert gases), in which an
inert gas is activated, for example, by microwaves (He~~<He*®), and then
allowed to react with the surface of the polymer:

R—CH,—CH,—CH,~CH, + He® —e R—CH—CH,~CH,—~CH, + H* + He

|

R—CH=CH—CH,~—CH, + H, (23-34)

R—CH,~CH,—CH,—CH, R—CH--CH,—CH,—CH,

+ -_— +H e

R—CH—CH,—CH,—CH, R—CH—CH~CH,—CH, (23-35)

The polymer is not degraded by this low-energy irradiation. The process
time is short (~1 s) and the cross-link yicld is high. Of course, only the
surface is cross-linked, to a depth of 50-100 nm.

For cracelinkic- .. - e . K



