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42 Intermolecular Forces of Attraction in Migh Polymers  Chap, 2 v

cular conformation is quite regular. In addition to the zigzag or h;lncal order
imposed at the local level, the polymer chains are further ordered in that thc‘y
fold back and forth on themselves in a regular planar ar(angcmcnt. This
conformational habit is shown in Figure 2-7 in an oversimplified manner for

- in with a zi i in which the cntire [
a single chain with a zigzag conformation. The plane in w ; : II
mollcfulc lies is known as the fold plane, and in the context of this morphology PART

we speak of chain folding. The plane of the zigzag may or may not li¢ in the
fold plane.

‘ : Polymer
210 Morphology and Order S h :
This subject deals with the structure and forms exhibited by aggregates of ynt QSIS

molecules in the bplk. | 3
The notion that a single molecule assumes random conformations leads

to the premise that polymer chains in an aggrcgatgd, unor.dcrcd (amor.ph.ous)
state also assume random conformations. The rationale is as follows: Since

- a molecule is completely surrounded by like segments, there will be no net .
interactive forces; and, therefore, the molecule wnll‘ assume randomhcc?n;
| formations. This reasoning can only .Icad to the premise th?t polymcrc:l i:::r
are entangled under crowded conditions. In the melt, for m.st.anc:), ;zvol z;r “
chains are somewhat graphically pictured as cooked spaghetti in a bo | | | .
an. . The processes by which a polymer is synthesized or modified are the most
v.ormsl In a Csin le crystals are flat, platelike, well-ordered structures on the B  important steps in producing a useful polymer artifact 1t s rers (ho. o
dPo yfnl‘(c):) A tghick in which the fold planes are found packed in an ordc‘rly 5 capabiliti.cs or p.otcntial capab.ilitics of the polymer system must be imparted,
order o Ik t I’I'nc olymer is composed of stacks of these lamallach{(c Substantially different materials can result from polymerizing the same
fashlon: Bulk crlyS 3d' o‘:cd the importance of the crystalline form resides in %= monomer by different methods. In e
crystallites. As a rlca y r::kin | which permits strong intermolecular bonding B may be such that it can be polymerized. by.only 00e process: In miar
the close molecular %"’ ctgu,anical-strcngth properties, Mechanical strength = - polymerization reactions, as well as reactions of e
e e 8}?0 n(licb orientation of the crystallites as induced by = most complicated and least understood of all chemical reactions.
can b; furth;r rc(:)r;“z;cc_rhisy(cchniquc is used in fiber formation, and the § ‘ Reaction control presents more problems in the synthesis of polymers
:)tl::for:;]cgn:: of alignment is encountered in the stretching of natural rubber. $&

% than it does in the synthesis of many low-molecular-weight materials. Let us

¥ cite a few examples.

: I. Polymer reaction environments may exhibit a rapid rise in viscosity
as the reaction progresses because of increasing molecular weight
and/or solids content. In such an instance, the transport properties of
the reaction mixture are certain to change, thereby complicating analysis
of the kinetics of the reaction system.

2. Certain reactions take place at relatively low temperatures (on the order
of =100 °C) in a hetereogeneous medium at rapid rates.

3. In the preparation of a resin from a set of polyfunctional reactants,
conditions within the reaction vessel must be established snch that

I'from the su, :

: lon whe initiati
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Synthesis of Polymers  Part /I

difficult to remove such a
. polymer from the reactor. but ; :
be virtually useless for further application, it 4

4, ‘ ' e :
Ultrahigh purity of the reaction ingredients is usually required for high
molecular weights or for reaction to occur at all. 4

becrn:):(:::‘are:;htr:;;:r;:specially mo.lccula.r weight and its distribution, §
il portant cons@erauon in polymcr'synthcms. In §°
mpound synthesis, the molecular weights of both
the reactants and products are generally monodispersed and easily defined.
In polymer reactions, the molecular weight of both the product molecules
and the reactant molecules (which in themselves may be product molecules)
are very often changing in molecular weight as well as in molecular-weight
distribution as the reaction progresses. In polymer reactor design, the engineer
mu§t consider the problem of selecting the polymerization process and
optimizing the reaction conditions in terms of the desired molecular archi- '§&
tecture of the product. Many of the molecular processes that occur during i

synthesis are controllable; more often than not, they are random processes
that one lives with rather than controls.

CLASSIFICATION OF POLYMERS AND
POLYMERIZATION MECHANISMS

AR &

.

Carothers (1929) suggested classifying polymers and polymerization = then show how the units become connected with the passage of time. Shown

’
’ AN
] -

reactions according to the stoichiometry of the reaction as either condensation
polymerization) that resulted in the splitting out of a small molecule; addition 4&°
polymers were formed in a process (addition polymerization) where a small
molecule did not split out. On the other hand, P. J. Flory placed the emphasis :
on the reaction mechanism by which the polymer was formed. Condensation .
polymers are usually formed by the stepwise intermolecular condensation of Jgz
reactive (functional) groups; addition polymers usually result from chain &
reactions promoted through an active center. The preceding considerations -J§t
lead to the modern terminology for these types, namely, step-reaction and
chain-reaction polymerization. Inconsistencies in both systems of nomencla- =
ture arise occasionally, but these are easily recognized and cause little con- |
fusion. i

The distinguishing mechanistic features of the chain-reaction and step- §
reaction polymerizations are tabulated below. They are presented here B
somewhat prematurely, but the full implications of these features will become &
apparent in chapters three and four. Subsequent reference should be made
(o them.

A particularly illuminating way to differentiate between chain-and step- §
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Syntheass of Polymers

DISTINGUISHING

FEATURES OF CHAIN AND STEP-REACTION

POLYMERIZATION MECHANISMS®

Chain Polymerization

Step Polymerization

Only those molecular species con-
taining active centers may add mono-
mer units.

The monomer concentration decreases
steadily during the progress of the
reaction.

High-molecular-weight polymer s
formed at once.

The reaction contains at any time
during the run only monomer, in-
active high polymer, and about 10-*

parts active centers (i.e., growing
chains).

Any two potentially reactive
molecular species present
can react and combine.

Rapid monomer depletion
occurs very soon after the

reaction begins.

Molecular weight increases
slowly as the run progresses.
A high degree of conversion
is required for high molecu-
lar weight.

At any stage of the reaction,
all sizes of molecular species
are present in a calculable
distribution.

* Aler Billmeyer, Texthook of Polymer Science.

O

O ® O

Asterisk denotes an active center.

ns | .‘;’ below are two 5 x 5 such “monomer-unit-matrices.” The arrowheads indicate
or addition. Condensation polymers were formed in a process (condensation &, the way in which reaction occurred. Adjacent opposing arrowheads indicate

St’ep rFaction, while a series of single arrowheads all pointing in the same
2 direction along the reaction “path” indicates chain reaction.
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Step-Reaction
Pol ymerization

301 Chemistry of Step-Reaction
Polymerization

Much of the early work of elucidating the chemistry of polymer reactions
was done by Carothers. He pointed out the fact that the chemistry of con-

densation polymerization did not vary significantly from that of low-

molecular-weight condensations.
Several common functional groups frequently arise in organic step reac-

tions; representative of those participating in linear-condensation poly-
merization are the hydroxyl (—OH), carboxyl (—COOH), amine (—NH,),
ethylene oxide (—CH—CH),), and isocyanate (—NCO). Some representative

N\ Sz
0
functional group reactions are shown in Table 3-1. The interunit linkages are

shown as the product of each reaction. The name for the polymer type is
derived from the interunit linkage. Note that the formation of polyurethanes

and polyureas involves hydrogen-transfer reactions without the emission of

a low-molecular-weight by-product; they qualify as condensation polymers §

because of the reaction mechanism. Variations in the formation of poly-

esters and polyamides are introduced if the corresponding acid chlorides i

are substituted for the carboxyl groups.
Il A and B represent two interacting functional groups on nonreacting

groups R, R’, or R”, the various reaction systems introduced in Chapter |
can be represented as follows:

Generalized Representation
ARB

RA,+R’'B,
RA.+R'R.4+R'R

System Type
Bifunctional
Bi-bifunctional

Polvlunetinnal h > 1

Sec. 301 Chemistry of Step-Resction Polymerizstion 47

These ;lmplc representations are useful in theoretical analyses in that reference
to spc(.:nﬁc.chemncal systems is avoided and the results are generally applicable
Combinations other than those shown are, of course, possible, |
One of thc Interesting facets of condensation polymerization s the
cnormou§ variety of polymers that can be generated, starting only with the
fc»?' functional group reactions tllustrated. This variety is obtained by manipu-
lating the following: ’

I. The combinat{ons of reacting function groups—a wide selection of
A and B combinations js available,

mer systems,

3. The stoichiometric proportions—I[eads ——
: to control of DP
degree of branching and crosslinking, « 85 well as

4. The structure and CO{npositions of the nonreactive portion—the R
groups may be aromatic or aliphatic.

It is not always possible or desirable to yse direct reaction, and in these

TABLE 3-]
SOME REPRESENTATIVE PoLyMER FuncTioNnaL GRrours REACTIONS

Reacrants Product
Functional Groups Interunit Linkage Polymer Type
1
—OH 4+ —COOH —C—0— Polyester
0
Il
—COOH + —NH, —C—NH— Polyamide
? O
[ Il
—COOH + —COOH —C—-0—-C— Polyanhydride
O
Il
—NCO + —OH —0O—C—NH— Polyurethane
L
—NCO + —NH, ~—~NH—C—NH— Polyurea
—OH + —OH —0— Polyether
~CH——CH, —0— '
\0/ Polyether
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Sec. 305  Stoichiometry of Linesr Systems
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e 2 ' 305 Stoichiometry of Linear Systems
(Yo' | ;
g DE-A /og - A 112 ¥ The conversion or extent of reaction is expressed s the fraction ol one of the
(202' 166% :  species of functional groups that has reacted, and it is usually represented by
e S ;4 £ (he symbol p. If we consider reacted A groups, the extent of reaction of A
1 100l g .o/. i ;‘ is represented by the symbol p,, which 1s given by
< .'
- Y, 4
? '; ~ F,(0)=FA(1) (3-7)
DE =G5 2 , PA
o 166°_® 18 g, FA(0)
50+ o ./ . 5
4(,(1. /’/ 16 & where F,(0) = the number of A functions present initially and F,(r) = the
© /.,o 1 " number of unreacted A functions present at any time f.
.8?3‘.1 | : [ : In a bifunctional system ARB or in a stoichiometrically balanced |
0 400 800 * bi-bifunctional system RA,+R'B,, since the reaction is I:1 in A and B, 1
Time (minutes) f._; P = Pa = Pp.
Figure 3-1. Reactions of diethylene glycol with adipic acid _- In systems that are not stoichiometrically balanced, p, # py, but p, will
(DE-A) and of diethylene glycol with caporic acid %~ be related to py as
(DE-C). Time values at 202”C have been multiplied | 3
by two. [P. J. Flory, J. Am. Chem. Soc., 62, 2261 5
(1940). Reprinted with permission of the copyright < F4(0) - PB i (3-8)
owner, The American Chemical Society.] ;' F(0)  p.
950 ] | | - '(

'~ In practice, p is found through a combination of chemical end-group-

. analysis and stoichiometric balance of the reactants.

, In an absolutely pure, stoichiometrically balanced reaction system, 1t is

g theoretically conceivable for the reaction to proceed indefinitely and to
3 producc a polymer of infinite molecular weight. If there is stoichiometric
- Imbalance, the molecular weight will not be infinite, and the polymerization

reaction will be blocked. As a limiting example, consider a bifunctional

b e _
- system where the stoichiometric proportions are 2:1 as

40

30

17(1-p)

2RA; +R'B;———>ARA—BR'B—ARA

The proqucF is not a high polymer at all, for the maximum average degree of

p'?_l‘y_ql?nzguon is only three. Ordinarily blocking imposes unacceptable
limitations in high-polymer synthesis. However, it can be employed to

E a.dvantagc, if controlled, to regulate molecular weight or to prevent the reac-
<. tion from proceeding to the gel point in polyfunctional systems.

|
5 100 200 300
Time (minufes) ; In order to take a general approach to representing the effect of stoichio-
¢ metry on X, consider the following reaction system:

Figure 3-2. Reaction of decamethylene glycol with adipic acid at
the temperature indicated, catalyzed by 0.10 equiva-
lent percent of p-toluenesulfonic acid. [P, J. Flory,
] Am. Chem. Soc.. 61, 3334 (1940). Reprinted with

201~

RA, +(xs)R'B,

3
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The total number of monomer units present imtially can be expressed as

FAO)+Fy0)  FoO)(1+1/r)

N(Q) = =
) 2 2

(3-9)

Forp, < 1there are three possible types of molecules that can form according
to the terminal functional group:

A B
BWB
A A

Since B is in excess, it is highly unlikely that any of the last type will form.
Thus the number of chain ends at any point in the reaction is, to a very good
approximation, two times the number of unreacted A functions, plus the
initial excess of B functions. The total number of polymer molecules, P(),
at any extent of reaction of A is given by

'
I'a

2F,(0)(1=p,) + [Fp(0)— F,(0)]
2

P(t) =

where the first term represents the number of chain ends ass:ocialed with [
molecules beginning in A and ending in B (stoichiometric cquwalc.nce) and §
the second term represents the number of chain ends associated with mole-

(3-100 §

) -

cules beginning and ending in B (stoichiometric excess). Upon rearrangement, 3

Eq. (3-10) gives

2(1 - |-
s F L (0)[2( ;;A)+( r)r]

3-11)

Now recall that £, = [N(0)—N(r))/P(r), and observe that in.stcp-rcaction
polymerization N(r) <« N(0) very soon after the reaction begins; therefore

we obtain X, as

N(0)

% =m0

for step-reaction polymerizations. Combining Eqs. (3-9) and (3-11) with(3-12), |

we obtain the desired result, which was first derived by Flory.

14r
X

s 1 4+r—2rp,

- 0:‘"-' N e

N
AL 234~

g o ¥ ™
-y "\ \"""'J‘

(3-12) §

a13) E
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A number of important lessons are to be learned from Eq. (3-13). First

consider a system that is stoichiometrically balanced (r = 1). Then Eq. (3-13)
reduces to

Xy = —

(3-14)
[=p

This is a result originally obtained by Carothers* in a slightly different
fashion. It is one of the fundamental analytic representations of step-reaction
polymerization. Furthermore, consider the tabulation below:

p 0 05| 08 | 09 {095 ]099 | 0999 1.0

'l 1] 2 S | 10 | 20 | 100 | 1000 | oo

Note that in order to achieve reasonably high molecular weights in linear-
condensation polymers, the extent of reaction must exceed 99 percent. In
terms of the normally anticipated industrial and laboratory yields, this is a
rather stringent requirement. In its day, this was an extremely important
result in that chemists were not observing good mechanical properties in their
synthetic products compared to those of natural polymers. At best, resins
with oil-like consistencies were obtained and subsequently discarded.
Carothers showed that in order to obtain useful synthetic products, it was
necessary to drive the reaction to completion,

As another limiting case, consider B functions 1 percent in excess such
that r = 100/101. From Eq. (3-13) we find that £, is limited to a value
of 201 for p, = 1. This result shows the importance of stoichiometric

» * balance to obtain high molecular weights. As indicated previously,

blocking may be used to advantage in the deliberate preparation of low-
molecular-weight polymers for subsequent treatment in another process.
Such materials are referred to as prepolymers. Also, blocking may be used to
prevent gelation in polyfunctional systems, although in this case Eq. (3-13)
would not be applicable.

306 Size Distribution in Linear-Condensation
Systems

Flory was among the first to apply elementary statistical concepts to the
analysis of polymer systems. Based on the assumption of chemical equilibrium
and stoichiometric balance, he was able to develop an analytic expression to
describe the size distribution in linear-polymerization systems.

* Collected Paners of Wallnre H Cavathare ass Dl =t
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Before beginning with the derivation per se, the student should recall thgt
a probability is exactly analogous to numbcxf fraction. We rqakc use of this
point immediately in stating that the probability that any given [unctional

group in a reaction system has reacted is simply equal to the extent of reaction

of that functional group. For A groups, this would be p, ; and since equimolar

quantities are present, this probability wou!d also
Suppose that we have an ARB (bifunctional) monomer (o condense to

polymer, and we start with one moleé of réa‘f':tants—that s, one mole qf A
groups and one mole of B. If we come to point where the extent of reaction,
p, is, say, 0.75, we know that the hypothetical chances of our encountering a
reacted A or B group in the reaction vessel is 0.75 or 3 out. of‘4. The hypo-
thetical chances of encountering an unreacted A or B group Is sum‘ply one out
of four or (1 =0.75). Establishment of the condition ofcqunhbnfnm IS necessary
to remove the possibility of nonequal probability for the [ uncu.onal groups.
Consider the following molecule and the probability that it has formed:

ARB~ARB 7 ARB7 ...~ ARB 7] ARB,

The probability that the Ist B group has reacted is p. The prob:'bnhty that i
the 2nd B group has reacted is p, and so forth up to the (x—1)" B group.
However, the probability that the x' B group has not 're.actcd must be A
accounted for, and this probability is (1-p). The probability that groups :

| and 2 have reacted as pxp = p*. The probability that groups | through 3 ¢
have reacted is pxpxp = p° and so forth. The probablht).'.that groups | Je:
through (x—1) have reacted = e Fiqally, _t_ﬁg p‘(obablhty, P(x), ~th\aL 3
the molecule in question is exactly x units lon“g  is given by |

-’

.'
»

L'o

(3-15)
E
which is simply the probability of all the independent events considered iz

occurring in a consecutive fashion. By definition, th.is P(x) is the number,
(or mole) fraction, n,, of those particular molecules in the reaction system Je

at the extent of reaction p. Hence

P(x) = p*~'(1-p)

- -y

ne=p"'(1-p) |

v

This equation gives the number (or mole) fraction of each size species present * ;
in the polymer system, If P(f) = the total moles of molecules at p greater g
than zero and N, (1) = the moles of x-mers, the following holds:

NAN = PN =p)p*~" (3-17)

‘*6

This ratio gives a simple quantitative idea of the
curve, foras p - 1, X, /%,

; .;;‘ complicated systems by fol
the difficulty of this task in
(3'16). ¢~ Ieaction systems.

;. 307 Crosslinking in Step-Reaction Systems

i Phenomenologically, the gel point of a
defined as that naint in tha vanctine ... ol

D
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Wc can carry this derivation one step further to get the weight-[raction-
distribution function w,. With the weight [raction of any x-mer given by
xN.(1) _N(O) and with P(t) = N(0)(1 = p), we obtain

Wy = x(1=p)p"" (3-18)

The distributions given by Eqgs. (3-16) and (3-18) are known as the most
probable distributions. They are shown in Figures 3-3 and 3-4 for several
values of p. Note that on a mole fraction basis, the smaller species are always
the most abundant. On a weight fraction basis, however, w, passes through

. a maximum, which one can show occurs at £, as p — . They have been

et S S— -

—
“ '—h——

verified experimentally and are important aids in helping us to visualize the
development of the size distributions alluded to in Chapter |.

Other important results arise in: the application of these distributions to
the computation of £, and f,,. With £, = Y= nxand £, = 2wy

one can (via the binomial expansion theroem) show for linear-condensation
systems

I
1? - — &
p i=p (3-19)
and
I+p
Ay = —p (3-20)

}hc .nun.wbcr avcrfige Is a result obtainable from stoichiometric analysis, but
Istribution {'uncuons are always required to compute hi gher-order averages.
Another important result is obtained by comparing X, and £ as

l?

w

X

I+p (3-21)

. spread of the distribution
— 2 (provided that there are no side reactions).

probable distributions can be derived for more
lowing the procedure outlined above. However,
creases rapidly with increasing complexity of the

In principle, the most

polyfunctional system is classically
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T . the rc:_xcgig_n medium loses all fluidity and bubbles cease to rise through it 4

At this point, gelation is said to have occurred. [t is obviously important to
be able to predict the onset of gelation. Figure 3-5 shows how the viscosity
! f and extent of reaction typically vary with time in a polyfunctional system. 3

- There is, at first, a gradual rise in viscosity and then a sudden enormous rise t
as the gel point is approached. Also note that the reaction proceeds very .’,’

i 3 slow!y as the gel .point is‘approachcd. These two factors make it difficult to
- predict the gel point well in advance by following the reaction in process with

conversion or viscosity data, ;
o !
?
b K | T T | .
__.0-—-+"' 1
" 32} o—" | |
/ —0.8 P
/ | ‘.
8 "
, : § - ' 3 i
: - ' in a linear 2 ) t
| 2 Mole fraction distribution of chain moleculesin a l 2 X
R, e condensation polymer for several extents of reaction p. 2 N 04 a ;
(P. J. Flory, J. Am. Chem. Soc., 58, 1'877 (1936). Re- - > ; o
printed with permission of the copyright owner, the 1 3 ! b
American Chemical Society.) | 2 x
Ny 02 3
040 | e - -
OO ‘ /./‘ p &
) _Q—H“—'—. l | .
: 0 100 200 o ,
0032 ' Time (minutes) g
' Figure 3-5. The course of typical three-dimensional ificati A
polyesterification. ,
| 3 [P.J. Flory, J. Am. Chem. Soc., 63, 3083 (1941). Reprinted x
0.024{ 8 with permission of the copyright owner, the American ?
Chemical Society.] {-
z §
ool - Gelatipn takes place long before all the reactants are bound together, so 4
! that reaction continues even after gelation. It is common knowledge that at - ‘
% the gel point not all of the material is insoluble, but the gelled portion repre- * 3
L - - sents only a small percentage of the total reaction mixture. To amplify: if one Fal
p= 099 j Were tO. attempt to dissolve in a suitable solvent the gelled polymer mass just N ht
. aillt exists at its gel point, all but a small portion would dissolvc.,énly a few) (L / . o
560 Y, g, ey large molecules are required to induce gelation,)The portion that is soluble . dgner
) o 1 rcferrclcli to as the sgl, whereas the part that is insoluble is referred to as the gel. Aned
o At will be recalled that in order to attain a three-dimens: "o\ 66
. o etribution of chain molecules in linear - g s T S hict tmenstonal network, on \ ‘ 40).
Figure 3-4. Weight fraction ‘.1",’"'.‘?“:,'3'3:.),..q| Al AfveaniTan D, reactant must possess a [unctionality of 3 or niore, A" monomer unit pOsses- -

v
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62 Step-Reaction Polymerization  Chap.3 & Sec 208 Criteria for Incipient F

of a polymeric molecule lying between two branch units or between a branch ctructure and that it lies within the first envelope of Figure 3-6. The immediate

unit and an unreacted bifunctional unit will be called a chain section. The broblcm is to determine the probability that this chain section 1s part ol an

Fham sections may vary in length, but this factor is not important at this  F  infinite network and, therefore, that this chain section is part of a gelled

juncture. A point in a molecule from which three or more chain sections polymer system. In F;gurc 3-6 this chain section in the first envelope happens
3 d_ The four new chains that result

to give rise to branch umts, one at each en |
happen to lead to three new branch points (on envelope 2) and one terminal

bifunctional group. The resulting six new chain sections happen to lead to
two new branch units and four terminal bifunctional groups on envelope

emanate will be known as a branch point.
A key assumption for valid statistical treatment is that the probability
that any particular functional group has reacted is independent of and

umnfluenced by the number and configuration of other groups in the mole-
cule to which this functional group is attached. This assumption is not always three, and so on. The fact that the chain sections are depicted as being equal

true; the secondary hydroxyl on glycerol is, for instance, less reactive than in length will not affect our analysis. We are interested in the existence of

either of the primary hydroxyl groups. Also, intramolecular reaction willbe  E  sych chain sections regardless of their lengths

assumed to be totally absent, an assumption that prevents the results from Assume that there exists a branching probability « that any functional
group of a branch unit leads via bifunctional units to a branch umit rather

being exact.

- than a bifunctional terminal group. Obviously « will depend on the relative
concentrations of the branch and bifunctional units as well as the [raction of
A and B groups that have reacted. The probability of the other alternative—
that is, the probability that the functional group of the branch unit will lead
to an unreacted bifunctional terminal group—is (I —a).

Based on the model described above, consider the ith envelope from the
r:mc?omly selected chain section. Suppose that there are Y, branch units on
the ith envelope. If all the chain sections emanating from these branch units

308 Criteria for Incipient Formation of
Infinitive Networks

As a model of the infinite network for the development of Flory's gel point (or branch po; : ~
ey snsder a”polumetions] Tysiem containing trifunctionaljbranch ol (;a;: : l;,omts) ended in branch units on the i+ Ith envelope, then there
units: RA, reacting with bifunctional molecules R'A; and R"By—not § .~ . ,%l;tt_lcn?. However, there is only a certain probability, «, that B
necessarily in equimolar quantities. A schematic representation of a portion nctworkct:: S g Jn bFanch g (aF fually. all chain sections in the i
of the network which could result is shown in Figure 3-6. Assume that a sxnestid glnbem branch umts) Wil ‘end in branch units. Therefore the
chain section has been selected at random from the resulting gelled polymeric ; pe s of branch ik e ."+ ' cavelope, ¥y, 4y, will be

| Yiz. The criterion for continuous expansion of the network is that the

nu.mbcr of chain sections emanating from the i+ [th envelope, 2Y;,,, be
. : y  greater thap the number of chain sections emanating {rom the ith cn‘vclopc, |
Q’.:thflt_ 15, Yi+y > Y. This, in turn, requires that « > §. When « < +
an infinite network will not be generated. Obviously the critical value of . | G
namely «,, is }. A rationale similar to the preceding can one be devised for, |

4

-
\ -~ polyfunctional systems containing higher functional branch units. Induction i I
- leads to the following result: - B
' : l :' at- i
@ = — (3-22) zht |
’ ’ b—1 . a1y ,!

' gmer |
b where b Is the functional; . o B
S p e equals the functionality of the branch unit. In a situation where more Rined
thfm one species of branch units is encountered, =, would be computed 4)66).
using an average b, )
R

Figure 3-8, Schematic representation of a trifunctionally br(ar'lchcd
' e » vy ™ 10 Timisen 1
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TanLE 4-2

CoMPARISON OF BRANCHED AND LINFAR POLYETHYLENE

Linear Branched

50-60

115°C
0.91-094
20,000 psi
20 to SO

%% Crystallinity %0
Meclting temperature 135°C
Density 095-0.97

Modulus of clasticity 100,000 psi
MJM, 2

- ‘%'O!' WY S

AR TN

duced via a Ziegler-Natta process al only moderately clevated pressures and
: temperatures, 15 to 20 atmospheres and 135 to 150 °C. Striking differences
are noted in the modulus of elasticity and the molecular weight distributions

i as evidenced in the M /M, ratios. ;

408 Steady-State Kinetic Analysis

Once the chemical processes for any system are known, we can proceed to

undertake a kinetic analysis. Most ¢
geneous environments suffer from the fact that it is necessary to assume a

steady-state concentration of active species. Such treatments are therefore
valid under limited conditions. Still. considerable insight into the nature
of polymerization reactions can be gained through such analyses, sO they
are worth pursuing. As in step-reaction polymerization, we are primarily
interested in deriving relations for the rates of polymerization, the average
molecular weights and/or the molecular-weight distributions. Rate expressions
are easily derived. Somewhat less success I1s met in molecular-weight-distri-
bution analysis of chain polymerizations compared to linear step-reaction

polymerizations.
We will illustrate the general approach for homogeneous rate analysis

by considering free radical polymerization, since this is the best known.
First. we summarize the chemistry of the reactions just considered with a
notation that is convenient L0 Us¢ in representing the various kinetic processes.
Similar expressions can be written for systems not considered here.

-y » - -
TAn TN ~ S NN

“ ‘ﬂy T2 YT

n..‘-\' “ %
.

TR

- 1
S A1

1. Initiation

k4

Chemical: 1 — 2A,
k

Catalytic: HA+M —> A,

2. Propagation

by
A‘+M —"’Az

lementary treatments for even homo-

& Brackets around a chemical species, [
5%

-

k .
(rate controlling); Ao+M —> A, o ;

- py_must equal the rate of

,'-

FRPL v Ry

AR
Ay +M— A,

3. Transfer
A ATH —>P.4T*

4. Termination
&y

Combination A +Ay—>Pp,n)

Disproportionation A +A, — P.+Y,.
ki

Unimolecular A —»P,,

where 1 = a chemical initiator
A, = a primary reactive species (no added monomer)
HA = a catalyst
TH = a transfer agent

— a monomer molecule

an active species containing n monomer units

an inactive polymer species containing 7 monomer units

P, = P, with terminal unsaturation
= any active specics, regardless of chain length

F
I

The rate constants are identified as
k, = Decomposition
k, = Initiation
k, = Propagation
k, = Transfer
k, = Termination

], will indicate the concentration of that

species in some convenient units, usually moles/liter. The letter v followed by
the subscripted lettersd, i, p, Ir,or 1, will indicate the appropriate rate processes.

Kinetics of Homogeneous Free
Radical Polymerization

The basic assumption here is that the concentration of active species 18

constant: Z,[A,] = constant. In order for this to be true, the rate of initiation
termination, v; = v,. The first siep is to write

- ——
— -
——— —— - —

- — — —

o ————
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Choin Reaction Polmerization Chap. 4

the rate expressions for each of the ki
expressions presented in the preceding s

|. Initiation. v
free radical initia

nct_ic processes based on the general
ection.
( = the rate of generation of primary active

| i species, For
tion, the rate of decomposition of imtiator 1s rat

e controlling
and first order with respect to the initiator concentration. Hence
d[1)
TJT = k(1] (4-1)
(1] = [To] exp (—k,f) (4-2)
v, = 2¢k,[1]* (4-3)

“where « is the initiator efficiency, which usually ranges from 0.6 to 1.0.

The factor of 2 enters in Eq. (4-3) because two active species result from the
decomposition of each initiator molecule. In many instances, the rate constant
15 50 low (= 107* to 10™* min~") that very little initiator is consumed in
polymerizing to 100 percent yield so that (I] is essentially constant, and o,
can also be considered constant. Initiator concentrations for radical polymeri-

zation are typically in the neighborhood of 0.1 to 0.5 weight percent based on
the monomer content.

2. Propagation. v, = the rate of generation of polymer: it is equivalent
to the rate of loss of monomer.

M
v, = k,[M]Z[A,] = k,[M][A) (4-6)

We have also assumed that all species are equally reactive, regardless of

chain length, and evaluated Z[A,] as [A], the total concentration of active
species.

3. Transfer. v, = the rate of transfer of activity
v, = k,[TH]Z[A,] = k,[TH][A] (4-7)

4. Termination. v, = the rate of loss of active species. For bimolecular
reactions,

vy = 2k,Z[A,JE[A,] = 2k [A] (4-8)

To obtain the desired expression for v, we solve for [A] by cquatir?g viand v,
and insert this into the equation for v,. We must also assume that either trans-

* This expression should not be equated to the rate of change in the concentration of

primary active species, d[A,)/dr, We do not, at this point consider their fate, only the fact
that thev are heine generated at a specified rate,

- 19 Luperco BDB; B, benzoy

Sec. 409  Kinetics of Hamageneous Fres Radical Polymerizetion

fer is absent, or that if it does occur; the transferred species 18 as reactive as
the original species. Thus

y, = k,('k‘:m)&[.\i] (4-9)
b

Equation (4-9) holds in the early stages of reaction for a large number

of free radical polymerizations, but it should not be considered valid beyond

10 to 15 percent conversion, without experimental verification. Analogous

equations can be derived for the cationic and anionic polymenzations
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Figure 4-2. Plot of initial Us vs. (IP'3 for the bulk polymerization
of styrene at 70°C. A, bis(p-chlorobcnzoyl)pcroudc; A
' | peroxide; C, acetyl peroxide
in dlmcthyl phthalate; D, lauroyl peroxide; E, myristoyl
peroxide; F, caprylyl peroxide; G, bis(2.4-dichloro-
benzoyl)peroxide; G, Luperco CDB. [A. I. Lowell and
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Chain Reaction Polymerization Chep 4
discussed. b
discussed, but they m alid
y y may be valid in even a more limited number of instances

because the reactions pr
can be established. -

The proportionality

mernzation g(r)\d th:hslc)lus::d erth v b (4-.9) between the rate of poly-
Bl o s oot of the initiator concentration has been
initiator p:;nrs - 4_;( low extents of rcact!on for numerous monomer-
i mntiafor gconcc l Isa log-log plot ol'thg initial rates of polymerization
S ——— n l.ratnon for styrene .wnth various peroxide initiators.
Eand e u;nq or these reactions is constant, the ratio of v,/[M][1]}
Ry a(qt or initial rates at various stages of dilution with an inert
pe : ratio usually. decreases bpt only slowly even over a tenfold

ilution range. If this fact is coupled with a close adherence to kinetics that

>ceed so rapidly that it 1s unlikely that steady state

100

eo

&0

40

20

Per cent polymerization

!
300

1
200
Time (hours)

Figure 4-3. ?olymcrization of 40 percent styrene in toluene at 50°C
in the presence ol the amounts of benzoyl peroxide

indicated. [G. V. Schulz and E. Husemann, Z. physik.
Chem., B39, 246 (1938).]

are first order in monomer, an
tion in undiluted monomer.
kinetics, however, s rare, especially for extents
practical interest.

Figure 4-3 shows data for styrene polymerize
40 percent monomer in toluene.
stant initiator concentration an
justified over a broad extent of react
decrease as monomer Is consumed, |

mers, either undiluted or in concentrate
reached where there is a marked increase in bot

f » o M AVt M

efficiency of unity is indicated for polymeriza-

Such an adherence o first-order monomer
of reaction in the range of

d with benzoyl peroxide,
In this instance, the assumptions of a con-
d 100 percent radical efficiency are well .
on. We note, in general, that v, should |
n the polymerization of certain mono-

d solution, a point in the reaction I
h reaction rate and molecular

b tormed the autnnceeleration the Trommsdorﬂ'. or
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concentrations o ‘ -
S :'a:nonomcr in benzene. It is particularly pronounced with
i ol'initiatoz "(i mcthyl acrylate, and acrylic acid. It occurs independ
. > U=
anored: the Gt a'n s cat.lscd by a physical factor that we have heretofore
ot sl n viscosity brought about by the continuous generation
sihuis L d:’ﬂi‘l:};":'S:";t:OI)'rr:lcr. This rise in viscosity causes the reaction
e ST s10n, er than chemically ‘ ' 4
exp;esmqns must reflect this situation, RS - m(/c {
dcvcl,;ys::;a&y' amqaccclcration involves a complex series of events that
g prcact'c rcact:iqn enters the diffusion-controlled regime. As the viscosity
ion medium increases, monomer diffusion decreases much less

'oo v v T v T T
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c 80} r
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- 40
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Figure 4-4, Thf course of polymerization of methyl methacrylate at
50°C in the presence of benzoyl peroxide at various
concentrations of monomer in benzene. [G. V. Shulz
and G. Harborth, Macromol. Chem., /, 106 (1947). Re-
printed with permission; Hiithig and Werpl, publisl{ers.]

rapidly than does diffusion of the growing polymer chains. Thus propagat;

at a particular site diminishes slightly, if at all, but its chances of I:::rrl:xirg)zaltfon
by. another active species decrease markedly. At the same time, radicals laor::
.bcmg gcn?ratcd at a near normal rate. Since the overall rate ot: termination
is decreasing, the result is an increase in the number of active sites—an
l{nstcaQy state condition—with an overall increase in the rate of polymeriza-
tion. Since many chain_polymerizations are highly exothermic, this poly-

O — w

" merization rate increase is most capable of setting off another round of rate

:jggcagcs (hrf)ugh. a rapid nse in temperature. This is obviously a potentially
.a:gcrc?us situation, and precautions must be taken, especially on the
industrial scale, to limit the risk of a runaway reaction and subsequent

explosion,

s o1
Reference to Figure 4-4 shows that the rates decrease nt ~ONVAreione an

rig-3+1Y - EUcct O conversion on polymerization rate.
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consistency below 90 °C, and the propagation rate becomes monomer

’
L" § diffusion controlled.
“ a gel effect, or of a difTusion-controlled mechan-

Other manifestations ol ,
: {' ism, are encountered in heterogeneous reactions as well, The phenomenon ;
T is thus generally important. Reference to these will be made at the approp- &
. riate places in the sections on the production of addition polymers.
b TO
I.:}”. | -
SB )
2N 410 Instantaneous Number-Average Degree of |
o Polymerization |
N The problem of deriving analytic expressions for molecular weight and g’

y 37D

molecular-weight distributions in chain polymerization is much more
cumbersome than (or linear condensation polymerization. This situation is
true even for the simplest case of linear polymerization under steady state con-

J‘Kv e
!

7% ditions. In practice, the problem is compounded by the frequently encountered  §.

o~
J‘

fm—d
Ve

HEZ: 'y . phenomenon of chain branching. In this section we develop an expression

for the number-average degree of polymerization that is being generated ',

within a short time interval.
Recall that X, is given by y

M(0)—M(1) .
P(1) E

‘Yn(’) -

where M(0) = moles of monomer present initially
M(t) = moles of monomer present at any time ¢

¢ @
.
= =t v i )
— - 1 o "
. ‘-. 4 :
' 1 - % - av g LN x s TV
s o
- -
- v

% . f(t). = mplcs of polymer present at any time f
Differentiating with respect to time, we get 4
' dX,(t - '
e P(l)*() + ,Y,,(r)di(l.) o o) :
dt dt dt '

Duri | : .
uring a short time interval, the instantaneous number-average degree of

o
s
s - N
Law-

dp/df - _‘}vn whereas for termination by disproportionation or unimolecular
termination, dP/dt = v,. For termination by combination,

E 31.{; : pglyrqgiizqtion. Xaio will be constant, and we will obtain
2 Livh |

; o s
-t "= TdPGyar =
A n«i'. s
Sl | : ‘
.‘ ;1’ : In the absence of chain transfer and for termination by combination, &

LAY b ‘:.l
g

-

20, “2v
Ky=—2=22 (4-11)

v, v
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acrylate (105°C).
Recent work indicates that var
understanding the effect of

Calculations of k, and k, in Table 3-16

constant f independent of conversion, but it
The initiator efig

creasing conversion [Mahabadi, 1987: Olaj and Zifferer, 1987]. The various factors

interrelated. At zero or very low conversion, k, is

in a good solvent. It is possible to observe a
“crossover” at somewhat higher conversion whereby the k, in the good solvent is

larger than k,in the poor solvent. This occurs because coil size decreases with increast
ing polymer concentration, but the decrease is steeper in better solvents [M'ahabadl
and Rudin, 1979]. Many of these predictions for the course of polymerization in Stage

[ have been verified [Abuin et al., 1978; Dionisio and O'Driscoll, 1980: Ludwico and
Rosen, 1975, 1976].

The behavior in Stage Il is dominated by the decreased rate of translational diffusion

caused by the increasing viscosity of the reaction system. Viscosity increases with
increasing polymer molecular weight and solvent goodness. Incrcascc! polymer mo-
lecular weight also leads to earlier chain entanglements. These expectations have been
verified in a number of studies. Lower polymer molecular weights moderate the gel
eflect (Stage [] behavior) by shifting the conversion at which thc gel effect begins and
the steepness of the subsequent increase in rate [Abuin and Lissi, 1977; Cardenas and
O’Driscoll, 1976, 1977). Vinyl acetate yields a lowcr-molccglar-wcnght polymer due
1o chain transfer 10 monomer and does not show as dramatic a gcl effect as styrene
or methyl methacrylate. Temperature also plays a large role—higher temperatures
decrease the viscosity of the reaction medium, This delays the gel cﬂ'gct and the
autoacceleration may not be as pronounced. Similar effects are observed in the pres-
ence of solvents and chain transfer agents. Solvents lower the viscosity of the mcc?num
directly, while chain transfer agents do so by lowering the polymer molcf:ular weight.
The effect of solvent in methyl methacrylate polymenzation is seen in Fig, 3-19. The
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also been examined by adding polymer to a
Increases with viscosity (which in.

3-10d Related Phenomena
3-

10d-1  Occlusion (Heterogeneous) Polymerization
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lonic Chain-Reaction and Complex qurdinative
Polymerization (Addition Polymerization)

In contrast to the slow step-reaction polymerization discussed in Chap. 7, chain-reaction
polymerization is usually rapid, and the initiated species continue to propagate until
termination. Thus, in the extreme case, oné could produce one initiating species which
would produce one high molecular weight polymer molecule, leaving all the other mono-
mer molecules unchanged. In any case, the concentration of the monomer, which is
usually a derivative of ethylene, decreases continuously throughout the reaction. In con-
trast to stepwise polymerization, the first species produced is a high molecular weight
polymer.

A Kkinetic chain reaction usually consists of at least three steps, namely, initiauon,
propagation, and termination. The initiator may be an anion, a cation, a free radical, or
a coordination catalyst. While coordination catalysts are the most important commer-
cially, the ionic initiators will be discussed first in an attempt to simplify the discussion
of chain-reaction polymerization.

8.1 CATIONIC POLYMERIZATION

The art of cationic polymerization, like many other types of polymenzation, 1s at least a
century old, However, the mechanisms for the early reactions were not understood, and,
of course, the early scientists did not understand the modern concept of macromolecules.
Nevertheless, it is of interest to note that turpentine, styrene, isobutylene, and ethyl vinyl
ether were polymenzed over a century ago by the use of cationic initiators such as sulfunc
acid, tin(1V)chloride, boron tnfluonde, and iodine.

The first species produced in these reactions are carbocations, and these were unknown
as such prior to World War IL. It is now known that pure Lewis acids, such as boron
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