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PART A Polymer Chemistry and Physics

UNIT 1 What Are Polymers?

What are polymers? For one thing, they are complex and giant molecules and are dif-
ferent from low molecular weight compounds like, say, common salt. To contrast the
difference, the molecular weight of common salt is only 58. 5, while that of a polymer can
be as high as several hundred thousands, even more than thousand thousands. These big
molecules or ‘macro-molecules’ are made up of much smaller molecules. The small mole-
cules, which combine to form a big molecule, can be of one or more chemical compounds.
To illustrate, imagine that a set of rings has the same size and is made of the same materi-
al. When these rings are interlinked, the chain formed can be considered as representing a
polymer from molecules of the same compound. Alternatively, individual rings could be of
different sizes and materials, and interlinked to represent a polymer from molecules of dif-
ferent compounds.

This interlinking of many units has given the polymer its name, poly meaning ‘many’
and mer meaning ‘part’ (in Greek). As an example, a gascous compound called butadi-
ene, with a molecular weight of 54, combines nearly 4000 times and gives a polymef
known as polybutadiene (a synthetic rubber) with about 200000 molecular weight. The
low molecular weight compounds from which the polymers form are known as monomers.
The picture is simply as follows:

butadiene + butadiene + --- + butadiene —>polybutadiene
(4000 times)

One can thus see how a substance (monomer) with as small a molecular weight as 54
grows to become a giant molecule (polymer) of (54 X 4000=) 200000 molecular weight. It
is essentially the ‘giantness’ of the size of the polymer molecule that makes its behavior
different from that of a commonly known chemical compound such as benzene.® Solid
benzene, for instance, melts to become liquid benzene at 5.5C and, on further heating,
boils into gaseous benzene. As against this well-defined behavior of a simple chemical com-
pound, a polymer like polyethyléne does not melt sharply at one particular temperature in-
to clean liquid. Instead, it becomes increasingly softer and, ultimately, turns into a very
viscous, tacky molten mass. Further heating of this hot, viscous, molten polymer does
convert it into various gases but it is no longer polyethylene (Fig. 1.1).

Another striking difference with respect to the behavior of a polymer and that of a low mo-
lecular weight compound concerns the dissolution process. Let us take, for example, sodium chlo-
ride and add it slowly to a fixed quantity of water. The salt, which represents a low molecular
weight compound, dissolves in water up to a point (called saturation point) but, thereafter, any
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further quantity added does not go into
solution but settles at the bottom and just

remains there as solid. The viscosity of the decgrrtlpti)si{ion
. . . produts-bu
saturated salt solution is not very much differ- lnot polyethy-
ene

ent from that of water. But if we take a poly-
mer instead, say, polyvinyl alcohol, and add
it to a fixed quantity of water, the polymer
does not go into solution immediately. The
globules of polyviny! alcohol firstly absorb wa-
ter, swell and get distorted in shape and after
a long time go into solution. ® Also, we can
add a very large quantity of the polymer to the
same quantity of water without the saturation
point ever being reached. As more and more
quantity of polymer is added to water, the time
taken for the dissolution of the polymer obvi-
ously increases and the mix ultimately assumes a
soft, dough-like consistency. Another peculiari-
ty is that, in water, polyvinyl alcohol never retains its original powdery nature as the excess sodium
chloride does in a saturated salt solution. ® In conclusion, we can say that (1) the long time taken by
polyvinyl alcohol for dissolution, (2) the absence of a saturation point, and (3) the increase in the
viscosity are all characteristics of a typical polymer being dissolved in a solvent and these characteris-
tics are attributed mainly to the large molecular size of the polymer. The behavior of a low molecular
weight compound and that of a polymer on dissolution are illustrated in Fig, 1. 2.

——Gowariker V R, Viswanathan N V, Sreedhar J. Polymer Science. New York:
John Wiley & Sons, 1986. 6

o

. Molten
(@) polythylene

Solid
polyethylene

Fig. 1.1 Difference in behavior on heating of a
low molecular weight compound (benzene) and
a polymer (polyethylene)

STIR WELL ADD MORE
CRYSTALS
AND STIR
Sodium chloride crystals Crystals go into solution. Saturated solution
added to water Solution viscosity not is formed.Excess
much different from of crystals remains
water viscosity undissolved

Sodium Chloride Dissolution

ALLOWED TO
STAND
Polyvinyl alcohol Fragments start Fragments go into Viscous pelymer
fragments added swelling solution slowly solution is formed.
to water Solution viscosity
much higher than
water viscosity

Polymer Dissolution

Fig. 1. 2 Difference in solubility behaviour of a low molecular weight
compound (sodium chloride) and a polymer (polyvinyl alcohol)



Words and Expressions

polymer ['potima] n. By &), BRY
common salt : "k
macromolecule [maekra'molikju:l] n. KBF, BT
imagine ['meedzin] v. BE, B
interlink ' Linta'link] v. B HEEREX
n. HEHE
butadiene [bju:ta'daii:n] n. T
monomer ['monama] n. ik
synthetic [sinBetik] a. EgiAy)
behavior [biheivja] n. tag, 178
polyethylene [poli'eBili:n] n. RZW
viscous ['veskes] a. M
tacky ['teeki] a. GRE) EFHN
n. i (8] #
dissolution [disa'lu:fen] n. prog
dissolve [di'salv] v. BB
saturation [seetfa'reif an] n. L
settle ['setl] v. pide (], B
viscosity [viskositi] n. e [(#£]
polyvinyl alcohol R
globule ['globju:l] n. NER, W, PR
swell [swel] v.; n. Bk
distort [dis'ta:t] -7, filh
dough [deu] n. ) mE, FFHE
consistency [kon'sistansi] n. WE, FRk
powdery ['paudari] a. AR
solvent ['solvent] n. o3
peculiarity [pikju:li‘seriti] n. i
crystal [kristl] n. ik, &&
fragment ('freegmant ] n. BB, B#i
Phrases
for one thing H4 with respect to XTF., BT
as an example 0, MK a quantity of... K&, —&
as against fll--- LR, F---HI% in conclusion B2, BF
convert...into... i--#¥2 [fb] K- be attributed to... HET, AN HLER
Notes

@ “It is essentially the ‘giantness’ of the size of the polymer molecule that makes its behavior different
from that of a commonly known chemical compound such as benzene. ” Mt4h It is... that... yBRFEKLE

¥ . the ‘giantness’ of the size of the polymer molecule X #BFAM A F W LiE, TiENY “ERXRNESY
SFRE”. FAFRIEER “makes”, “its behavior” £ “makes” WIIEE, A% “WESYrERR”.
“different from...” N EBEHRE, HEK “that” REWHS HIE K “behavior”, IBELEE. &
MEXH: ‘“CRE, ERATESYHNERNSTFRIAEREBRARTREIRW—BALEY (W
e .”

@ “The globules of polyvinyl alcohol firstly absorb water, swell and get distorted in shape and after a long
time go into solution. ” &— M8 4], “the globules” ¥ E i, /F “FRP” = “BWh” B&. AaF NP4
HFIIEE, B absorb, swell, get distorted % go into. “get distorted in shape” % “get + 3t £ 4+i7”
EAWPEHES. SANFEXR: “RLBEBEEARKEK, REEBE, 2dBRKOEBEUE, K
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LIS T #HABBRRE. ]

@ “Another peculiarity is that, in water, polyvinyl alcohol never retains its original powdery nature as the
excess sodium chloride does in a saturated salt solution. ” M\ JB % #:17] that FA5| W N AI R REBMNF, M
BB “its original powdery nature” T[iER “HIMBRHMKRE". BRER as 3 W F AT EREN
A, AR “does” AATHMATEHIMBAE “retains”, 24AFXH: “BA—NMEAE, kP EZ
HFEASRIBRREANERNERRPIERAREINROBR RS,

Exercises

1. Translate the following into Chinese

Not all polymers are built up from bonding together a single kind of repeating unit. At the other ex-
treme, protein molecules are polyamides in which » amino acid repeat units are bonded together. Although
we might still call n the degree of polymerization in this case, it is less useful, since an amino acid unit might
be any one of some 20-odd molecules that are found in proteins. In this case the molecular weight itself,
rather than the degree of polymerization, is generally used to describe the molecule. When the actual con-
tent of individual amino acids is known, it is their sequence that is of special interest to biochemists and mo-
lecular biologists.
2. Give a definition for each following word

(1) molecule

(2) monomer

(3) polymer
3. Put the following words into Chinese

structure data equation pressure liquid laboratory solid

molecule temperature measurement compound electrical
4. Put the following words into English

A BAR % 9E S BT R KB #Hh B BeY

[ Reading Materials ]
Structure of Polymer Chains

In many cases polymer chains are linear. In evaluating both the degree of polymeriza-
tion and the extended chain length, we assume that the chain has only two ends. While lin-
ear polymers are important, they are not the only type of molecules possible. Branched
and cross-linked molecules are also important. When we speak of a branched polymer, we
refer to the presence of additional polymeric chains issuing from the backbone of a linear
molecule. Substituent groups such as methyl or phenyl groups on the repeat units are not
considered branches. Branching is generally introduced into a molecule by intentionally
adding some monomer with the capability of serving as a branch. Let us consider the for-
mation of a polyester. The presence of difunctional acids and difunctional alcohols allows
the polymer chain to grow. These difunctional molecules are incorporated into the chain
with ester linkages at both ends of each. Trifunctional acids or alcohols, on the other
hand, produce a linear molecule by reacting two of their functional groups. If the third re-
acts and the resulting chain continues to grow, a branch has been introduced into the origi-
nal chain. Adventitious branching sometimes occurs as a result of an atom being abstracted
from the original linear molecule, with chain growth occurring from the resulting active
site. Molecules with this kind of accidental branching are generally still called linear, al-
though the presence of significant branching has profound effects on some properties of the
polymer, most notably the tendency to undergo crystallization.

The amount of branching introduced into a polymer is an additional variable that must



be specified for the molecule to be fully characterized. When only a slight degree of
branching is present, the concentration of junction points is sufficiently low that these may
be simply related to the number of chain ends. For example, two separate linear molecules
have a total of four ends. If the end of one of these linear molecules attaches itself to the
middle of the other to form a “T”, the resulting molecule has three ends. It is easy to gen-
eralize this result. If a molecule has v branches, it has v+ 2 chain ends if the branching is
relatively low. Branched molecules are sometimes described as either combs or stars. In the
former, branch chains emanate from along the length of a common backbone; in the lat-
ter, all branches radiate from a central junction.

If the concentration of junction points is high enough, even branches will contain
branches. Eventually a point is reached at which the amount of branching is so extensive
that the polymer molecule becomes a giant three dimensional network. When this condi-
tion is achieved, the molecule is said to be cross-linked. In this case, an entire macroscopic
object may be considered to consist of essentially one molecule. The forces which give co-
hesiveness to such a body are covalent bonds, not intermolecular forces. Accordingly, the
mechanical behavior of cross-linked bodies is much different from those without cross-link-
ing. ‘

Just as it is not necessary for polymer chains to be linear, it is also not necessary for all
repeat units to be the same. We have already mentioned molecules like proteins where a
wide variety of different repeat units are present. Among synthetic polymers, those in
which a single kind of repeat unit are involved are called homopolymers, and those contai-
ning more than one kind of repeat unit are copolymers. Note that these definitions are
based on the repeat unit, not the monomer. An ordinary polyester is not a copolymer,
even though two different monomers, acids and alcohols, are its monomers. By contrast,
copolymers result when different monomers bond together in the same way to produce a
chain in which each kind of monomer retains its respective substituents in the polymer mol-
ecule. The unmodified term copolymer is generally used to designate the case where two
different repeat units are involved. Where three kinds of repeat units are present, the sys-
tem is called a terpolymer; where there are more than three, the system is called a multi-
component copolymer.

The moment we admit the possibility of having more than one kind of repeat unit, we
require additional variables to describe the polymer. First, we must know how many kinds
of repeat units are present and what they are. This is analogous to knowing what compo-
nents are present in a solution, although the similarity ends there, since the repeat units in
a polymer are bonded together and not merély mixed. To describe the copolymer quantita-
tively, the relative amounts of the different kinds of repeat units must be specified. Thus
the empirical formula of a copolymer may be written A,B,, where A and B signify the in-
dividual repeat units and x and y indicate the relative number of each. From a knowledge
of the molecular weight of the polymer, the molecular weights of A and B, and the values
of x and y, it is possible to calculate the number of each kind of monomer unit in the co-
polymer. The sum of these values gives the degree of polymerization of the copolymer.
Note that we generally do not ¢all na and ns the degrees of polymerization of the individu-

al units. The inadvisability of the latter will become evident presently.
——Hiemenz P C. Polymer Chemistry. New York: Marcel Dekker, 1984. 9

5



linear polymer
branched polymer
homopolymer
backbone
polyester
difunctional
crystallization
emanate
cohesiveness
terpolymer
inadvisability

Words and Expressions

[homa'palima]
['baekbaun]
[poli'esta]
[difankfenl]
[kristolai'zeif an]
{'emaneit]
[kau'hi:sivnis]
[te:polima]
[inadvaize'biliti]

PR ®RESE

KERED
XEEEY

HRY

4t

E s

Z ] BRER
&R (B

WF, BE, RH, & D
WERE [H], BEH%
ZHED
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UNIT 2 Chain Polymerization

Many olefinic and vinyl unsaturated compounds are able to form chain-like macromol-
ecules through elimination of the double bond, a phenomenon first recognized by
Staudinger. Diolefins polymerize in the same manner, however, only one of the two
double bonds is eliminated. Such reactions occur through the initial addition of a monomer
molecule to an initiator radical or an initiator ion, by which the active state is transferred
from the initiator to the added monomer. © In the same way, by means of a chain reac-
tion, one monomer molecule after the other is added (2000~20000 monomers per second)
until the active state is terminated through a different type of reaction. The polymerization
is a 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 +CHz=CH +CH;=CH ++—
|Cl (lll Cl
R—CH,;—CH—CH; —CH—CH;—CH~~~
(|Zl |Cl (|31
One thus obtains polyvinylchloride from vinylchloride, or polystyrene from styrene, or po-
lyethylene from ethylene, etc. :

The length of the chain molecules, measured by means of the degree of polymeriza-
tion, can be varied over a large range through selection of suitable reaction conditions.
Usually, with commercially prepared and utilized polymers, the degree of polymerization
lies in the range of 1000 to 5000, but in many cases it can be below 500 and over 10000.
This should not be interpreted to mean that all molecules of a certain polymeric material
consist of 500, or 1000, or 5000 monomer units. In almost all cases, the polymeric material
consists of a mixture of polymer molecules of different degrees of polymerization.

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

The initiation reaction, which is the activation process of the double bond, can be
brought about by heating, irradiation, ultrasonics, or initiators. The initiation of the chain
reaction can be observed most clearly with radical or ionic initiators. ® These are energy-rich
compounds which can add suitable unsaturated compounds (monomers) and maintain the
activated radical or ionic state so that further monomer molecules can be added in the same
manner. ® For the individual steps of the growth reaction one needs only a relatively small
activation energy and therefore through a single activation step (the actual initiation
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 : 1000 to 1 : 10000), it is possible to regard
polymerization from a superficial point of view as a catalytic reaction. For this reason, the
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initiators used in polymerization reactions are often designated as polymerization catalysts,
even though, in the strictest sense, they are not true catalysts because the polymerization
initiator enters into the reaction as a real partner and can be found chemically bound in the
reaction product, i.e., the polymer. In addition to the ionic and radical initiators there
are now metal complex initiators (which can be obtained, for example, by the reaction of
titanium tetrachloride or titanium trichloride with aluminum alkyis), which play an impor-
tant role in polymerization reactions (Ziegler catalysts). The mechanism of their catalytic
action is not yet completely clear.

——Vollmert B. Polymer Chemistry. Berlin: Springer-Verlag, 1973. 40

Words and Expression

olefinic [aulafinik] a. - 32301

vinyl [‘vainil] n. s LIBE (WD

unsaturated [An'seet{areitid] a. AR

eliminate [ilimineit] v. WER. T3, BE

double bond n. W

diolefin [dai'aulefin] n. -3 2

transfer [‘treesfa:] v. ) B8, ) £3

initiator [inifieita] n. Bl &7

radical ['reedikal] n. Bl

chain reaction YR

terminate ['ta:mineit] v. ) &1k

kinetic chain length B HEHEK

polyvinylchloride [poli'vainilkloraid] n. BEAZE

polystyrene [poli'staierin] n. REZ®

degree of polymerization REE

polymeric [polimerik] a. BE B W

mechanism ['mekanizem] n. HLHE [#]

chlorine ['klo:rizn) n. ® (KO

hydrogen ('haidridzen] n. g KD

decomposition [ditkempa'zifen] n. 558

phosgene (‘fozdzin] n. XS, RBR

initiation Cini[i'eifen] n. ) 3l%

activation [ektiveifon] n. miE UERD

irradiation [ireidi'eifen] n. ma, BE

ultrasonic [Altro'sanik] n. M

catalyst ['keetalist] n. MR, Mg

jonic ["ai'anik] a. BFW

complex ['kompleks] n. ®ew

titanium tetrachloride Utk R P

titanium trichloride =FMhE

aluminum alkyl R
Phrases

by means of... fEEHF - bring about F(#, P4, B

one...after the other —PHEE—P-- energy-rich F g (40 ‘39

be proportional to... - HE K from a superficial point of view MFEp LF

in the strictest sense &Myt (4]

over a large range ZERANUER play an important role in... 7E+ 7 EifE EEE A

lie il’l... &ta:, %E, E?
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Notes

@ “Such reactions occur through the initial addition of a monomer molecule to an initiator radical or an ini-
tiator ion, by which the active state is transferred from the initiator to the added monomer. ” Fi& “such
reaction” 4 LB RB T BENBTE RRESYWHEM . #@iE “occur” J5HEAH “through” 3|
R AEEETRRE, TEF “XERNEEL--THTH. BENERTEQEEAEG, AL
BHEAZR, MEEAMEENDF. “by which” ZENAPHEFRRIE. “active state” AI B/ “IF
HPL”, SEFEX: “XRENRNEELIAES FEEMBISIERNAGERS RAEF LW HETH,
HXERNEESOHI RSB MR R L,

@ “The initiation of the chain reaction can be observed most clearly with radical or ionic initiators. * % 4]
B— 1 H84a, AKRMAAEE “with radical or ionic initiators” J2 315 “the inititation” BIEIE, X T
EaTFIR, BELENR, FEEERARECERHMNIE, MAELMRSNBESHRIF, X
EXFEBELEFRESTRAR, BLANETBETURNHEE, CTURTENT.,. BAR-IEEET
BEANAREERS O, WTEE. “BHEhBERE RN RE TRB RN 5 & E LR RO 1R 5
BT mE.”

@ “These are energy-rich compounds which can add suitable unsaturated compounds (monomers) and main-
tain the activated radical, or ionic, state so that further monomer molecules can be added in the same
manner. ” EAJHIKIE “energy-rich compounds” FH “HESLE4Y”, EBRHEHTF R “which”
5IRMEEBEBNG. BIEHRE “so that” FIRMERAE, £MFXN: “X& (LEY) REESKE
¥, ENTUMEAEREEY (B, HH EZR-FZMEAUENR) TUREAhEEEPL
BETEESO, BERKSTITUAREN RSB MR

@ “For the individual steps of the growth reaction one needs only a relatively small activation energy and
therefore through a single activation step (the actual initiation reaction) a large number of olefin mole-
cules are converted, as is implied by the term ‘chain reaction. *” H#H E£1E “one” FAURETENE LK
£ “steps”, “one” REE, WG “steps” FHM—%. AFWEE R as 5| RNEBNT, FAUBH
AEBNT, “as” ENGPEEE. 2AFXY: “WTFEHKRANELLEXRE, S NUFE
MEYPHIELEE, B, B -SHAMEARNE (W3R NTHFESRLAEKSTFEL (RE
Y, XIEMESR N XA E NI,

Exercises

1. Please fill in the correct answers into the blanks in the following passage

Another striking difference with respect to the behavior of a polymer and of a low molecular
weight compound concerns the dissolution process. Let us take, for example, sodium chloride and add it
slowly to a fixed of water. The salt, which represents a molecular weight compound, dis-
solves in water up to a point (called point) but, thereafter, any further quantity added does not go
into solution but settles at the and just remains there as solid. The viscosity of the saturated salt solu-

tion is not very different from that of water. But if we take a polymer instead, say, polyvinyl alco-
hol, and add it to a fixed quantity of water, the polymer does not go into solution immediately. The globules
of polyvinyl alcohol first water, swell and get distorted in shape and after a long time go into solu-
tion.
2. Translate the following into English

R THE—ARR, H—FEE, EUDELEBRAKBHMNERZHE, B, RZBREL
BN ATFHEZHEARGEMAMNKWAEEE S, RAI—-MARTHROMHH.
3. Put the following words into Chinese

macromolecule tacky settle behavior molten polymer distort viscous butadiene synthetic

globule powdery fragment
4. Put the following words into English

R BE OBRE WK RE K 4TE HEY R BR KATHED
[T Ak



[Reading Materials ]

Overall Kinetics of Chain Polymerization

Radical chain polymerization is a chain reaction consisting of a sequence of three
steps—initiation , propagation and termination. The initiation step is considered to involve
two reactions. The first is the production of free radicals by any one of a number of reac-
tions. The usual case is the homolytic dissociation of an initiator or catalyst species I to
yield a pair of radicals R »

1-X40R . 2.1
where k4 is the rate constant for the catalyst dissociation. The second part of the initiation
involves the addition of this radical to the first monomer molecule to produce the chain ini-
tiating species M, -

ki
Re +M—M; - 2.2)
where M represents a monomer molecule and k; is the rate constant for the initiation step
[Eq. (2.2)]. For the polymerization of CH,—CHY , Eq. (2.2) takes the form

H
R -+ CH;=CHY—R—CH,—C - 2.3)
Y

The radical R « is often referred to as an initiator radical or a primary radical.

Propagation consists of the growth of M; « by the successive additions of large num-
bers (hundreds, and perhaps, thousands) of monomer molecules. Each addition creates a
new radical which has the same identity as the one previously, except that it is larger by
one monomer unit. The successive additions may be represented in general terms by

My » +M—2oM, .1 - - 2. 4)
where k;.is the rate constant for propagation. Propagation with growth of the chain to
high polymer proportions takes place very rapidly. The value of &k, for the most monomers
is in the range of 102~10* L/(mol « s). This is a large rate constant——much larger than
those usually encountered in chemical reactions.

At some point, the propagating polymer chain stops growing and terminates. Termi-
nation with the annihilation of the radical centers occurs by bimolecular reaction between
radicals. Two radicals react with each other by combination (coupling)

H H ke H H
~~~CH;—C +++C—CHp~—~ —> ~~~CH;—C—C—CHp~~~ (2.5)
Y Y Y Y

or, more rarely, by disproportionation in which a hydrogen radical that is beta to one radi-
cal center is transferred to another radical center. This results in the formation of two pol-

ymer molecules—one saturated and one unsaturated.

H H H ke H H H
~~~~CHz—C ¢+ ¢ C—Cr~~ —> ~~CHy—CH +C—=Crr~ (2.6)
Y Y H Y Y

Termination can also occur by a combination of coupling and disproportionation. The two
different modes of termination can be represented in general terms by

Kic
Mn . +Mm '——’Mn-{-m (2.7)
ki
M » + My » —>M, + Mn 2.8
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where ki and k.« are the rate constants for termination by coupling and disproportion-
ation, respectively. One can also express the termination step by

k
M, + +M,, + —>dead polymer 2.9
where the particular mode of termination is not specified and
t= ki + ki (2.10)

The term dead polymer signifies the cessation of growth for the propagation radical.
The propagation reaction would proceed indefinitely until all the monomer in a reaction
system were exhausted if it were not for the strong tendency toward termination. Typical
termination rate constants are in the range of 105~108 L/(mol * s) or orders of magnitude
greater than the propagation rate constants. The much greater value of k. (whether k. or
k) compared to k, does not prevent propagation because the radical species are present in
very low concentrations and because the polymerization rate is dependent on only the one-
half power of k..

Equations (2. 1) through (2. 5) constitute the detailed mechanism of a free radical ini-
tiated chain polymerization. The chain nature of the process resides in the propagation step
(Eq. (2.4)) in which large numbers of monomer molecules are converted to polymer for
each initial radical species produced in the first step (Eq. (2.1)). In order to obtain a ki-
netic expression for the overall rate of polymerization, it is necessary to assume that kp, and
k. are independent of the size of the radical. This is exactly the same type of assumption
which was employed in deriving the kinetics of step polymerization. There is ample experi-
mental evidence which indicates that although radical reactivity depends on molecular size,
the effect of size vanishes after the pentamer or hexamer.

Monomer disappears by the initiation reaction (Eq. (2.2) and (2. 3)) as well as by the
propagation reactions (Eq. (2.4)). The rate of monomer disappearance, which is synony-
mous with the rate of polymerization , is given by

—dEil\tﬂ=Ri+Rp 2.1
where R; and R, are the rates of initiation and propagation, respectively. However, the
number of monomer molecules reacting in the initiation step is far less than the number in
the propagation step for a process producing high polymer. To a very close approximation,
the former can be neglected and the polymerization rate is given simply by the rate
of propagation

=== Rp (2.12)

The rate of propagation, and therefore, the rate of polymerization, is the sum of
many individual propagation steps. Since the rate constants for all the propagation steps
are the same, one can express the polymerization rate by ,

Ry =kp[M -« J[M] (2.13)
where [ M] is the monomer concentration and [M « ] is the total concentration of all chain
radicals, i. e. , all radicals of size M1 * and larger.

Equation (2. 13) for the polymerization rate is not directly usable because it contains a
term for the concentration of radicals. Radical concentrations are difficult to measure
since they are very low (approximately 10~ 2 molar) and it is therefore desirable to elimi-
nate them from Eq. (2.13). In order to do this, the steady-state assumption is made that
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