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Part A Brief guidance to polymer science

Lesson 1 The primary definitions of polymer science

It was not until 1930’s that the science onAthe polymers, the high-molecular-
weight compounds that are so important to man and her modem science and
technology, began to emerge and came to exploding later on.

The polymer, or called macromolecule sometimes; is concerned with the non-
biological one in this book, which are primarily the synthetic materials used for
plastics, fibers, elastomers, etc. Today, these high-molecular-weight compounds
are really indispensable to human, being essential to his clothing, shelter,
transportation, and utilization, as well as to the conveniences and hixuries of modem
living(D .

A polymer is a large molecule built up by the repetition of simple chemical units
via covalent bonds. Sometimes the repetition is linear but more often that is branched
or interconnected to form three-dimensional network. The repeating unit of the polymer
is usually equivalent or nearly equivalent to the monomer, or the beginning material
from which the polymer is formed, while the structural unit represents the residue from
the monomeric compound (s) employed in the preparation of the polymer. Usually,
there is a direct correspondence between the monomer(s) and the structural unit(s) .
Two illustrative examples of units occurring in linear polymef are shown in Fig. 1-1.

In the first example of polypropylene, the repeating unit, structural unit and the
monomer from which it is derived possess identical atoms occupying similar relative
positions. In the last example of polyhexamethylene adipamide there are two types of
monomeric reactants, and these give rise to two supplementary structural units which
make one repeating unit. In polymers containing a single structural unit, the
structural unit ordinarily is also the repeating unit.
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oo e @
n CH,=CH—— —CH;—CH1; = mw—CH,—CH—CH,—CH~— CH,— CH—
propylene polypropylene eRUy| L RU_ Fﬂ,{
(monomer) (polymer) tsut orsur o vsuU
RU and SU refers to repeating unit and structural

unitrespectively

nH,N(CH,);NH,+HOOC(CH,),COOH  —— —f- NH(CH,)NH—CO(CH,) COt;;

hexanediamine adipic acid polyhexamethylene adipamide
(monomer)’ (monomer) (polymer)
mm—NH(CI-L)BNH—CO(CHY)“C0~—{\YH(CH,)&NH—CO(CH,)JCIO—NWw
[} - | - ] -
H . . | | structural 1 structural |
| repeatingunt P unit unit |
f— -] ———————l——— o}

Fig. 1-1 Two different linear polymers, their monomer, repeating unit,
structural unit and their structural formulas and diagrams.

The length of the polymer chain is defined by the number of repeating units in the
chain, which is called the degree of polymerization ( DP), i.e., the number
represented by n in Fig.1 — 1. It is sufficient to mention here that the hazards of
ambiguity can be avoided by referring to the average degree of polymerization,
provided that the manner of averaging is specified. Unless stated otherwise, the term
average degree of polymerization refers to the ordinary average obtained by dividing the
total number of structural units by the total number of molecules, i.e. , the number
average degree of polymerization® . The molecular weight of the polymer is the product
of the molecular weight of the repeating unit and the degree of polymerization. Using
polypropylene as an example, the polymer has a degree of polymerization 150, then
its molecular weight is 150 x 42 = 63 000. Most polymers used as plastics, rubbers or
fibers have molecular weight between 10 000 and 1 000 000. Similarly, the average
molecular weight, the number average molecular weight to be more accurately ,
represents the mass of the sample divided by the number of moles it contains. Where
no confusion is likely to arise®, the qualifying adjective average may be omitted.

In the preceding discussion the term polymer has been used in the general sense
of a substance that has one or two structural units and one repeating unit. Polymeric
substance containing two or more structural units combined more or less in random
sequence is the distinguished by the term copolymer. A linear copolymer composed of

two units or monomer A and B, for instance, can be represented as following:
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—B—B—A—B—B—B—A—A—B—A—

The structural units may occur in random sequence or in regular sequence. If the
units alternate with perfect regularity, the substance is preferably regarded as a
polymer of repeating unit —AB—. For example, the polyhexamethylene adipamide in
Fig.1—1 affords this type. Although these substances might be looked upon as
“ copolymer” of diamines and dibasic acids structural units, it is preferable to classify

them as polymers in which the repeating unit consists of one residue from each of the

two reactants@ .

The processes of polymerization were divided by Carothers and Flory into two
groups known as condensation and addition polymerization. In more precise
terminology, it divided into step-reaction and chain-reaction polymerization that is
commonly used in every textbook on polymer science. The step-reaction polymerization
is quite analogous to condensation between low-molecular-weight compounds. In
polymer formation the condensation takes place between two functional group of
molecules to produce one larger molecule, with the possible elimination of a small
molecule such as water, ethanol and hydro-chloride. The chain-reaction
polymerization involves chain reactions in which the chain carrier may be an ion or a
reactive substance with one unpaired electron called a free radical. The free radical is
capable of reacting to open the double bond of the alkene monomer and add to it. In a
very short time, a few seconds for instance, many more monomers add successively to
the growing chain.

The nomenclature of polymeric substance is based the repeating unit of the
polymer. The IUPAC® rules of nomenclature give a detail and expatiatory but precise
description that is seldom used by most people. The popular nomenclature of polymer
are as follows. In the case of addition polymers or in other cases where the polymer is
synthesized from a single monomer species the prefix “poly-" is added to the name of
the monomer. For example, the ethylene polymerizes to give polyethylene, styrene to
give polystyrene and vinyl chloride forms polyvinylchloride that sometimes is written as
poly ( vinyl chloride ). Reacting two types of monomer together makes some
condensation polymers, which form an alternating sequence in the polymer chain. The
polymer formed from the reaction between hexanediamine and adipic acid is then
termed polyhexamethylene adipamide (see Fig.1 - 1). However trade names or trivial
names are often used to describe particular polymers, as that the polymer condensed

from diamine and dibasic acid is call polyamide or Nylon. “ The common monomers
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and polymers” in Part B of this book gives the most kinds of polymer and their

monomers and nomenclature.

Words and expressions

polymer [ 'polime] n. BEY, BRY
macromolecule [ imaekrau'olikju:l ] n. ERGHF, EHT
elastomer [ ileestomo n. PP

indispensable ‘[ [indis'pensabl ] adj. ANEJHRANE), ZaXTOAEEH)
covalent bond n. g ‘
branched [ bramt/id | adj. XIEHI, HEH
interconnected [ iintaka'nektid ] adj. FHEEEK

repeating unit n. EEHIT

monomer [ 'monems] n. —%ﬁi

structural unit i n. Z5HHHIL

propylene [ 'proupilin ] n. A

polypropylene [ ipoli'proupilimn ] n. BRME

hexanediamine [ hek;seindai'semin] n. & —f%

adipic acid [ o'dipik'a&sid] n. 8

polyhexamethylene [ipolihekso'megilin  n. B2 —BC %, B -
adipamide o'dip,eemi:d ] 66, JEF - 66

reactant [ ri:'aektont ] n. RMY

supplementary [ isapli'mentori ] adj. BAMK, FhFEMY, BEINAY
degree of polymerization n. REE

ambiguity [ eembizgjusiti ] n. &8, AU

molecular weight n. X 5FEHE

diamine [ dai'&mimn ] n. JCHE

terminology [ itomi'noladsi ] n. RNig%¥

dibasic acid n. IR

step-reaction polymerization n. B EE KK

chain-reaction polymerization n. EXEERINM

free radical n. Hi#E

alkene [ 'eelkim ] n. B

nomenclature [ nou'menklst o] n. W4, WAL
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expatiatory [ ekspeifiitori ] adj. JCRAEERRY
ethylene [ 'esilin ] n. LW
polyethylene [ ipoli'edilin ] n. RZIE

styrene [ 'stairin] n. KK
polystyrene [ ipoli'staiori:n | n. BELE

vinyl [ vainil, 'vinil] n. LiEH

chloride [ 'kloraid ] n. 84
polyvinylchloride [ipoli'vainikloraid] n. BEZ&E
Phrases

be essential to--- v. Jifeeeee VER

to give rise to*** v. E}[ﬂ ...... s ﬁ ...... Zié
be looked upon-+* v. Mjﬁ] ...... , E{ﬁ( ......
provided that--- conj. -

in the case of*-- adv. FE-e-e T

be analogous to"** v, Heeeeoo E <Y ()|

Notes

(DToday, these high-molecular-weight compounds are really indispensable to human,
being essential to his clothing, shelter, transportation, and utilization, as well as to t_he
conveniences and luxuries of modem living. #ff: W04, REFIFFYRCTBAA
TIREETAATHARERS, HETRAREFLUERFTEINERZ,

luxuries [FIEEEah, EAMR, SFIREIELFRARE, HALS5/ETER living
BLE, PR ESZN (S,

@Unless stated otherwise, the term average degree of polymerization refers to the
ordinary average obtained by dividing the total number of structural units by the total
number of molecules, i.e. , the number average degree of polymerization. 1 :
HIERFE, PHRGE - BEERSYSH RSBV B0 TR
R, WAIBHRGE.

Unless stated otherwise, E M “BRIEFH - :y/(| KEEREE ", B—1THER
MIEBETE; ie. B “thatis-” MAE, M “WH”, “GWRLE", ERHE
EFRLE S X P B .
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@ Where no confusion is likely to arise-++, FM: ZEARF=H B BT

@ Although these substances might be looked upon as “copolymer” of diamines and
dibasic acids structural units, it is preferable to classify them as polymers in which the
repeating unit consists of one residue from each of the two reactants. Fff{; BRI LL
VIR (8RB Bl UM TR NSRS Ry, [
P REET RNEHR T HEE BTG, BN AREER 2 I35 N5y,

A is preferable to B, ¥ “A b B WA BEFEL,

QIUPAC £ “Intemaltional Union of Pure and Applied Chemistry ([ B 4lifg
RN LR A 2)” MBS,
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Lesson 2 Radical Chain polymerization

The processes by which unsaturated monomers are converted to polymers of high
molecular weight exhibit the characteristics of typical chain reaction, which the active
center responsible for growth of the chain is associated with a single polymer molecule
through the addition of many monomer units” . Thus polymer molecules are forming
from the beginning, and almost no intermediate is found between monomer and
polymer of higher molecular weight. Of several postulated types of active center, three
have been confirmed experimentally, the free radical, the cation and the anion. The
related case discussed in the paper focuses on the free radical polymerization.

The free radical chain mechanism, first suggested by Taylor and Bates to explain
the polymerization of ethylene, was proposed independently by Staudinger in 1920s to
offer an explanation for the general characteristics of vinyl. Folry gave the conclusive
results, in 1937, that radical polymerization proceeds by and requires the steps of
initiation, propagation, and termination of chain reaction, however the chain transfer
occurs almost in all radical polymerization. All that will be introduced as follows:

1. Generation of free radicals

An impressive number of substances are capable of generating free radical, an
intermediate having an odd number of electrons through an unpaired electron® . They
can be generated by many ways including thermal or photochemical decomposition of
some peroxides or diazo compounds. Two compounds that are commonly used to
produce radicals for polymerization are the thermal decomposition of benzoyl peroxide:

O 6] o
Il Il i
{ Y004 Y ——=2{ Yc—o0——=2{ ) +20c0,
and of azobisiscbutyronitrile
CH, CH, CH,
HZC—(lJ—N=N—é—CH3 HO—C 4 N
CN CN CN
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The stability and reactivity of radicals varies widely with the chemical structure
and species. For instance, primary radicals are less stable but more reactive than
secondary radicals, which are in turn less stable than tertiary ones®; and the phenyl
radical is more reactive than the benzyl radical; the allyl radical is quite unreactive,
and so on. The final and conclusive evidence for the free radical mechanism is

afforded by detection in the polymer of radical fragment from the initiator.

2. Reaction of chain initiation

The process of chain initiation may be considered to involve two steps, the first
being the generation of a pair of free radicals R+ decomposed from the initiator I, as

follows

I 2R- (2-1)

and the second the free radicals adds to the double bond of vinyl monomer with

regeneration of chain radical:

X .
R—CH,—CH- (2-2)

X
R-+ CH.—CH
2

Not all of the radicals released in step (2 - 1) necessarily yield chain radicals
according to (2 - 2) ; some of them may be lost through side reactions. As a result,
initiator efficiency is aroused, which can be estimated by comparing the amount of
initiator decomposed with the number of polymer chains formed. Most initiators in
typical vinyl polymerization have efficiencies between 60% and 100% .

3. Reaction of chain propagation

The chain radical formed in step (2 - 2)is capable of adding successive monomers
to propagate the chain which may be represented by:

X X X X +CH=CHX
R—CH,—CH-+CH;~CH ——» R—CH,—CH—CH,—CH-— &
j;( X X +cH—cHx
R—CH,—CH—CH,—CH—CH,—CH-——2— & .. .. (2-3)



