= “STRUCTURE AND PROPERTIES

\S*-CONFIGURATIONS OF POLYMER CHAINS ~.

e teem confipuration relates to thase spatal arrangements of the stams of a molecule that can be
changed only by the breaking and making of bonds, whereas (he term conformilion is wsed 10 denole ny
ane af the infinite number of sputial arrongements of the stoms of o molecule that van arise from folation
ahaul o single pond. In ather wards we con say that (he vanious stereoisomerns that differ in configuiation
con be inierconveried only be the brenking and making of bonds whereus the confermational arrangement
may be intcreonvensd by m.,-.nmﬂ'ﬁf pn el the maolecule with respect 1o the rest of the molecule
abaut a single hond joiming these 1wo pans.

lgpig and goordination polymers cun provide access to polymers thot have o siefeoregulac struchure:
Any monamer molecule thal posseases an asymmetric centre ol o skeletal I R
atom has the copacity to form stercofegular polymers. Three primaory ;

O .

possibililes exist with respect w T EEGence in which the manomer units
enter e chain. These are called isotactic. syndictactic pnd ataclic
polyrefsnt| .
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Jsutactic polymiers are chamcterised by the presence of only one symmetric type of monomer residue
in the chain. One of the characteriste femures of isotoetde polymers is their ability o erystollize readily.
“This is 0 consequence_of the et that the regular dispesition of substituent groups along thE chain_permits
the molecule In nssume a repular helieal cnnmﬁd_ﬂlgxwmg:n:_chning 10 pack wopgether in an
ardered munner.

% Ayticliatactic polymers are choracienzed by alternnting configuration of residues,
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Syndialactic pelymers also lend 1o I:%m&“m:mf. becausa-nf-the -4

opportunities that exist for the formation el helices and for efficient chain
FEeking. it elficient chain T T

- =Afactiv palymers contain no regular sequence of monomer residues
aleng the chain, Because of this. the polymers @/ characterised by a low
endency Tor eoysiallisation.
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These three types of polymers have the same chemical siruclure, but exhibit emtirely diffenens
properties because of their differing conligurations and the resulling geometrwal structure. Atactic
pelymizes are for instance, generally low melting ond easily soluble, while isocte and syndiotactic
pelymzes are high meling and less solube,

51!.'|L'III'I:FIJ|IITi|'_I-' _P’il_!f!'- in arnpocand mig in the sinciunes af prralging, nucleic ocids and ather
sishstanies of lological importance, Deoayribonucleic.acid {DNA), for example, has a ldghly siercoregular
double helis sifuciure., )

5.2, CRYSTAL STRUCTURES OF POLYMERS

dlruetursl Heguirements for Crystallinity : Many polymers, including mast fibres. are pamially
Lerysialline. Tlhe most direst evidenge of this facl s provided by X-roy diffraction studigs. 1815 2 well known

T2t that while crysialline substonces pive sharp and well dl':ﬁ_ngd Xeray diffraction panems, ron-crysialline
famamhaus) subsances give rather diffused and broud patierns. When X-ray crystallographic iechnigue is
applied 1w polymerie solids, it s found that mony polymers diffracy X-ruys ke any crystalline subsiance.
On the oiher nand, many behave like amarphous materials piving very b_rE:-ﬂﬁd thifused X-mys
diffraction palicrns. '

In Taer, polymets conizin bath erystalling and amorphous regians. That is why, the X-my diffraclions
[rnm}lhurn are found 1o be o misture of shamp as well as dilfused patteras.,
e Regpularity of Molecular Structure ond Crystallizablity @ The close relation between regularity
of molecular sirecture and erystallizabihity has long been recognized. Typical crystalling polymers are those
whose solecules are chemueally and geometncally regular in struciure, By “Geometry” we mean the
comlipuration of the cham, Stereo-regelar polymens ie. isotaglic ant sendiotictic, are found 1o ceysollize,
whereas alactic ones are unable 1 do so. Similarly linear polyihens hos o highly regular cgnfiguration
is, theeelore, highly crystalline but this high crystallinity drops sharply when there 15 branching. Branched
polyetylenes Nind o more difficull o erystallize than lingdr polyethylenes do. Branchang impans
irregulaciey 10 the modecular siructiere and reduces the alility of 1he molecules 1o pet themselves pocked
closely and hence. their ability o crystullize. —

T understand further the effect of geometry nl,ﬁ_'_g}'slﬂfin]hilil:ﬂgﬂ (s 1ake the exomple of natural
rubiber and ot percha. Both ane p}ﬂﬂ.gpg'iﬁ_m;mi T-LI'I:IEF_i_E_'I11I:._I:i_Ef_iE_U_mEIW_IImu Giuita-perchn is

2 P—— i T

* the trans-isomer.

e ~CH; CHiy: -fCH i
: bl g “Se=c¢
% CHy H HyC CHiis
! _ faliona] puliber Cluins:perche
_ Oeisome . " romEsismmer

In nanural rubber, due 1o cis-ceafiguranon, there is a bending buck of the successive [soprene anils,
giving the mulecule a coiled structure. In Guua-percha, due to rroas-configuration, there is a strnighiening
out of the suceessive Bsoprenc unils, giving o rod-like sirvetere 1o the mnlecule, A rod-like structure enables
gutia-perehn malecules 1o orent themvelves in an omderly manner and pack up closely, us compared 1o the
coiled molecules of the nataral rubber, Guia-purcha is. therefore, more crystalline.

The effect of structural regularity on crystallizability can als e explained by companng 2
homaopolymer with its copolymer, For exomple. lincar polyethylene o5 highly crysalline whenens I'!Ir'_dff'm
copolymer of ethylene and propylene is compleicly non-eryetallne, The measons 15 thal the randam
distribution of propylens repedt anits in the copolymer disturbs the structural regubaity of the chain
malecele and suppress the temdency 1o crystullize. That is why, eandem copobymens do nol penerlly
crystallize. Notably, abemating copolymers, where the two repent wnits are amanged in @ regulns
aliermation,_resain the structural regularity and, hence. can show s wndency 10 crystallize. :
l_'_';';'ﬂﬂ"l-l:'r Fuclors AlTecling Crystnllizabllity : Apart from sirctural repularity, their are cestain other

Getors which affect the erystallizability of a polymer
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u{iffﬁlnrllj'q Nylon 6. is_highly crystalline in natwre. This is due 1o the presence of polar Lroups in

the !'i"lui:n.UIl: leading (0 hydrogen hnndmg In Mylen 6, the carbonyl oxyeen atoms of one palymer chain
Torms hydrogen bond with the H—MNe<  proups of another chain, Thus the formation of hydrogen bands

“Between two adjacent chinns increases the interehain forees of attraction and Facilitines tight packing ang

perfeet bonding of the chain elements with cacl ather.,

"F.'.'l.-— .5.;-"1:1]- FMect of bulky groups : Dulky side groups vome in the way of a closer molecular packing and
"hente’ .|fI'L'Tr}'5tnII1r..'|h|1|:j- For example, pely (vinyl alcohol) can be mode 1o erystallize, although o is
derived by hydrolysis from paly (vinyloceciate), which has never been crystallized.

A

CH;——CH——CHy—

—CHy

O’Ji) UJCD

Polvvinyl carhazals

Polyvinyl carbazole, which has very bulky geoups randomly projecting from the chain backbone, is
very difficult to crysallize. Bug on the other hand, if the side groups ore relatively small, os in the case
of palyvinyl alcohol or polyvinyl fluoride. the polymer can crystallize,

—EH;—TH—EHi—TH—ﬁHI—?H—EH]—CH—
OH OH OH 'E:!'H
Palyvinyl alcohnl

Smaller groups like —CHOH—, —CFs— cic. it into the crystal lanices desplie the siereochemical
irregularicy of the polymer. On the other hond, the - CHCI- group is spparently too Inrpe, since chlorinnied
|:r|:l|_'|-'|':t|1'_-'|l,l'.r1t is non-crystalline. The absence of erystallinity in poly {vinyl acetate) and similar polymers
]E due to'the combination of their atactic structure and the size of their substiluent groups,

___..-ﬂ"ﬂ HELICAL STRUCTURES.
- ——Fﬂl}’lﬂ:h with bulky substituents I:I{Heljr spaced along the chain ofien take on a helical caonformation
in the ciystlline phase, since this allows the substitsents to pack closely. Meost isotoctic Eulyrnl:rs as w-:[l

as FH:Il}'IHEI'L of some |,
;rrul:ll..lr'ﬂi of intefest .m. 1I1n:5.||: of Pl.'||_'|-1|:Ir.1 ﬂu-l‘:lrL'rcl:h:.'I{:_m: and I:hL‘ o- 1..1::'.1I_|r|. Etﬂ-lﬂlllrt

smnllcr |,-|r|. es] I’urmlnk the chain h-ll-l:h.'uln are &0 arranged (hat an |m.1-ymr}- line drawn Lhruugh. all the_
successive subsiiiuent Lroups (shown by bigger circles) anached 1o the aliernate carbon atams of the “chain
backbone forms o helix, IF the side group is not too bulky, the helix has exactly three units per um and
the armangement is similar o that in figure (o), This amangement is found in isotoctic palypropylene,
polystyrene ele. More bulky side groups nequire more space, resulting in the formation of looser helices
[Figure b-d]. Isotactic paly (methy] methacrylate) forms a helix with five units in two twms, while poly

isobutylene forms a helix with eight units in Mive wwms.
Helical siruciures are of greal imporance in biological materals, I"-'I:ln}r polypeptides have, in facl,

a helical sirucrure. The DNA structure, for exomple, is helical. Hydrogen Eru.n:lmg I?F:,*-a_'ﬁ'im_p-'gﬁﬁ'ﬂlft'ﬁﬂ'ﬁ"_

i the formatron of The double |'r|:!r of the DNA ITlD|E-|.I.J||'L e
e B !
r |I-li FI-A " .-"“"'l.-
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—J4. MORPHOLOGY OF CRYSTALLINE POLYMERS , 2 Ving( Pl

% morphology of o crysializable polymer i o desciiption of the_forms that resili-Tom_

erystallization and the-apgregation of erystallics..... Hesciiption of the_forms that resuli”fro
\—The term_crysiallite is used in polymer science to imply o component of .

_mitra-erystal line structure. iply o component _of an_ipjerconneced

- When small molecules erystallize, ench granule often has the form of a crysial grown from a single—-

p_uu:h:ui ﬁuﬁ_tlgr}'g:n]s are relatively free of defects nnd have well-defined erystal faces and cleavage planes.
Their shopes can be related to the geomelry of the_unit cell of the crysial lattice. Palymers crystallized

Trom the mﬂu‘?ﬁ'@l_prulﬂn'smllin:. Their struciures are o mass of disordered materiol.and . clusters_of
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. 9B QRGANIC POLYMERS CHEMISTRY
crystallites that developed. more or less, simulianeows]y from the growth of many nuclei. Distinet crystal
faces can net be distinguished ond the ordered regions in semi-crystalline polymers are generally much
gmaller thon thase 1n more pecfectly crystallized micremolecular species. These orderly regions n g
polymeric substonce ore called “‘ervstollites” instead of ‘ervaials’, Thus crystallites can be visualised as
regions compased of imperfect crysial-like chaln aggregaies. A parially crystolline polymenc material
consists of severn] such crysiolliles co-existing with amorphous regions of disordedy placed choin
segmems. X-ray sh studlci shu'l-l. thot the highly ordered regions in E:mll:ml:nlhn-: pnl_'rn'lm have dimensions
of the order of 107° = 107 em, These domuins are held together by “'tie maleceles™ which raverse more
than one crystallite. Tl'us. s wha gives a semicrystalling polymer its mechanical strengih,

M\;mm Single Crystals ;
Although the farmation I:H' single crystals of polymers was observed dunng polymerisation many

:|ﬁ ago. Schlesingler (1353} ond Keller (1957), finolly repaned the growth of such erysals, The
]Jh:rt-:rm-:nl:ln hos been T:plill'll:d: for sb many polymers thot it oppears 10 be quite J,Er.mr.:ll and universal,
= Single crystals of vorious polymers appenr similar when viewed wnder an eleciron microdcape. A
polymer single crystal looks as though it consists of many thin, fot ploteless (lamellae) kept one over the
other In & decreasing order of size. The usual lameller thickness of the s nple crvsial is around 1004, The
size, EEF!:- onc reguiarity of the erysiuls depend on thewr growth candiions, such as salvent, lempemiure

#iE_ Since the molecules in the polvmers are of lenst 1000A ond the lamalloe are anly abour 1004 thick.
The guestions is @ How o accommodate the long chain into the narrow lamelloe 7 The only passible
i:l:p-ll.mltlﬂﬂ is that the chain folding mkes ploce durinp 1he process of crystallization,

- _ Spherulltes : Folymers that are crysiallized from a melt shaw some interesting micro structures when
‘bsnned under a ]H:llnn:tn: microscope, The most prominent struciure on a scale Jarger than lemellos is
“the spherulite. It is a spherical aggregnte ranging from submicroszople in size 10 millimeters in dinmeter,
Sphl.‘mllh!! ane seen s l:|rl."|.|1:.tr bircfringent regions.

B

- - o .-“-;; *._,. qlﬁhﬂm E.Jb;. .

Fig. 2. Ringed spherulites obsarved in the oplical microscope

Scanned by CamScanner



3. CRYSTALLIZATION AND MELTING

Crystalllzatlon Kinetics : The development of erystallinity in polymers is studied experimentally
by ebserving the variation of specific volime as a function of time ot constant lemperature. Specific volume
is the propeny which vary with total amount of crystallinity. The d':'w:hpmml! ul' _"I.I"II'IH:]I' in polymens
it not instanLaneoue,

ﬁq\; _____H\ 42T
X NEEN
N TS
NS EEN S
\""vw-u—-zrc

0 4 8 12 16 20 14
Time, hr
Fln 3. Volume-time relations during the crystaliizaiion of natural rubber. Arrows Indicate palnts wi n'hu'l
erystallization Is half complete

'

The groph between volume-time shows that crystallization sometimes can not be considered complete
for long periods. Since the time for complete crystallization is mmm'h|1_1 lndenpiu-'. it 1% customary fo
define the rate of crystallization a1 a given temperature as the inverse of the time needed 1o attain one half
of the total volume charge. The rate so defined is a characteristic function of temperature. As the
temperature is lowered the rie increases. goes through a maxinvum. and then decreases. Al lemperatures
at which the raie is very low, the polymer may be supercooled and maintained in the amorphous stale. -

1N he data for specilic volume as a lunction of tme dunng orvstallization, are plotied againet Ume,
all the curves have the same shope.

Determination of crysialline melling point (Te) : Low-molecular-weight molecules mely and

'IL-'-.'ns:.ulhrr: completely over o shamp emperature interval. Crysallizalle polymers differ in that they melt
over a range of temperatures and do ot ervstallize completely, :':-pl:ninll} if they have high molecular
weights. Almost all crystallizable palymers ane consebered o be “semi erystalline” because they comtakn
significant fractions of poorly ordered, amorphous chains. The m:ltlng range of a scomcrystalline polymer
may be very bromd. Branched (how-density) polyethylene s an extreme example of this behaviour.
Softening 15 first noticeable ai about 75°C ahhough the last traces of erysiallimity do not disappeas el
pbout 115°C. Other polymers, like avlon 6.6, have much narmower melting mnges.

The disappearance of a polvmer crystulline phnse at the melting paint 15 accompanied by changes in
physical propertics. The material becomes a (viscous) liquid with changes in density. refractive index, hest
capacity, transparency and other propenies. Measurement of any of these properties may be used to delecd
the crystalline melting poam T, '

waday almost all méasurements of T, are made by differential Jbhermal analysis (DTA). Other
methods that could be used to detect Ty, are X-ray dilfraction, infrared and NMR speciroscopy.
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5 eryswalline, 10 a_polymer sample, both erystalline and pon-crystalline compoaents

coexist. I s for this reason il Xt -rav dilfraction pnllﬂﬂs of most polymers show both sharp as well
~ broad and diffused bands The sharp “bands ane
due to crystalline regions and (he diffused and
broad bands are due 1w noa-crystalline
jamarphous]  regions, Th~|:s¢ crvstalline  and
amarphous regions, in a polymer sample ase
held topether by long pﬂﬂ_}'m:r chnins which run

- "iﬂtw of Crystallinity ; Crystallinity of a polymer sample is expressed in lerms. of that fraction of

* | Amaephaus repion

- Pgdsmcr cluaiin minning,
ibFough the amarphons

and ervstlling regions

_\krough them, -
‘Further, amorphous componenis in_a. Crysalling megions
palymer are in the liquid phase whereas the s

crystalline companents in the erystalline phase.
The density of the erystalline component is, therefore, higher than that of the amorphous componend. For

n given polymer n 1005 crystalline sample will have the highest d:n5|l1.r and a 100% amorphous sample
will have the bowest. Actually, pulymers are only partially -.r:malhnc 50 its density will naturally be i in

h:t'-m:n thewe of teeir crystalline s amomphous componenis,
i From the knowledge of the densilies of the crysialline and amorphous components and that of the

pq.m:ul:q ::.impln:- the degres of crystallinity of the sample can be caleulated by the equation :
,,-'" u' n‘,, i
'\-\_-l""'.r J ‘iﬂ-.
where X, is the degree of crystallinity h} Tn'lur_n: and o, o, and o are the densities of the sample, the

lufly amorphous and fully crystalline components respectively.
Degree l;lfﬂj-‘:l:lﬂlnh:. of a polymer sample can also be measured in terms of specilic volume,

d Vo=V
,ﬂ'_. V= Ve
'I-'-'I'h.-rl: Xpy is the depree nl'u::}stalllmh' hj" mass and V.15, and V5 are the specific volumes of the sample,
lly nmorphous and fully crystalling componems :npn:tlv:h'

#
_-'ﬁ-;-ET_HAm INDUCED. MORPHOLOGY _.,
When a pobvmer is ervsiallized from solutson i the absence of external forces, crvstals pre formed,
moepldopy of which we have studied in previoes sectron, |1 the salution is subgecred 1o on external stress
irﬂf'l'l'i'!-s_llmn; an entirely different morphology can result. The reason i obndous. When a polvmer mass
% crystallived in the ahsenee of external r':l-m.s lhl.'n. :i no preferred direction along which the polymer
hains lie. T such an unoriented ..rjz.q;qlllng I'I-l.1-|'|.l1'|-|!l' is subpected o an extenal stress, il undergoes a
Fearmangement of the crysialline malerial. ¥-ray diffraction patern suggest that the polymer chain align in
Il1—_t‘h':n:a:|mr| ol the :lpplll:d siress. Al the mn'u. ume there is a change in the physical progertics of the
safmple also,
Flbrillar E'Halqlliugm I a dilwe (~ %) polymer solution is stirred during erystallization,
“ eryetalling aggregates consisting of a cemral rod or ribbon with lamellar m‘ﬂgm'ﬂ-ll'l!l can be formed,

The morphology has been called the M}_:ghnh,murphulup "Shish” menns "The backbone” and
the *Kehabs® are the epitaxiol growths formed using the backbone as o nuclews. This 1 perbaps the mos
spectacular of a number of morphologies produced by crystallization under unusual conditions,

Polymer Structure and Physical Properties :

There are several factors which determine the physical properties of a polymer. The molecular weigh,
bonding forces. :-mri!:ummr: and conformation. and the.nature of chain-packing of_moleciles. These

5
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STRUCTURE AND PROPERTIES

factors influence the crysiallinity of
polymers, which in twm, influcnce
such important physical properties as
impact and tensile strength, me'ting
poim, the wviscosily and solution
properties  of  polymers.  Polymer
struciure i3 also responsible for ils
unique propenics—ior example. the
clasticity and abrasion reastance of
rubbers, the swength and 1oughness
of fibres. and the fexibility and
clanty of films.

But one of the most important
delerminants of polymer properties,
is the location in temperature of the
major rnsitons, the glass tansition
and the crystalline melting point.

If a polymer has a high T (say.
above J0°C) it will generally be
unsuitable for use in applcations that
require  flexibility and rubbery
properties. 1T the material s
contemplated for use as an elastomer
in a4 low-lemperslune  environment
(e.g.. in the arctic or in air craft) it
must have a very low T’_. and and
have o low degree of crvsialliniy,
For o podvmer 1o be useful os a 1exule
fibre, it should normally have a 7,
tha is below {15 normal operating

Fig. E Schemalic model fo
erystalizatian of

e

i

A
L

i
L

I
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il

il
il
b

i
L

B T T
lymer solidlen -

temperature but a T, that is obove this temperature, A polymer that is to be used as a rigid struztural
material should have a high T, (100°C or above). 5o let us first discuss the relations between molecualar

structure and T, and T,
The crystalline melting poinl :

Il we describe the J:r:|.'5tu!||nn_,m|:1ung point in the thermodynamic

|r.'-.11m: meliing takes place when the free engery of the process is zero ;
AG = Ay, - '.I" AS -{I'

-u.hl:n: LG = Gibbs free-energy el LI'I-I]HE':
-Th-: heat of fusion per mole of repeating unit

-
.-J.S Chmg: I ERlropy uf fusmn
+I Jrips
'I T, =
-,. =
M
gl

I'-s:lnrs

The flexibility of chain mnl-ntulu ‘arises from rotntion around sowrated chain bonsds. The potential
engery barriers hm:l-:nrlg this rotation range from ':II.E o I'I l-:.].!q';ull: the game -nlﬂﬂ_rm-']E“““dt as

s o

—

—y

Mf:; ™y |

[

ek [ —

nlting puintn n:-i Hnmlnn‘uun series and effect of chain flexibllity and other steric.
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Side-Chaln Substltutlon

In many polymers, if the non-polar groups are substituted in side chain, it causes
reduction in meliing point (T) or may result for complete loss of crystallinity. If the
subatitubon is random, as in case of branched polyethylene, the initiz] effect i3 a reduction in
the size and perfection of the crystalline regions usually accompanied by a decrease in the
erystallinity, The crystalline melting point of pelyethylene is less by 20-25°C from the linear
to branched polymer.

If the amlde hydrogen is replaced by an alkyl group, it results much greater effect
because hydrogen bonding gets destroyed. In another case, such as N-methyl nylons melt at
100°C lower than its unsubstituted materlal.

In isokactic poly (n-clefins), an increase in the side chaln causes an increasingly lower
melting point, Tn. On the other hand, an increase in the bulkiness of the side chaln increases
meltdng point, since the rotation in the side chain is restricted in the liquid state, with
decrease in ASy.

Effect of side chain substitution on the Melting Polnt of Isotactic Poly (u-olefins)

Side chain T (*C)
—CH2CH2CH32CH 3 55
—CH:CH2CH34 ¥ h]
—CH3zCH 3 125
—CH3 165
—CHy = CH=—CH3z — CH3j
I 196
CH3
"i:I‘Is
—CHz — l]:-—CH: — CHa 350
CH3

¢} GLASS TRANSITION TEMPERATURE

Almost all amorphous polymers and many crystalline polymers possess a lemperature
boundary, Above this temperature the substance remains soft, rubbery and flexible, and
below this temperature it becomes hard, glassy and brittle, The temperature, below which a
polymer is hard and above which it is soft 1s called the glass transition temperature. The
hard, glassy, brittle state is known as the glassy state and the soft, rubbery, flexible state is
the rubbery or viscoelastic state. The glass transition temperature is denoted by T,

Ty is another term for temperature. When a polymer is heated further, it forms a
viscous liquid and starts flowing, this state is known as viscous-fluid state and the
temperature is termed as flow temperature (7¢). The different states with change of
temperature are ag :
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Glass state Rubbery state Viscous-fluid state
[Hard] [Saft] [Polymer melts
(below Tg) {above Ty and flow)
Ty Ir
Glass transition temiperature Flow temperalure =+

An ordinary natural rubber ball if cooled below —70°C becomes so hard and brittle that
it will break into sewveral pieces like a glass ball falling on & hard surface. This happens
because there is a temperature boundary for amorphous and many crystalline polymers. The
transition from the rubber to the glass-like state is an important feature of polymer
behaviour, marking as it does a region where dramatic changes in the physical properties,
such as hardness and elasticity, are observed, The changes are completely reversible and the
transition from a rubber to a glasa is a function of molecular motion, not polymer structire.
In the rubber-like state or in the melt the chains are in relatively rapid meotion, but as the
temperature is lowered the movement becomes progressively slower until the avallable
thermal energy is insufficient to owvercome the rotational energy barrier in the chain. At this
temperature, Ty, the chains become locked in whichever, the conformation they possessed
when T; was reached. Below Ty, the polymer Is in the frozen liquid (glassy) with a
completely random structure. It is quite obvious that T; is an important characteristic
property of any polymer as it has an important bearing on the potential application of a

polymer.

Experimental Demonstration of Ty

The glass transition temperature is not specific te long chain polymers. Any substance,
which can be cooled to a sufficlent degree below its melting polnt without erystallizing, will
form & glass. The phenomenon can be conveniently demonstrated using glucose
penta-acetate (GPA). A crystalline sample of GPA is melted, then chilled rapidly in ice-water
to form a brittle amorphous mass. By working the hard material between one's fingers, the
transition from glass to rubber will be felt when the sample is warmed up.

A litle perseverence, with Ffurther rubbing and pulling will result in the
recrystallization of the rubbery phase, which then erumbles to a powder.

» GLASSY SOLIDS AND GLASS TRANSITION

The concepts of glassy solids and glass transition are further understood by knowing
the following terms ;

(a) States of Aggregation

There are three states of aggregation in low molecular weight compounds (i) solid (i)
liquid (iii) gas. i

Polymers are the compounds, possess only twa states of aggregation (i) solid (ii) liquid.
Thev never exist in gaseous state, because at the their boiling point, the polymers get
decomposed.

I & erystal lattice, [ow molecular weight solid substance sits in a definibte equilibrium
position from which it moves only a little space, in & wdbrational motion. In a crystalline solid,
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104 - ' ORGANIC POLYMERS CHEMISTRY

The intermolecular forces determine the magnitude of the molecular nggregates. In the cuse of
hydrocarban polymess, enly vander Waal's forces act on the neighbouring polymer chains and, henee,
malecubar appregates are Aol that strong. Pelymee chaing can slip past each other easily. Polymer chains
cantaining polar groups hke >C = 0, >N ete. are held wogether by dipolr atiraction and inlermuolecular
hydrogen bonding and o are unable 1w move that easily,

Hindrance 10 sepmemal rotation and intermolecular cohesive Torces restrict the chain mobility and
they are held down 1o positions of minimum potential energy. The thermal encrey of a polymer (which
natwrally incroases with temperature), however, activales thermal vibrtions of the chain clements. As the
temperalure is increased, 1hese vibrations are able o get over the ndrance 10 segmental rofation ared the
imermelecular cohesion. When the resirictions are overcome at appropratc iemperaiures, segmental and
molecular motion set in. The onset of these matians delermines the Ty as well as the T, of the polymer.
Hence we see that the glass transivien 1emperature and the meliing lemperature of o polymer depends on
|.'hn|1'| geametry, chan flexibility and molecular upprepales.

I.I:I study few cxamples to confirm above facrs,
1) I"ﬂ-l].':lilljrll:m: is made up of the repeating unil

H H \
| | |
0 B, S
L
H H 4

has a T value of = 125 C.In this case. T, is quite low be h:cnuir_jﬁr_;r:; imermolecular cohesive forces
ore absent and (i

SUbstinent group an EEE_:n aloms is only hydrogen, which is not bulky at all.
(2§ Mylon 6, a Er:umd:. has 2 high high T (30°C). It is due 10 the presence ofal I:Lrgi: number of polar
gﬁ_’s in the mofecules, leading to sirong ml:rrrm]m:'_hf h_',rﬂmgl:n bonding between =C=0 and
aN—=H proups. T
e {3) The effect of the side group on chain mobility and hence on glass transition temperature can be
studied by taking the examples of palystyrene and pﬂ'l:.'mtthj."] styrene and also of poly methylacrylate and
palymeihyl methacrylate.
presence of —CH; groups in poly @-methyl styrene ond poly methyl methacrylate, comes in
the way of free rotation around C—C bond of the chain backbone and, hence, hinders the chain mability,
resulting in on increase of around TO°C and 10O°C in their Ty wvalues over polysiyrens and
polymethylacrylate, respectively.
..{-1]' Pﬂly'l.'myl carbazale has a high glass tronsition temperature {Jﬁ!]"l:} 'blﬂ:u:ﬁr. it_contains bulky
md: groups which hinder the freedom of rotation.

H

f)— T

H
I
C

I
=
S

N N N
U () OO
(¥ In the case of polyethylene terephthalate the presence of the aromatic rings in the chain backbone
_-increases the inflexibility of the chains and the T valu: is. hrgh (69°C)."

bl s L=
:l:—'l"l—-.'-l:
T

‘!,"‘-.

H H H” H
5 ST, T o W

1 I I P

H H 0 o H H
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'STRUCTURE AND PROPEATIES | @

(6) The higher T, value for the derivatives of cellulose, such as cellulose nitrae, is largely due 10
the rigid ring structures in the macromolecular chain,

H' 4.7.1. Glass Transition Temperature and Molecular Wefght -
The glass transition_temperature of a polymer is influenced by s molecular weight, o least up 1o
around o value of Eﬂ.ﬂl]ﬂ?:ﬂ-t]rnnd this, the effect of the m-:_r[n_:_:ulr_l:' w-:jg_lﬂ is Hl:ll_[ll'l:ImlIJT_hEI.j.__ i
' |

Moleculsr wekphd ™
e )

Moleculss weigh  ——————
Following two mathematical relationships have been established between the two :

s & !
i e
| Pe——
1 1 A
and s O i
Tp Tr Ma

where T; is the ploss transition temperature at infinite molecular weight and K and A ame arbitrary

coneslanls.
Mow, let us sce how the molecular weight can affect the T values. We know thal pelymer chains

made of hundreds of monomenc vnils compnse several segments, each made of a few 1ens of moromeric
umits,

Chaimend

. Lhain sgmenis Chain segments
Itis also well known that the mebility of chain segments influences the glass transition temperature.
Mow, the segmenis that are away from the chain ends have a resiricted mobility whereas the twn end
segments containing the choin ends, have more freedom for motion, For a given weight of the palymer.
a low molecular weight sample will have more chain end segments than a high molecular weight sample.
larger the number of chain end segments, the larger will be the effective sepmemal motion. Thus. the
¢ val Lf‘ill be lower for low molecular weight polymers.

& /.;fﬂllglss Transition Temperature and Melting Point -*f)
=77 (Reliionaip between T, and T,) 5
Many attempts have been made to study the relationship between the glass transilion temperatire
and melting point. Based on experimental observations, Ty and T, (in degrees Kelvin), have been shown
o be related as :
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T, = ';— T (Tor symmetrical polymers)

Te= i T (for unsymmetrical polymers)
A combined version of these two equations, imespective of molecular symmetry can be shown as

i

2 T,., 3 ..

/ e a:lnil:hnmln-.a! Structure on Ty e AT T o i
effects of the nature of the chain repeal units on T, are pronounced os it is related (o
||'|ttrl.'|'il:]|l:-I:Il|lr forces, chain stiffness, ond symmetry. Probably |h-= mosl important factor among these Is
hindrance 1o free rowtion olong the polymer chain due to the presence of bulky side groups. The effect

can be visuolized by comparing the glass transition tempernture of following polymers

Sidechaln T ('Ch

Poly buladieme - B5°'C

| Siyrene-hunadiene copalymer =55C
Paly sty rene + 100°C
- Paly (a-methy| styrene) + 130°C

| “PAOPERTY REQUIREMENTS AND POLYMER UTILIZATION
We have seen thot depending on their ultimate properties, polymeric materials can be classified into
three broed categories : Elostomers, Fibres and Plastics. In a simple way, we can soy that elastomeric
meterials exhibit rubber elasticity; fibre-forming maoterials possess rigidity and stiffness; and plostie
| materinks are generally strong and tough. Now the question anises : what makes them behave differently?
And the answer is : It is the chemical and geometrical structure of the individual polymer chaing os well
i ns the type of inder-chain armangemend that decide the propenty of o polymeric substance. Let us discuss

| the property requirements for elasiomers, fibres and plastics.

-

should :nmprm of Mexible segments copable of aiining free rotation. In the unstroined state, they should
tend 10 take up the more probable randomly cosled coalormation such that the entropy factor is highest ot
its mormal state. When strained, the chains should be oble 10 pet extended and be brought 10 more ordered
conformations. An ordered arangement of the chain molecules gives risc to parial crystallinity and also
a decrease in the entropy factor. It is thus the decrease in entropy that favours recoiling on release of the
lorce. There should alsn be sufficient imerchain free volume 1o provide for unhindered segmental mobility
during eoiling ond wncoiling.

In contrast 1o the high local mobility of chain scgments, the gross mobility of chains in clasiomers
should be low. The motions of chains past one another must be restricted in order (hat the materal can

regain its ofiginal shape when the siress is released,

Thas restriction of gross mobility is wsually obtained by the introduction of o network of primary
bord cross-links in the material. The cross links must be relatively few and widely seporated, so that
streiching 1o lorpe extensions can toke ploce without rupture of primary bonds,

The requirement of chain flexibility and segmental mobility can be obdained by selecting repeat units
made of the C—C and C—O linkages and by avoiding bulky side groups on the repeat units. By avoiding
aromatic and cyelic strutiures in the chain backbone, chain stiffening can be avoided. In the case of diene
pelymers, an increase in the cis-content will lead 10 a better chain Nexibility.

{lu
&
HE
=
b
|
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Branched molecules will provide an increased interchain free volume because such molecules can
mot have close packing, [nterchoin cohesive forces can be minimised by avoiding polor groups in the repeat
units. Cross-links provided at suitable imtervals will hold the molecules topether and will not allow them
to slip past each ather on streiching.

Further, lar a polymeric substance to possess the clastomenc propeny i.e., to behave like a rubber
{over a wide range of wwmepraturc), 15 glass wansition iemperaure (T,) should be as low as possible and
the Now temperatere (Ty) should be ns high os possible. We can push down the T, by plasticising the
material, This con be dane by copolymerisation with small quantities of a suitable comuonomer.

Copolymerisation lowers (he Ty of a polymes. This is internal plasticisaion. Exiemal plasiicisation
involves compounding Lthe polvmer with a mutwally companble figh boiling liquid, called & plasticiser.,

It reduces the imerchain cohesion in the polymer ond Tovours segmental motion. The elevalion of
the Tyis donc by cross-hinking or vulcanization, In a vulcanized materinl, the Ty is generally so high thm
the material on healing sars decomposing before its Ty is reached.

3.6.2. Flbres

In contrast to elastomers, fibres exhibit high tensile strength and rigidity or stiffness ond undergo
irmeversible deformation, Far abnaining these properties polymer should have symmeiry and high cohesive
energy associnted with a high degree of crysiallinity. They should be pocked very close 1o cach ather in
a highly ordered manner and should be held together by strong imerchoin cohesion Torces which resist
deformation and do not allow any relative movement between the chains. Thos the selection of a polymer
for use as a fibre involves a number of points. First it should be linear polymer with high symmetry and
high intermolecular forces resulling from the presence of palar groups. it should have o very high degree
of polymerisation. Branching, in the polymer chain disrupt the erystalline Inttice, lower the erysialline
melting point and decrense iffness so i1 should be oveided. Presence of nromatic and cyclic rings in the
chain backbone Increnses stiffness. Crosslinking between the chain offers strong interchoin bonding,

a._ﬂ.ﬂi Plastlcs

In general, the properties of plostics are intermediate between those of fibres and elasiomers. Plestic

materials possess good lensile strength and rgidity. These can be either Tully amorphous or paniolly
stalline.

B Cross-linking of plastic materials, os in the case of elastomers, improves the structural rigidity. When
products do not demend high rigidity, uncross-linked systems are used. Polystyrene and polyethylene are
examples of such sysiems. On the other hand, phenol-formaldehyde. urea-formaldehyde ond epoxy systems
invalve cross-linking, Generally the uncross-linked plastic materials are thermoplastic and the cross-linked
sysiems are thermiosetting.
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