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ABSTRACT

STUDY OF SOME PROPERTIES OF TRANS-1,4-P0LYIS0PRENE CRYSTALS

by

Syamananda Mukherji 

Advisor; Professor Arthur E. Woodward

S t i r r e r  c ry s ta l l iz a t io n  o f  a trans-1,4-poly isoprene f ra c t io n  

(Rn = 3 x 105) was carr ied  out from n-butyl acetate and from n-heptane 

so lu tions (2% w /v). Fibrous c rys ta ls  in  the 3-form were obtained a t 

temperatures o f 46-48°C and 36° to 40°C in the two solvents respec­

t i v e ly .  At 36° to 46°C from n-butyl acetate and 25°-35°C from n- 

heptane lam ella r c ry s ta l l iz a t io n  took place leading predominantly to 

the a form. Melting endotherms and dens it ies  fo r  various samples were 

obtained. The maximum fo r  a was 74°C and fo r  3 79°C and the

maximum weight f ra c t io n  c r y s t a l l i n i t y  fo r  3 was 0.78. The s t a b i l i t y  o f

preformed a nuclei in  n-butyl acetate and n-heptane using a f ra c t io n
5with M = 2.5 x 10 was monitored as a function o f temperature. The 

d isso lu t ion  temperature o f  f ib rous  B-TPI w ith  the maximum T ^ q was 

measured in  th ir te e n  l iq u id s  and the resu lts  analyzed in  terms o f the 

Flory-Huggins parameter. The heat o f  fusion fo r  the a and 3 form 

obtained by ex trapo la tion  o f heat o f fusion vs the change in  spe c if ic  

volume, were found to be 8.0 and 10 kJ mole"'*', respective ly . A 8 to 

a transformation was found to occur in  the presence o f n-butyl acetate, 

heptane and amyl acetate as d i lu e n ts . From experimental resu lts  74°C 

is  chosen as the temperature a t which the a and 8 forms coexis t in  the 

bulk. The pressure c o e ff ic ie n ts  o f the melting temperature were



calculated to be 38 and 43°K k i lo b a r” 1 and the fo ld  surface free 

energies recalculated to  be 42±1 and 53±1 ergs cm fo r  the a and B 

forms, respective ly . The number o f monomer un its  per average non­

c ry s ta l l in e  chain traverse fo r  the most c ry s ta l l in e  fib rous B-TPI 

was estimated a t 36. The entropy o f fusion o f  a and 8-TPI were ca l­

culated to be 30 and 22 JK” 1 mole” 1, respective ly . The con tr ibu tion  

to  the entropy o f fusion made by the volume change on fusion were c a l­

culated to  be E l and 18 J/K mole” 1 fo r a  and 3-TPI, respective ly .
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INTRODUCTION

Trans-1, 4-polyisoprene, TPI, has two c rys ta l forms, monoclinic, 

a>^*^ and orthorhombic, Conditions have been established4” *^

fo r  the formation o f each o f  the polymorphic m odification from melt 

and so lu tion  and so the properties studied can be properly a t t r ib u te d . 

The property o f  a given substance to have more than one ch a ra c te r is t ic  

c ry s ta l l in e  s truc tu re  goes under the name o f "polymorphism".

U ntil a few years ago, macromolecular polymorphism had been 

studied only occasionally and was considered re la t iv e ly  uncommon; 

however i t  now appears to be a widespread phenomenon. Among the f i r s t  

cases o f macromolecular polymorphism to  be observed is  tha t described 

fo r  TPI.,4" 6

Table I l i s t s  some polymers fo r  which polymorphism has been 

c le a r ly  observed. The polymers w ithout p o s s ib i l i t y  o f  stereoisomerism 

are quoted on the l e f t .  On the r ig h t ,  the stereoregular polymers are 

l is te d :  the f i r s t  two being t ra n s ta c t ic ,  the fo llow ing  four is o ta c t ic ,  

the la s t  one being synd io tac t ic .

TABLE I .  Polymorphism o f  some f le x ib le  l in e a r  polymers

Devoid o f  Stereoisomerism Stereoregular

Polyethylene 
Po ly te tra fluoroethy lene 
Polyoxymethylene 
P o lyv iny l id in e  f lu o r id e  
Nylon 6 
Nylon 8
Other polyamides

Transtactic  polyisoprene 
Transtactic  polybutadiene 
Is o ta c t ic  polypropylene 
Is o ta c t ic  polybutene-1 
Is o ta c t ic  polypentene-1 
Is o ta c t ic  polyheptene-1 
Syndiotactic polypropylene
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The melting o f  the equ il ib r ium  c rys ta ls  o f  a polymer is  a f i r s t
*

order phase tra ns it ion - ,  so a t the melting po in t Tm the fo llow ing  

re la t io n  holds:

T* = A Hf (1)
111 n

AS?

Where a  is  the heat o f  fus ion per mole o f the repeating s truc tu ra l 

un its  o f  the polymer chain and a S° is  the corresponding entropy o f 

fusion.

The s t a b i l i t y  o f the polymorphs can be discussed in  terms o f

th e i r  respective free energies o f fusion per repeating u n i t .  At
*

temperatures not too fa r  removed from Tm, the free energy o f fusion

a  6° can be w r it te n  as 
f

AGO = a H° [ 1 - (Tm/  T*) ] (2)

I f  we take the completely l iq u id  polymer as a standard s ta te , 

the c ry s ta l l in e  m odif ica tion  a t a given temperature having the greater

free energy o f  fusion per repeating u n it  should be the more stable
8 11 cone. ’ At a c r i t i c a l  temperature, T , where two c ry s ta l l in e  m o d if i­

cations A and B, o f a polymer are in  equ il ib r ium  s ta te , equation (2)

can be w r it te n  as

a H? (A) [ 1 - (T£ /  T* (A) ]

= AH? (B) [ 1 - (T£ /  T* (B) ) ]  (3)
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Now the fo llow ing  cases may a r ise :

( i )  a H° (A) > a H° (B) and T* (A) ^  T* (B)

In th is  case the m odification B is  a permanently 

metastable sta te  re la t iv e  to A and i f  there is  a 

conversion from B to  A occurring, i t  w i l l  be mono­

tro p ic  in  character. One example o f a monotropic

polymeric system is  the is o ta c d c  polybutene-1 
16

system.

( i i )  a H° (A) > a H° (B) but T* (A). < T* (B)

In th is  case, we can f in d  a temperature, T^, where 

there w i l l  be a f i r s t  order phase t ra n s i t io n  from 

so lid  A to so lid  B and the t ra n s i t io n  w i l l  be 

enan tio trop ic . Here the phase A is  the low tem­

perature crys ta l form and the phase B is  the high 

temperature crys ta l form. The high temperature 

phase B, has density andAS®, lower than the low 

temperature phase, A.

Few f i r s t - o r d e r  so lid  - so l id  t ra n s it io n s  have been 

established fo r  polymer c ry s ta ls ,  possibly because 

o f  the sluggishness o f e q u i l ib ra t io n ,  were i t  to occur. 

Since the d i f fe re n t  so lid  phases o f a polymorphic 

c ry s ta l l in e  polymer can d i f f e r  su b s ta n t ia l ly  in 

physical p roperties , spe c ia l ly  sp e c if ic  volume, such 

slow approach to  the phase stable a t use temperature 

can cause serious problems in p rac tica l app lications
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as well as in research and q u a l i ty  co n tro l.  The best 
16

known s o l id  - to -s o l id  phase t ra n s it io n s  o f  c ry s ta l­

l in e  polymers to  date are po ly te tra f luo roe thy lene , 

trans-1 , 4 - polybutadiene, is o ta c t ic  polybutene -1, 

and is o ta c t ic  polypropylene.

( i i i )  AH° (A) = (B) but T* (A) > T* (B)

This w i l l  be the same as case ( i ) .

The melting po int o f  a low molecular weight so l id  A is  lowered 

by the in troduction  o f  a d i lu e n t soluble in the melt according to 

the formula

J_ - . . J _  m . (4)
Tm Tm *  Hf

where T^ is  the melting po in t o f the pure so lid  A, Tm is  the melting

po int in the presence o f a d i lu e n t ,  is  the heat o f fus ion , R the

gas constant, and is  the a c t iv i t y  o f A in  the melt in the presence

o f the d i lu e n t.

Correspondingly the melting point o f the equ il ib r ium  crys ta ls  o f

a polymer is  depressed by the in troduction  o f  a d i lu e n t according to 
17

the formula analogous to  equation (4) .

1 ^  ̂ (<f> -  ft. $ )  (5)
Tm T"> * | 0

where x is  the ra t io  o f the molar volume o f  the solvent to  tha t o f 

the repeating u n it  o f  the polymer, x the Flory-Huggin's in te rac t io n  

parameter, and 4> is the volume fra c t io n  o f  the solvent.
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For very d i lu te  so lu t ions , i t  can be shown tha t equation (5)
18

becomes

_L_ _ J_ — R _1_ (1 -JC) (6)
Tn*  T *  AH° ’ x1D m f

where is  the equ il ib r ium  d isso lu t ion  temperature o f the polymer.

Of the thermodynamic parameters, the equ il ib r ium  melting p o in t ,

the heat o f fus ion , and the equ il ib r ium  d isso lu t ion  temperatures are

o f fundamental importance in  the formal treatment o f c ry s ta l l iz a t io n

and polymorphism in macromolecular systems.

C ry s ta l l iz a t io n  o f a l in e a r  f le x ib le  polymer from the melt or
19-22

so lu tion  is  re s tr ic te d  by the cha in -fo ld ing  p r in c ip le  .

Single folded-chain lamellae are usually  formed when c ry s ta l ­

l iz a t io n  o f a polymer is  carr ied  out isotherm ally  and from d i lu te  

so lu t ion . TPI was one o f  the f i r s t  polymers to  be c ry s ta l l iz e d  in

the form o f s ing le  c rys ta ls  as large as 0.35 mm grown from d i lu te  
23

so lu t ion .

Measurement o f properties conventionally used to determine the 

c r y s t a l l i n i t y  ind ica te  a notable c r y s t a l l i n i t y  defic iency in polymer 

s ing le  c ry s ta ls ,  which in  the conventional manner can be in terpreted 

as an amorphous component.

There is  a general consensus o f  opinion tha t most o f the c ry s ta l ­

l in e  d e f i c i t  in  d i lu te  so lu t ion  grown c rys ta ls  is  located along the 

fo ld  surface. One o f  the controvers ia l top ics in  the polymer c ry s ta l ­

l iz a t io n  f i e ld  is  the nature o f  the fo ld  surface, p a r t ic u la r ly  whether
23-29

or not i t  is  reentrant . Fig. 1 shows three proposed models fo r

the lam ella r polymer c ry s ta ls :  (a) shows adjacent re -en try  w ith

sharp, regular fo ld in g  and a uniform fo ld  period; (b) shows adjacent
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Fig. 1: Three models fo r  the lam e lla r c rys ta ls  (a) regu la r, adja­

cent reentry (b) I r re g u la r  adjacent reentry and 

(c) non-adacent reentry.
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re -en try  w ith  an i r re g u la r  fo ld  period; and in  (c ) ,  non adjacent re ­

entry (switch board model) in which the molecules meander through an 

amorphous surface layer on the lamella before reentering the lamella 

or neighboring lamella.

A common but not the sole morphological e n t i t y  obtained when 

c ry s ta l l iz a t io n  is  carr ied  out from the m e lt, is  the spheru lite . The 

spheru lite  consists o f  stacks o f  tw isted lamellae tha t emanate 

r a d i a l l y  outward from the center. Noncrysta lline portions o f  the 

chain in the spheru lite  can be in  the form o f c rys ta l de fects, chain 

fo ld s ,  chain ends and parts o f  chains which are involved in  more than 

one c ry s ta l l in e  lam e lla r s truc tu re . The l a t t e r  are t i e  molecules 

provid ing much o f  the cohesion to  the s truc tu re  elements in  bulk.

The apparent melting p o in t ,  (T ) ,  o f  a c ry s ta l l in e  polymer de­

pends on the c r y s ta l l iz a t io n  temperature, T . As the c r y s ta l l iz a t io n  

temperature increases, th ic k e r  lamellas are formed, re su lt in g  in  a 

higher melting po in t.  When the lam e lla r th ickness, L, exceeds 200 nm, 

then the excess surface free energy, 6 \, present in the in te r fa c ia l  

area o f the polymer c rys ta ls  does not have much o f  an e f fe c t  in 

lowering the melting p o in t ;  such c rys ta ls  can be considered as an

equ il ib r ium  type but are very d i f f i c u l t  to  make.
30-32

I t  can be shown from thermodynamic considerations th a t :

Tm is Tim ( I "  2 6e/A H° L) (7)

where cT  is  the end surface free energy and aH° is  the heat o f 

fusion per mole o f repeat u n i t .  This equation pred ic ts  a l in e a r  

re la t ion sh ip  between Tm and 1/L. fo r  polyethylene c rys ta ls
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has been reported to be around 70 ergs, cm"^, &e fo r  a and g- TPI
48

has been calcu lated to  be 60 and 45 e rgs /cm , respective ly  using

experimentally determined L values a t various Tm. However, the values

o f  and T* fo r  a and g- TPI used in  these ca lcu la tions are believed

to be inco rrec t .

Recently a number o f  polymers have been c ry s ta l l iz e d  from 
11, 33-43 33

so lu tion  by the s t i r r e r  c ry s ta l l iz a t io n  technique at high

temperatures where ord inary methods o f  so lu tion  c ry s ta l l iz a t io n  f a i l .  

Evidence has been presented to show tha t a la rge r c ry s ta l l in e  th ic k ­

ness is  associated w ith increasing c ry s ta l l iz a t io n  temperature and so 

the s t i r r e r  grown c rys ta ls  o f a l in e a r  and s u f f ic ie n t ly  f le x ib le  macro­

molecule, a t high c ry s ta l l iz a t io n  temperature, are expected to be 

close to the equ il ib r ium  type o f  c rys ta ls  o f tha t polymer. During 

the high speed ro ta t io n  o f  a paddle type o f s t i r r e r  inside a polymer 

so lu t io n , a f low f ie ld  is  produced which is  e f fe c t iv e  in s tre tch ing  

ind iv idua l macromolecular c o i ls  present in  the so lu t ion , re su lt ing

in the formation o f "shish-kebab" f i b r i l l a r  c rys ta ls  above certa in
25, 43

c r i t i c a l  c r y s ta l l iz a t io n  temperature, Tcr . The "shish-kebab"

s tru c tu ra l forms are characterized by the presence o f a long f i b r i l l a r

centra l trunk (see Figure 2) and laminae grow transversely on th is

trunk. At temperatures below, Tc r , lam ella r c rys ta ls  are formed and

th is  temperature can be considered as the upper l im i t  o f  chain-folded 
43

c ry s ta l l iz a t io n .

There is  evidence th a t  when chain folded c rys ta ls  o f  a polymer

melt or dissolve in  a so lvent, the nuclei s t i l l  survive a few degrees
9, 44, 45

above the apparent melting or d isso lu t ion  temperature . This

s t a b i l i t y  o f the nuclei above the apparent melting or d isso lu tion



Schematic representation o f  a micro shish-kebab ind ica ting  

the in tim ate connection o f the p la te le ts  to the central 

core.

7762

0
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temperature increases w ith the increasing molecular weight (Mp) o f
_ 5

the polymer up to  Mn = 10 ; above th is  molecular weight,the

s t a b i l i t y  o f  the nucle i is  independent o f  the molecular weight.

I t  would be o f  in te re s t  to  see whether or not the s t a b i l i t ie s  o f

the preformed nuclei can be corre la ted w ith  the la m e l l a r - t o - f i l b r i l l a r

c rys ta l t ra n s i t io n  temperature.

The e f f ic ie n c y  o f  s t ir re r- in d u ce d  c ry s ta l l iz a t io n  o f a polymer

is  raised i f  the molecular weight (M_) o f  the polymer is  around 10^
43

or higher. The high molecular weight fra c t io n s  o f  a l in e a r ,  f le x ib le  

polymer are more e f fe c t iv e ly  deformed and oriented under the Influence 

o f  a flow f i e l d ,  produced by the high speed ro ta t io n  o f a paddle type 

o f s t i r r e r  ins ide the polymer so lu t io n . So, fra c t io n a t io n  o f the 

i n i t i a l  po ly-disperse polymer is  advantageous fo r  the preparation o f 

s t i r r e r  c ry s ta ls .

The no ncrys ta l l in e  chain traverses present in  a s t i r r e r  c ry s ta l­

l ize d  sample can cons is t o f  chain ends, chain fo ld s ,  in te r la m e lla r

l in k s  and in t ra la m e l la r  defects. Assuming in tra la m e lla r  defects to
15, 29

be n e g l ig ib ly  small, the noncrys ta ll ine  fra c t io n  is  given

Fs = (UF + C) /  Nn (8)

where U is  the average number o f monomer un its  per fo ld  and in te r ­

lam ella r traverse combined, F is  the number o f  fo lds and in te r la m e lla r

traverses per chain w ith  a number average DP o f Nn , and C is  the 

average number o f monomer un its  in  the two chain ends. The c ry s ta l l in e

f ra c t io n ,  1-Fc, is  re la ted  to the above parameters and to the c ry s ta l -
15, 29

l in e  stem length , Lq, by

1-FS = (Lc /  RNn) (F + 1) (9)
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where R is  the crysta l!©graph ic repeat distance in  the chain d ire c t io n .  

Equations 1 and 2 can be combined to  e lim inate F, g iv ing :

1-FS = (Lc/R) |  1 + (U-C) /  Nn j  / { u  + Lc/R }  (10)

At large (U-C) /  Nn w i l l  be much smaller than 1 and the c ry s ta l ­

l in e  f ra c t io n  1-F^, w i l l  be independent o f  Nn and w i l l  be constant

w ith changing Nn i f  Lr and U remain constant. For large N , Eq. (3)
15, 29 n

can be w r it te n  as

Fs) j  (11)

Lc can be calcu la ted from the fo llow ing  equation:

Lc = f a wcL + .fc ( l-W c ) }  (12)

where L is  the lam e lla r th ickness.

An estimate o f  the average length o f a no n -c rys ta l l ine  chain

traverse ( in  the fo lds  or in te r la m e lla r  l in k s )  can be obtained i f

the lam e lla r thickness and the c r y s t a l l i n i t y  (Wc ) are known.

For bulk and fo r  d i lu te  so lu tion  c ry s ta l l iz e d  TPI> a melts at
7-15

a higher temperature than p. But fo r  one s t i r r e r - c r y s ta l l i z e d
11

0- TPI sample Flanagan and Rijke reported a melting po in t around

81°C. This melting po in t is  about 17°C higher than the e a r l ie r  
8

reported highest melting po in t o f  melt-grown p- TPI c rys ta ls  and
8

about 7°C higher than the reported highest melting po in t o f a - TPI.

The equ il ib r ium  melting po in t o f p- TPI, as evaluated by an extrapo­

la t io n  method invo lv ing the measurement o f  apparent melting po in t as
46, 49

a function  o f c ry s ta l l iz a t io n  temperature or reciprocal
47

lam ella r length .y ie ld e d  a value o f 80°C. So i t  can be concluded

U = Lc/R |  F$ /  (1 -
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tha t the equ il ib r ium  melting po in t o f  0 -TPI is  close to  80°C.

The highest melting po in t o f melt-grown a -TPI reported to  date 
n 7 ’ 8is  74 C. Various values o f the equ il ib r ium  melting p o in t ,  as

46, 47
evaluated by ex trapo la tion  have been given and include 87°C 

11, 49
and 80°C. Due to  th is  controversy regarding the equ il ib r ium

melting po in t o f a -TPI, no d e f in i te  conclusion can be drawn regarding

the re la t iv e  s t a b i l i t ie s  o f  these two polymorphic m odifica tions.

The evaluation o f the equ il ib r ium  heat o f fusion is  d i f f i c u l t ,

since no absolute values o f the enthalpy o f amorphous or c ry s ta l l in e
50

polymers are ava ilab le . One o f  the extrapo la tion  methods developed 

involves the measurement o f the heat o f fusion as a function of 

c r y s ta l ! i n i t y  and another extrapo la tion  method involves the measure­

ment o f  melting points in  d i lu e n t mixtures as a function o f  

concentration.
51

Hendus and I l l e r s  p lo tted  the heat o f  fusion o f polyethylene

as a function o f  sp e c if ic  volume o f the sample a t room temperature

and found a good s tra ig h t  l in e  through the extensive data po in ts.

The extrapolated equ il ib r ium  heat o f fusion is  293 J/g a t a sp e c if ic

volume o f 1.000 cm ^/g fo r  the perfect crys ta l a t room temperature.

The accuracy o f  th is  ex trapo la tion  is  supported by the fa c t  tha t the
50

most perfect c rys ta ls  produced to date f i t  the same s tra ig h t  l in e .

As long as the c rys ta ls  are not deformed severely by drawing, and 

the fo ld  length increases s u f f ic ie n t ly  w ith increasing c rys ta l per­

fe c t io n ,  a reasonably good s tra ig h t  l in e  can be drawn through the 

data points.

D i f f i c u l t ie s  ar ise  when the crys ta l pe rfec t ion , as roughly 

indicated by the c r y s ta l ! i n i t y  or spe c if ic  volume, and e ffe c ts  o f
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surface are varied separately. The heat o f  fusion w ith the increasing

c r y s ta l ! i n i t y  o f polyethylene samples a t constant fo ld  length (about 
0

135A) extrapolates to a heat o f  fusion 20 J/g lower than 293 J /g ,

Including the correc tion  fo r  changing c rys ta l pe rfec t ion , Fischer and 
52

Henrichsen could show tha t such data lead also to an extrapolated

equ il ib r ium  heat o f fusion o f about 293 J/g . Their discussion also

includes a deta iled evaluation o f p r io r  data in the l i te ra tu r e .

Recently, th is  c r y s t a l l i n i t y  extrapo la tion  has been successfu lly

used fo r  the determination o f enthalpy change during the s o l id -s o l id
53

tra n s i t io n  o f the two c rys ta l forms o f trans -1 , 4 - polybutadiene.

The enthalpy change fo r  the t ra n s i t io n  is  found to be proportional to
53

the sp e c if ic  volume o f the m a jo r ity  o f the samples.

No work has been reported to  date on the determination o f  the 

heat o f  fusion o f  e i th e r  a - and p -TPI by the ex trapo la tion  method 

invo lv ing  the measurement o f  heat o f fusion as a function o f 

c r y s t a l l i n i t y .

Calculation o f the equ il ib r ium  heat o f  fusion from melting po int
17

depression by a d i lu e n t is  based on the Flory-Huggins equation 

(See Eq. 5). The advantage o f  the d i lu e n t method is tha t the per­

centage c r y s t a l l i n i t y  o f  the sample does not have to be known. The 

main d i f f i c u l t i e s  l i e  w ith  the need to work w ith c rys ta ls  which a l l

have the same lam ella r size and c rys ta l perfection a t the maximum
50

experimental melting temperature. In the case o f p -TPI, there is

an additiona l problem encountered when using the d i lue n t method. In

the presence o f a d i lu e n t ,  p -TPI converts to  <t-TPI at temperatures

well below the d isso lu t ion  temperature o f  the p a r t ic u la r  p -TPI sample 
7, 14

in the d i lu e n t.
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8
Mandelkern e t a l . determined the heat o f  fusion o f d t- and p

11
-TPI by the d i lu e n t method. La ter, Flanagan and Rijke also deter­

mined the heat o f fus ion o f 0 -TPI by the d i lu e n t method using a 

s t i r r e r - c r y s ta l  1ized sample. There remain considerable uncerta in ties

in the reported values o f heat fusion o f a and p -TPI. Also ne ither 
8 , 11

group o f workers took in to  account the p o s s ib i l i t y  o f a d i lu e n t -
7, 14

induced / ? to  crt,- conversion.

The in tramolecular conformational entropy, a  Sr , tha t is  gained
54

when a c ry s ta l l in e  polymer is  melted can be evaluated by separating 

from the experimentally observed entropy o f fusion a  S° the c o n t r i ­

bution A Sy due to the change in volume tha t occurs on m elt ing:

AS° = A  S° + A  Sc (13)

The con tr ibu tion  to  the entropy o f fusion made by the change in
55, 56

volume tha t occurs on melting can be determined in  the f o l ­

lowing manner:

A  S° = (a/fe, ) A  Vf  (14)

Where a, b and a  are the thermal expansion c o e f f ic ie n t ,  the com­

p r e s s ib i l i t y  and the volume change on fus ion , respective ly , a and b 

can be calcu lated from pressure - volume - temperature data o f the 

polymer.
8 oMandelkern e t a l . ca lcu lated a  o f a -TPI using equation

(13) and an approximate value o f b . Also since there are uncerta in­

t ie s  in the equ il ib r ium  melting po in t and heat o f fusion o f a -TPI,

AS calcu la ted from eouation (12) is  also uncerta in. ^  S fo r  /3-TPI 
c L
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has not been calcu lated to date.

a  Sr  can be calcu la ted th e o re t ic a l ly  from the p a r t i t io n  function
57-59

evaluated by a matrix method ; i f  the ro ta t iona l isomeric state
57

theory o f the polymer chain is  adopted. T o n e l l i ,  and la te r  Naoki 
60

and Tomomatsu calcu lated a  S~ o f TPI by th is  method using the
61 62 

s ta t is t ic a l  weight matrices of Mark and Flory et a l . i respec­

t iv e ly ;  the value is  12 J/mole o f  repeat u n i t .

I t  has been found tha t p -TPI nucleates fa s te r  than a-TPI at a l l
14, 63, 64

c ry s ta l l iz a t io n  temperatures. One o f the major factors
65

tha t determine the nucleation rate is  a  S . I f  A  Sc o f J3-TPI is 

su b s ta n t ia l ly  lower than the o<-TPI, then th is  fa s te r  nucleation 

rate is  expected. So the ca lcu la t ion  o f a  Sc fo r  a and p -TPI w i l l  

be important.

Since the fusion o f a c ry s ta l l in e  polymer is  a f i r s t  order 

t ra n s i t io n ,  the va r ia t io n  o f  melting po in t o f  tha t polymer with 

external pressure can be represented q u a n t i ta t iv e ly  by the d i f fe re n ­

t i a l  form o f  the Clausius Cla.jjeyron equation.

d T m/tlP '  TI i V f / A H ? (15)

where a  V, is  the volume change per repeating u n it  on fusion o f the 
f

polymer c ry s ta l ,  and dTm/dP is  the pressure c o e f f ic ie n t  o f  melting

o f equ il ib r ium  polymer c rys ta l.

a Vj, and a  H° o f  most substances are not s trong ly  dependent on 
t  f  65

pressure, espec ia lly  w ith in  a moderate pressure range . So the

pressure c o e f f ic ie n t  o f  melting o f a substance remain constant w ith in
66-72

a moderate pressure range.
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For ordinary so lid  substances, the experimental melting points 

and the respective equ il ib r ium  melting points are id e n t ic a l .  But fo r  

a c ry s ta l l in e  polymer, the experimental melting po in t varies w ith  the 

thermal h is to ry  and unless the polymer c rys ta l is  the equ il ib r ium  

type, the melting po in t w i l l  be lower than the equ il ib r ium  melting 

po in t o f the polymer. However, i t  has been found experimentally tha t 

the pressure c o e f f ic ie n t  o f  melting o f  the equ il ib r ium  c rys ta l dTm/dP,

is  ide n t ica l to the pressure c o e f f ic ie n t  o f  melting o f the metastable
50c ry s ta l ,  dTffl/dP. Then equation (15) can be w r it te n  as:

i f  ic
m m _ T mAVf  (15)
1 "

dP dP AHf

I f  dT^/dP, Av^ and AĤ  o f  a polymer are known, then from equa­

t io n  (16) one can ca lcu la te  T*. Table I I  shows the values o f dT /dP, ' m m
a *AHf, AVf and Tm fo r  s ix  polymers and Table I I I  shows the comparison

*  *  73 / »o f l i te ra tu r e  T w ith the T calcu lated using Equation (16) and them m s -i \ /
i f

datas in Table I I .  I t  can be seen th a t  Tm (ca lcu la ted) agrees with
*  °

Tm ( l i t e r a tu r e ) ,  w ith in  reasonable accuracy. S im i la r ly ,  4H f o f a
★

polymer can be calculated i f  dTm/dP, AVf  and Tffl o f  the polymer is  

known. Recently Naoki and Tomomatsu^ have experimentally determined 

the value o f dTm/dP fo r  a-TPI and is  equal to  36°K/k bar. Since the

thermal expansion c o e ff ic ie n ts  o f ot- and 3-TPI and amorphous TPI are
9 *  oknown , AVf  can be calculated a t any temperature. I f  Tm and AHf

values fo r  a-TPI are known, then the r e l i a b i l i t y  o f these values can

be checked using equation (16).
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TABLE I I

Pressure C oe ff ic ien t o f Melting9, Heat o f  Fusion*5,
b cVolume Change on Fusion and Equilibrium Melting Point

Datas o f Some Polymers0.

Polymer d T /dP m
( °K/kbar)

0
AHf

(J/g)

AVf

(cc/g)

*
Tmm

(°K)

Rn
Polyethylene 35.0 293 0.2560 415

P o ly te tra f lu o ro
, 50,67 & 71 ethylene ’

152.0 68.3 0.1597 600

Poly trans 1,4- 

Butadiene50’ 69,72 &7^

38.7 77.7 0.0729 415

Polyethylene

terephtha la te50,65

47.7 140.7 0.1215 553

Is o ta t ic  Polybutene-1, 

(m odifica t ion  1)50,78,79

45.5 125 0.137 414
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Table I I  Continued

O ★
Polymer d T /dP m AHf AVf Tm

(°K/kbar) ( J / g ) (cc/g) (°K)

Is o ta t ic  Polypropylene

/ • N50,70,80,81 (m odifica t ion  a )

36.6 260 0.211 456

a Experimentally determined using metastable lam ella r c rys ta ls  a t the 
low pressure regions.

b At atomospheric pressure.

c Determined by methods other than using Clausius-Clapeyron Equation.
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TABLE I I I

Comparison o f the Calculated3 and L ite ra tu re  Equilibrium

Melting Point

Polymer T* ( l i te r a tu re )

(°K)

Tm (Calculated) 

(°K)

Polyethylene 415 415

P o lye tra f1uoroethyl ene 600 599

Polytrans-1,4-Butadiene 415 414

Polyethylene terephtha late 553 553

Is o ta c t ic  Polybutene-1 

(m odif ica tion  I)

414 416

Is o ta t ic  Polypropylene (a) 456 452

3 Calculated using Clausius Clapeyron equation.
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The la s t  important thermodynamic parameter fo r  a c ry s ta l l in e  

polymer is  the equ il ib r ium  d isso lu t ion  temperature. The qu a n t ita t ive  

in te rp re ta t io n  o f c rys ta l 1iza t io n  o f  a polymer from so lu t ion  is 

hampered by the uncerta in ty  in  the magnitude o f the equ il ib r ium  

d isso lu t ion  temperature. This temperature can be calcu lated 

th e o re t ic a l ly  i f  the equ il ib r ium  melting po in t and heat o f  fus ion of 

the polymer and FIory-Huggins in te ra c t io n  parameter and the ra t io  o f 

molar volumes o f polymer and solvent are known.

Experimentally, the equ il ib r ium  d isso lu t ion  temperature can be 

evaluated by an extrapo la tion  method invo lv ing measurements o f 

d isso lu t ion  temperature o f  the polymer c rys ta ls  as a function  o f 

c ry s ta l l iz a t io n  temperature. Another method is  the d i re c t  determina­

t io n  o f d isso lu t ion  temperature o f equ il ib r ium  type c rys ta ls  o f the 

polymer in  the p a r t ic u la r  solvent.

The main d i f f i c u l t i e s  th a t Tie w ith  the extrapo la tion  method fo r  

the determination o f equ il ib r ium  d isso lu t ion  temperatures o f a polymer 

are the fo llow ing :

( i )  A large number o f  data points over a wide range o f 

c r y s ta l l iz a t io n  temperature are needed,

( i i )  The slow rate o f c ry s ta l l iz a t io n  a t higher c ry s ta l l iz a t io n  

temperature, causes good data points to be unavailable 

and ( i i i )  The freezing po in t o f the solvent may l i e  in  the c ry s ta l­

l i z a t io n  temperature range thus causing reduction o f data 

points fo r  ex trapo la t ion . Sometimes no data points can be 

obtained.
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Flanagan and R i jk e ^  reported the equ il ib r ium  d isso lu t ion  tempera­

tures o f  a - and 3-TPI in  n-butyl acetate to be equal; the equ il ib r ium  

d isso lu t ion  temperatures o f  a - and 0-TPI in  other solvents have not 

been reported to date.

The purpose o f  th is  work is  to obtain new thermodynamic and re­

la ted parameters fo r  trans -1,4-polyisoprene obtained from so lu tion  

using quiescent and s t r i r r e r  c ry s ta l l iz a t io n  procedures. These 

thermodynamic parameters are o f fundamental importance in  describing 

the physical properties o f  a polymer and hence more thorough study is  

important.



22

STATEMENT OF THE PROBLEM

The major goals o f  th is  inves tiga tion  are the fo llow ing :

( 1) to obtain more information about the s t a b i l i t y  o f  the two

crys ta l m odif ica tions o f t ra n s -1,4-polyisoprene,

(2) To carry  out a systematic study o f che density and the 

melting po in t o f  trans-1,4-poly isoprene c rys ta ls  s t i r r e r -  

c ry s ta l l iz e d  from solu tions over a wide range o f c ry s ta l­

l i z a t io n  temperature,

(3) to  study the d isso lu t ion  o f  s t i r r e r - c r y s ta l l i z e d  3-TPI in 

various solvents,

(4) to  obtain by ca lcu la t ion  various thermodynamic parameters

o f the two c rys ta l forms o f  TPI, such as the equ il ib r ium

d isso lu t io n  temperatures, Flory-Huggins in te ra c t io n  param­

e te r ,  pressure co e ff ic ie n ts  o f melting and surface free 

energies.

In order to carry  out the ca lcu la tions  in (4) i t  was necessary 

to determine the enthalpy o f  fusions o f the to c rys ta l modifications 

o f t ra n s -1,4-polyisoprene by extrapo la tion  o f  resu lts  obtained fo r  

specimens o f various c r y s ta l l i n i  t ie s .

During th is  study the number o f  monomer un its  in a non-crys ta l-  

l in e  chain traverse in  f ib rous 3-TPI was estimated and co rre la t io n  

o f c rys ta l form s t a b i l i t y  w ith the la m e l la r - f ib r i l l a r  t ra n s i t io n  

temperature was found.



EXPERIMENTAL

1. Samples:

Synthetic trans-1,4-poly isoprene (Polysciences, Inc .) Balata 

(Dunlop) and Gutta Percha (Gabundan Produsen Karet, Indonesia) were 

used. The Balata and Gutta Percha were p u r i f ie d  by repeated prec ip­

i ta t io n  from toluene so lu tion  in to  acetone. The trans 1,4 content
13was determined by C NMR as 99 and 100% respective ly , fo r  synthetic

polymer and fo r  ba la ta . These determinations were made by F. A. Bovey

and F. C. S c h i l l in g  a t Bell Laboratories. Gutta Percha is  known to
75consist exc lus ive ly  o f  the trans 1,4 s tru c tu re . A Waters GPC 200

12 33instrument was employed to measure the molecular weights * o f  the

samples. The R and R /R o f unfractionated samples were:r n w n r
Synthetic TPI M = 3.5 x 104 , M /M = 4.8n w n
Gutta Percha R„ = 6.3 x 104, R /R„ = 4.3n w n
Balata M = 1.1 x 105, M /M = 2.2n w n

Figure 3. shows the GPC curves fo r  synthetic  TPI and Balata samples.

2. F rac tion a tion :

About 10 grams o f  unfractionated polymer in  a 2 l i t e r  f la sk  was 

dissolved in  1 l i t e r  o f toluene and 0.5 gm. o f  2 ,2 '-methylene b is [4 -  

methyl-6- te r t - b u ty l  phenol] as an tiox idan t. Nitrogen gas was passed 

through the toluene in  the f la sk  before the so lu tion  was made. The 

so lu t ion  was placed in  a 28°C bath and ag itated while  adding methanol 

to  permanent tu r b id i t y .  A s l ig h t  excess o f  methanol was added, then 

the tu rb id  so lu t ion  was heated in  hot tap water to obtain a c lea r
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BALATA

Syn.T Pi

32 30  28 26 24 22

G.P.C.COUNT

Fig. 3: Gel permeation chromatograms fo r  balata and synthetic  trans

1, 4-polyisoprene.
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so lu t io n ,  immediately replaced in  the 28°C bath and allowed to  stand 

overn ight. A ll these operations were done in  subdued l ig h t .  The solu­

t io n  had formed two l iq u id  layers as required fo r  f ra c t io n a t io n . The

top layer was removed by suction in to  another f lask  fo r  fu r th e r  
1 7 7fi

f ra c t io n a t io n .  ’ The lower layer was p rec ip ita ted  in  acetone and 

dried in  a vacuum oven. This was the f i r s t  f ra c t io n .

3. C ry s ta l ! iz a t io n :

P r io r  to  c ry s ta l ! iz a t io n ,  so lu tions were prepared by heating the 

polymer in  the solvent fo r  one hour a t 80°C. C ry s ta l l iz a t io n  was 

induced in a 2% (W/V) n-butyl acetate or heptane so lu tion  o f trans 

1,4 polyisoprene, TPI, containing an tiox idan t w ith a te f lo n  or metal 

paddle s t i r r e r  ro ta t in g  a t  a speed o f more than 1500 rpm. C rys ta l­

l iz a t io n  times o f  1 to 4 days were used.

C ry s ta l l iz a t io n  w ithout s t i r r in g  was carried  out from amyl 

acetate, n-butyl acetate and heptane so lu tion  a t constant temperature 

using various methods at concentrations o f 0.3, 0.5% and 1% (W/V). 

D irec t c ry s ta l l iz a t io n  by rapid cooling from an elevated temperature, 

Tp, to the f in a l  c ry s ta l l iz a t io n  temperature, Tp, was one method used. 

C ry s ta l l iz a t io n  was also carried  out by f i r s t  ra p id ly  cooling from Tp 

to  0°C to p re c ry s ta l l iz e  then heating the mixture slowly to a tempera­

ture which was chosen as below, as equal to or as above the minimum 

d isso lu t io n  (o r c lea ring) temperature. In the cases where red isso lu­

t io n  was carr ied  out the so lu tion  was cooled qu ick ly  to Tp to  bring 

about f in a l  c r y s ta l l iz a t io n .  Following c ry s ta l l iz a t io n  the 

p re c ip ita te  was washed w ith  fresh l iq u id  a t Tp and then dried a t room
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temperature. Melt c rys ta l 1iza t io n  was carried  out a t a slow average 

cooling rate (7°C/h) a f te r  slow heating o f  the samples to  temperatures 

in  the 69-75°C range.

Transformation o f  the 6-  to  a-form in  the presence o f a d i lu e n t 

was carried  out in  glass tubes containing an in e r t  gas.

4. Density Measurements.

Densities were determined in  a water-ethanol density gradient 

column. A ll samples were pressed a t 3.4 x 10^ Pa fo r  a few minutes 

to e lim inate a i r .  The weight f ra c t io n  c r y s t a l l i n i t y ,  Wc> was calcu-
9lated (Eq. 17) assuming a two phase system using an amorphous density ,

3
p, = 0.905 gm/cm and c ry s ta l l in e  de ns it ies , P . o f  1.05 and 1.02

a  C
Q 2 3gm/cm fo r  a- and 3-TPI respective ly .

Pc (ps '  pa>W = ■- V - * --------------------------------------------------------------- (17)
c ps (pc - Pa>

where pg = density o f  the sample.

5. D issolution Temperature Measurements.

D issolution temperatures o f s t i r r e r  c ry s ta l l iz e d  3-TPI grown at 

48°C from n-butyl acetate, were measured as fo llows:

Small s l ices  o f the samples were immersed in  as received reagent 

grade solvent and heated a t  an average rate o f 1°C per hour. The 

temperature o f  disappearance o f  the la s t  portion o f so l id  was taken 

as the d isso lu t ion  temperature. Values were reproducible to 0.5°C.
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6. D i f fe re n t ia l  Scanning Calorimetry.

D if fe re n t ia l  scanning ca lo rim etry  (DSC) melting curves were 

obtained using a DuPont 990 thermal analyzer a t a heating rate o f 

10°C/min. In a few cases a DuPont 1090 thermal analyzer a t a heating 

ra te  o f 10°C/min was also used. The c e l l  constant o f each instrument 

was determined by using indium as standard. The endothermic peak 

temperatures were taken as the apparent melting points o f the samples, 

a f te r  the zero correction  fo r  each run.

7. Wide-Angle X-Ray D i f f r a c t io n .

Wide-angle x-ray d i f f r a c t io n  photographs were obtained w ith a 

c y l in d r ic a l  camera o f  57.3 mm diameter.
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RESULTS

1. S t i r r e r  C ry s ta l l iz a t io n  o f  Trans-1,4-Polyisoprene.

S t i r r e r  induced c ry s ta l l iz a t io n  o f  trans-1,4-poly isoprene, TPI,

was carr ied  out using fra c t io n s  w ith  fV = 3 x 10^ and R /R = 1.6 a t a3 n w n
s ta r t in g  concentration o f  2 % (w/v) in  two solvents, n-butyl acetate 

and n-heptane, a t c ry s ta l l iz a t io n  temperatures, T , and fo r  the time 

period given in  Table IV. The washed and dried products were subjected 

to wide angle x-ray analysis and to d i f fe re n t ia l  scanning ca lorim etry . 

Some representative DSC re su lts  are given in  Fig. 4. The major and 

minor DSC endotherms are l is te d  fo r  each preparation in  Table IV; the 

c rys ta l form, as determined from the wide angle x-ray resu lts  is  also 

given. In two cases (T = 42 and 46°C, n-butyl acetate) minor 

endotherms a t lower temperatures suggested the presence o f some 8 form 

mixed w ith  the a form; the minimum amount o f the a form fo r  these pre­

parations was estimated from the area under DSC endotherms. The 

morphology, as given in  Table IV, was observed v is u a l ly  and/or using 

an op tica l microscope.

In Figs. 5 and 6 the temperature o f the highest and most 

prominent endotherm is  p lo tted  vs. c r y s ta l l iz a t io n  temperature from 

n-butyl acetate and n-heptane, respective ly . The density o f  most o f 

these preparations is  also given in  these f igu res . At the temperature 

or in the temperature range where a non-fib rous-fib rous morphological 

change occurs (see Table IV) ,  a d isco n t in u ity  in  the melting
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H - 4 0 ° C

BA “ 46 C 
1 da.

20 10060

TEMPERATURE (*C)

Fig. 4: D i f fe re n t ia l  scanning ca lo rim etry  fo r  s t i r r e r - c r y s ta l l i z e d

tra n s -1,4-polyisoprene a t various c ry s ta l l iz a t io n  tempera­

tures (as given) in  heptane (H) and n-butylacetate (BA).



30

o

78

70

1.00

0.98

CD
I
E
u
o>

Tc CC)

Fig. 5: Melting endotherm and density -vs . c ry s ta l l iz a t io n

temperature fo r  s t i r r e r - c r y s ta l l i z e d  tra n s -1,4-polyisoprene 

from n-butyl acetate: (X) nonfibrous, predominantly (>80%) 

(Xform; ( • )  f ib ro u s , |3 form.



31

O

78

70

38

1.00 co
I
E
o
cn

0.98

TC CC)

Fig. 6: Same as in  Fig. 5 but from n-heptane.
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Table IV -  S t i r r e r  C ry s ta l l iz a t io n  o f  Trans-1,4-Polyisoprenea

Time DSC Endotherm-°C Crystal

Solvent T - ° Cc Days Major Minor Form Morphology

n-butyl

acetate 38 1 70 . * lam ella r

39 1 71 - d lam ella r

42 1 72 64,40 > 90% c( lam ella r

44 1 73 62 ct lam ella r

46 1 62,75 40 P f ib rous

46 4 74 40 > 80% lam e lla rb

48 3-4 60,79 40 P f ib rous

n-heptane 25 1 69 - lam ellar

29 1 70 - ol lam e lla r

33 1 72 - oC lam ella r

34 1 73 - o< lam ella r

36 1 55,71 - P f ib rous

38 2 72 50 P f ib rous

40 1 79 64,55,42 P f ib rous

a Rn = 3 x 105 , Mw/Mn = 1.6, concentration -2% (w/v).

b Three days add it iona l s t i r r in g  y ie ld s  a small amount o f  add itiona l 
p re c ip i ta te .
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temperature and a change o f slope or d isco n t in u ity  in  the density is

observed in  Fig. 5 and Fig. 6. However, when n-butyl acetate is  the

so lvent, the f ib rous 3- form sample has a higher endotherm than the 

non-fibrous a form (T = 46 °C), while fo r  heptane as solvent a de­

crease in  T£NDg fo r  an increase in  Tc from 34° C (a form) to 36° C 

(3 form) is  found. The weight f ra c t io n  c r y s t a l l i n i t y ,  as calculated 

from the dens ity , fo r  the fib rous 3 form c ry s ta l l iz e d  a t various

temperatures is  given in  Table V.

Table V -  Crystal 1 in i  t ie s  (Ŵ .) fo r  S t i r r e r  C rys ta ll ized  3-Trans-l,4 

Polyisoprene

Solvent —
I 

O

1 o
o WC

n-butyl acetate 46 0.71

48 0.74

n-heptane 36 0.76

38 0.76

40 0.78

2. Seeded C ry s ta l l iz a t io n  o f TPI from n-Butyl Acetate and n-Heptane 

So lu tions.

The e f fe c t  o f temperature on the s t a b i l i t y  o f a-TPI nuclei in 

n-butyl acetate and n-heptane so lu tion  (0.5% w/v) prepared under 

quiescent conditions was tested w ith systems containing synthetic  

polymer w ith an Rn o f 2.5 x 10^ and Rw/ ^ n = 1-6. Each sample was
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f i r s t  p re c rys ta l l ize d  by cooling from 80°C in  a constant temperature 

bath set a t 0°C fo r  about a t h i r t y  minute period; the mixture was 

then heated to  a red isso lu t ion  temperature, T^, ju s t  above the minimum 

d isso lu t ion  temperature or c lea ring  temperature obtained on slow heat­

ing. The re s u lts ,  in  terms o f the form appearing upon f in a l  c ry s ta l ­

l i z a t io n ,  washing o f the p re c ip ita te  and drying a t room temperature 

a f te r  heating to  T^, are given in  Table VI. Figures 7 and 8 show the

e f fe c t  o f the va r ia t io n  o f T^ on the melting po in t,  Tm o f the seeded

c rys ta ls .  Figure 9 shows some representative DSC melting curves fo r  

seeded c rys ta ls  grown from n-butyl acetate so lu t ion . At T^ above 45°C 

in  n-butyl acetate and a t T^ above 40°C in heptane the crys ta l form 

appearing on f in a l  c ry s ta l l iz a t io n  is  gas determined from the wide 

angle x-ray d i f f r a c t io n  photography. Since the apparent melting po in t 

o f the g-form grown from melt or from so lu tion  w ithout s t i r r in g  a t a 

p a r t ic u la r  c ry s ta l l iz a t io n  temperature is  lower than the a-form grown 

under the same c o n d i t io n ,^  Figures 7, 8 and 9 show the drop in  melt­

ing po in t when the g-form f i r s t  forms.

3. Measurement o f Heat o f  Fusion o f  TPI Crystals using DSC.

Using a d i f fe r e n t ia l  scanning ca lo rim eter, the heat o f fusion 

was measured fo r  sixteen samples in  the &-form, f iv e  o f  which were 

s t i r r e r  c ry s ta l l iz e d  (see above), f iv e  were so lu tion c ry s ta l l iz e d ,  

f iv e  were so lu tion  c ry s ta l l iz e d  and then annealed at a higher 

temperature, and one was as received synthetic  TPI. When these 

resu lts  are p lo tted  versus the d iffe rence  in  spe c if ic  volume between
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Table VI -  E ffec t o f Redissolution Temperature on a-TPI Nuclei9

Solvent T - ° r
' r l

Crystal Form

n-butyl acetate 40 to 44 a

45 a and 6

48 to  60 0

n-heptane 32-35 oC

38-40 (> 70%) d

44-50 0

3 fln = 2.5 x 105, Mw/Mn = 1.6.

the sample and a completely c ry s ta l l in e  one, as given in  Fig. 10, 

considerable sca tte r  is  observed w ith  the resu lts  fo r  the annealed 

structures showing marked deviations from the other data. A least 

squares analysis o f  a l l  sixteen points y ie lds  an in te rcep t o f 

113 Jg~*. A l in e  defined by the s t i r r e r  c ry s ta l l iz a t io n  points has 

an in te rcep t o f 117 Jg"* and th is  l in e  passes through w ith in  experi­

mental e r ro r  the po in t fo r  the melt c ry s ta l l iz e d  sample and those fo r  

a l l  the so lu t ion  c ry s ta l l iz e d  samples except one. Therefore the value 

o f fo r  the g form is  taken as 117 Jg” * (8.0 kJ mole"*). The heat 

o f fusion o f  seven samples in  the a form was measured; two o f these 

samples were s t i r r e r - c r y s ta l l i z e d ,  two were so lu tion  c ry s ta l l iz e d  

d i r e c t ly ,  two were s o lu t io n -c ry s ta l l iz e d  fo llow ing  p re c ip ita t io n  and 

re d isso lu t io n , and one was melt c ry s ta l l iz e d  by cooling from 69°C a t 

7°C per hour. A p lo t  o f  these resu lts  along w ith data fo r  another
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Tm C

4 0 5 0 60

TR ° C

Fig. 7: E ffec t o f  va r ia t io n  o f  TR on Tm o f  the seeded c rys ta ls  grown

from n-butyl acetate so lu t ion : (X)o(-form; ( iS ) predominantly 

ct-form; (# )p - fo rm .
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Tm°C 60
X X X X

Tr °C

Fig. 8 : Same as in  Figure 7 but from n-heptane so lu t ion .
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Fig. 9:

20 40 60 8020 40 60  80

Tm

DSC scans o f  seeded c rys ta ls  o f  TPI (high molecular weight) 

in  n-buty l acetate , a t  TR = (a) 42, (b) 44, (c) 46, (d) 48,

(e) 49 and ( f )  55°C.
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<vs _̂ .)X103 (cmV->)

Fig. 10: Heat o f fusion fo r  rf. and £ trans-1,4-poly isoprene vs. spec­

i f i c  volume d iffe rence between the sample and a 100% c ry s ta l l in e  sam­

ple . a form: (0) s t i r r e r  c ry s ta l l iz e d ,  (?) so lu tion c ry s ta l l iz e d  in 

amyl acetate, 0.3% W/V, unfractionated syn the tic , p rec ip ita ted  a t 0°C, 

redissolved a t 42°C, T̂ . = 10°C, (+) so lu tion  c ry s ta l l iz a t io n  in  amyl 

acetate, 1% W/V, Tr = 30°C, R = 2.5 x 105, R /R = 1.3 and R = 1.0 x
U  11 W i » I I

105, Rw/Mn = 1.6, (O) so lu t ion  c r y s ta l l iz a t io n  in amyl acetate, 1% W/V,

R = 2.5 x 105 p re c ip ita te  a t 0°C, redissolved a t  45°C, Tr  = 10°C, (A) n c
melt c ry s ta l l iz e d  ( r e f . 10 and te x t ) .  3 form: (0 ) s t i r r e r  c ry s ta l l iz e d ,  

(d) so lu tion  c ry s ta l l iz e d ,  n-butyl acetate or n-amyl acetate 0.3% W/V, 

Tq = 0°C, unfractionated syn the tic , (X) same but annealed a t 20°C fo r  

12 hrs in c r y s ta l l iz a t io n  l iq u id ,  (+) so lu tion  c ry s ta l l iz e d ,  amyl ace­

ta te ,  1% W/V, Rn = 2.5 x 105, R / R n = 1.3 or Rn = 1.0 x 105, R /R = n w n n w n

1.6 Tc = 0°C, ( • )  same but Tc = 10°C, Rp = 2.5 x 105 on ly, (?) same,

Tc = 0°C but annealed in  c ry s ta l l iz a t io n  l iq u id  a t 10, 20 or 30°C; (a ) 

synthetic  p e l le t  as received.
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fin  ® 1 i
m e lt -c ry s ta l l iz e d  sample y ie ld s  a AHf  o f 149 Jg (10 kJ mole ) .

The preparation cond it ion , form, dens ity , weight percentage c ry s ta l-

l i n i t y  and heat o f fusion o f  the samples are l is te d  in  Table V I I .

Fig. 11 shows some o f the heat o f fusion curves fo r  TPI samples.

4. E ffec t o f  Diluents on the Conversion o f  $ t o g  Form.

The e f fe c t  o f the presence o f  a swelling agent on the g to  a 

conversion in TPI was studied using the fo llow ing : heptane, n-butyl 

acetate, amyl acetate, and mixtures o f amyl acetate and toluene and o f 

ethyl acetate and toluene. In these experiments p e l le ts  o f  synthetic  

unfractionated TPI were used as received or pressed in to  p la te le ts  

a t  56°C. The p r inc ipa l DSC endotherm fo r  these samples was a t  47° and 

49°C, respec tive ly , and both the samples were found to be in  the g 

form as determined by wide-angle x-ray d i f f r a c t io n  photography. DSC 

p lo ts  before and a f te r  swelling w ith  n-butyl acetate a t 25°C fo r  one 

day are shown in  Figure 12; i t  can be seen tha t the swelling treatment 

causes a s h i f t  o f the endotherm from 49° to 61°C. A f te r  swelling and 

dry ing, th is  sample was found by wide angle x-ray d i f f r a c t io n  to  be 

in  the ot form. The resu lts  fo r  p e l le ts  swollen w ith n-butyl acetate 

and the other l iq u id s  used are summarized in  Table V I I I ,  in which the 

swelling time and temperature, the d i lu e n t volume fra c t io n  (given 

approximately in  a l l  but one case), and the DSC endotherm(s) observed 

are shown. In a l l  experiments the TPI sample remained opaque and 

retained i t s  general shape throughout the swelling period. For the 

sample swollen in  amyl acetate a t 35°C the secondary endotherm at 68°C
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Table V I I .  Preparation Condition, Polymorphic M od if ica tion , Density 

(a t 25°C), C rys ta l l in e  Fraction (Wc) and Heat o f  Fusion 

o f a- and 8-TPI Samples.

Preparation Condition 
o f TPI Crystal

Form3 Density
(g/cc)

Wc AHf  (Exp)

( J / g )

1. D ilu te  Solution 
grown; c = 0.3% 
(w/v) TPI/n-butyl 

acetate; T^ = 
100°C; Tc = 0°C. 8 0.968 0.58 63 ± 2

2. Same as above, but 
the wet c rys ta ls  were 
annealed in the pre­
sence o f solvent fo r  
12 hours a t 20°C 8 0.966

±.002
0.56 68 ± 2

3. Same as #1 above but 
the solvent was amyl 
acetate 8 0.975 0.62 69 ± 3

4. Same as #3 above but 
treated l ik e  #2 8 0.974

±.002
0.63 70 ± 3

5. Bulk synthetic  TPI
(as supplied) £5 0.954 0.45 48 ± 2
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Table V I I .  Continued

Preparation Condition 
o f  TPI Crystal

Form3 Density
(g/cc)

Wc AHf  (Exp)

( J / g )

6. S t i r re r  C ry s ta l l iz ­
ed; Balata f i r s t
f ra c t io n  (M = 3 x c n
1(T ),  c = 2% (w/v)
n-butyl acetate as
solvent, T = 46°C, c
1 day s t i r r in g 3 0.984

±.002
0.71 82 ± 3

7. S t i r r e r  C ry s ta l l iz ­
ed; Same as #6, but 

Tc = 48°C and 3 days 
s t i r r in g 3 0.987

±.002
0.74 82 ± 2

8 . S t i r r e r  c r y s ta l l i z ­
ed same as #6 but 
the solvent was 
heptane and Tc = 
36°C 3 0.987

±.002
0.74 84 ± 2

9. Same as #8, but T. 
= 38°C 3 0.987

±.002
0.74 84 ± 2
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Table V I I .  Continued

Preparation Condition 
o f TPI Crystal

Form9 Density
(g/cc)

Wc AHf  (Exp)

( J / g )

10. Same as #9, but 

T = 40°CV B 0.992
±.002

0.78 90 ± 2

11. Solution c ry s ta l­
l iz e d ,  amyl 
acetate, c = 1% 

w/v, Rn = 2.5 x 

105 , flw/Rn = 1.3. 
Tc = 0°C B 0.960 0.50 55 ± 3

12. Same as 11, but 
Bn -  1.0 x 105, 
fiw/Hn = 1.6 B 0.966 0.56 60 ± 3

13. Same as 11, but
T = 10°C c B 0.966 0.56 68 ± 3

14. Same as 11, but 
annealed a t 10°C 
in amyl acetate B 0.968 0.58 69 ± 3

15. Same as 14, but 
annealed a t 20°C B 0.971 0.60 75 ± 3

16. Same as 14, but
annealed a t 30°C B 0.977 0.63 78 ± 3
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Table V I I .  Continued

Preparation Condition 
o f  TPI Crystal

Form3 Density
(g/cc)

Wc AHf  (Exp)

( J / g )

17. S t i r r e r  c ry s ta l l iz e d
sample from n-butyl
acetate; TPI f i r s t
f ra c t io n ,  c = 2%
w/v, Td = 100°C,
T = 38°C c a 0.978 0.54 84 ± 3

18. D ilu te  so lu tion
grown, syn. TPI/amyl 
acetate, c = 0.3% w/v, 
Tq = 100°C, Tp = 0°C, 
Tr = 42°C; Tc = 20°C a 0.976 0.52 82 ± 3

19. Same as #11, but the 
solvent was heptane 
and Tc = 25°C a 0.980 0.57 88 ± 3

20. Melt grown, unfrac- 
tioned Gutta percha, 
cooled down to room 
temperature from an 
i n i t i a l  temperature 
o f 100°C in  vacuum; 
cooling ra te  0.1°C/hr. 
Reference (40) a 0.956 0.36 59 ± 2
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Table V I I .  Continued

Preparation Condition 
o f TPI Crystal

Form3 Density
(g/cc)

W_ AHf  (Exp) 

<0/9)

21. Same as #14, but the 
i n i t i a l  temperature 
was 69°C, the cool­
ing rate was 7°C/hr 
and the sample was 
Balata f i r s t  f ra c t io n a 0.947 0.32 60 ± 3

22. Solution c ry s ta l­
l iz a t io n  in  amyl 
acetate 1% w/v,
Tc = 30°C,
M = 2.5 x 105,

= 1.3 a 0.975 0.52 88 ± 3

23. Same as 22, but 

R = 1.0 x 105,

V Fln = 1*6 a 0.975 0.52 8 6 + 3

24. Solution c ry s ta l­
l iz a t io n  in  amyl 
acetate, 1%, w/v,

Rn = 2.5 x 105, 
p re c ip ita te  a t 0°C, 
redissolved a t 45°C, 

Tc = 10°C. a 0.96 0.49 76 ± 3

a As determined by wide angl e x-ray photography and DSC melting curves
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Fig. 11: Some examples o f  heat o f  fusion curves fo r  TPI samples:

(a) d r  TPI (Dupont 1090 instrument); (b) 0 -T P I and 

(c) d-TPI (Dupont 990 instrument). Sample size:

(a) approx. 10 mg, (b) and (c) approx. 4 mg were used.
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O 20 40 60 80

T E M P E R A T U R E  °C

Fig. 12: DSC scans fo r  synthetic  TPI pressed a t 56°C, (a ) ;  pressed

a t 56°C and swollen fo r  1 day a t 25°C in  n-butyl acetate and 

d r ie d , (b ) .
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Table V I I I .  E ffec t o f Diluents on the DSC Endotherm fo r  TPI

Treatment Liquid

D iluent 

volume 

volume fra c t io n

Endotherms (°C) 

Major Shoulders

None — — 47 51,40

Swollen fo r  3 Heptane 0.1 -  0.2 66 —

days a t  25°C Amyl ace ta te (2): 

toluene ( 1)

0.1 -  0.2 65 — — —

Ethyl acetate(2): 

toluene ( 1)

0.1 -  0.2 68 — — —

Swollen a t 35°C 

fo r  17 hr

Amyl acetate 0
 

1—
» 1 o • ro 60 68

n-butyl acetate 0.1 -  0.2 60 —

Pressed a t 56°C — — 49 —

Pressed a t 56°C; 

swollen 

1 day a t 25°C

n-butyl acetate 0.14 61 40

was prominent. The DSC re su lts  show tha t in  a l l  o f  these experi­

ments a B to a transformation has taken place; th is  e f fe c t  was 

reported e a r l ie r  by Leeper and Schlesinger.^



5. Measurement o f D isso lu tion Temperature o f  S t i r r e r  C rys ta ll ized

3-TPI in  Various Solvents and Calculation o f  Equilibrium 

D isso lu tion Temperature.

The d isso lu t ion  temperature o f 3-TPI, s t i r r e r  c ry s ta l l iz e d  in 

n-butyl acetate a t 48°C was measured in  th ir te e n  l iq u id s  and was found

to vary from 29.0 to  65.0°C. The equ il ib r ium  d isso lu t ion  temperature,
18Tp*, can be calculated using the equation ( 6)

( 1/T *) -  (1/T *)  = (R /A H ° ) ( l /x ) ( l /x )  (6)

where T* is  the equ il ib r ium  melting temperature, R the universal gas
O

constant, aH  ̂ the heat o f  fusion per mole o f repeat u n its ,  x the

ra t io  o f  solvent molar volume to polymer repeat u n i t  molar volume and

x the Fory-Huggins In te ra c tion  Parameter. T* was calculated as

given in  Table IX fo r  the ot- and 3-  forms o f  TPI in l iq u id s  fo r  which

X values were ava ilab le . T* values o f  353°K fo r  a and 356°K fo r  3m

Table IX -  D issolution Temperature fo r  Trans 1,4 Polyisoprene3

Solvent x. re f  (Calc)^ (Exp)

Toluene 0 .3 6 77 38 30 37

c c i 4 0 .2 8 77 32 23 29

Cyclohexane 0 . 2 2 76 33 26 36
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Table IX Continued

T *-°r
■d l

T —°C
' d l

Solvent X re f (Calc)b (Exp)

Benzene 0.52 77 44 37 33

n-Butyl acetate 0.61 11 59 55 58

a obtained by s t i r r e r  c r y s ta l l iz a t io n  in  n-butyl acetate a t 48°C 

b from equation 6

were used.1* The AHf ° values employed were 8.0 kJ mole" 1 fo r  8 , 

as obtained in  th is  work, and 10.5 kJ mole" 1 fo r  ct. (reference 11).

Tp values obtained experimentally w ith s t i r r e r  c ry s ta l l iz e d  Br-TPI 

are also given in  Table IX. For fou r o f the f iv e  solvents the experi­

mental Tp is  in  agreement to  w ith in  three degrees w ith T* fo rc (-TP I.

I f  i t  is  assumed tha t the experimental Tp values are equal to  the T^'s 

fo r  the a-form, equation 6 can be used to ca lcu la te  x as given in 

Table X. Combination o f equations 6 fo r  the a and 8 forms and elim ina­

t in g  x and x allows the ca lcu la t ion  o f T* fo r  the 8 form from the 

experimental Tp values so obtained are given in  Table X.
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Table X. Values o f x and Tg fo r  3-TPI Calculated from TQ (Exp)

Solvent TD(E xp t l . ) a
2 L

T*(6 -TPI)a

(°C) (°C)

Toluene 37.0 - 29

c c i 4 29.0 - 19

Cyclohexane 35.5 - 27

Benzene 33.0 0.36 24

n-Butyl Acetate 58.5 - 55

Amyl Acetate 58.0 0.54 55

Heptane 52.0 0.45 47

Hexanes 51.5 0.48 47

Dodecane 58.0 0.29 55

Tetradecane 62.0 0.34 60

Methyl Oleate 65.0 0.29 64

Tetrahydrofuran 40.5 0.52 33

Xylenes 44.5 0.36 38

a Calculated from equation 6.

6. C ry s ta l l iz a t io n  o f TPI From the M e lt.

C ry s ta l l iz a t io n  o f  synthetic  TPI not in  contact w ith the l iq u id  

was carr ied  out a t slow average cooling rates (7°C/h) a f te r  slow heat­

ing o f  the samples to  temperatures one degree apart in  the 70 -  75°C 

range. From the DSC resu lts  given in  Figure 13, i t  can be seen tha t 

only the a-form is  nucleated when the s ta r t in g  sample temperature is
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b

20  4 0  6 0  8 0 2 0  40  6 0

TEMPERATURE°C

Fig. 13: DSC scans fo r  syn the tic  TPI cooled s low ly (average ra te

7°C/h) from (a) 70, (b) 71, (c) 72, (d) 73, (e) 74, and

( f )  75°C.
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70°C. As th is  s ta r t in g  temperature is  increased, an endotherm charac­

t e r i s t i c  o f  the 3-form appears and increases in  s ize. Quenching to 0°C 

from a s ta r t in g  temperature o f  80°C resu lts  in  only the g-form c ry s ta l­

l i z in g ,  as determined by DSC and wide angle x-ray d i f f r a c t io n  photo­

graphy.

7. Calcula tion o f  the Pressure C oe ff ic ien t o f Melting o f ct-and g-TPI.

The AH£ and T* values employed to ca lcu la te  the pressure 

c o e f f ic ie n t  o f melting o f  a -  and g-TPI are l is te d  in  Table XI. The 

pressure c o e f f ic ie n t  o f melting is  calculated using the Clausius 

Clapeyron Equation:

dT*/dp = T* AVf /AH° (15)

where AV̂ . is  the volume change per repeating u n i t  on melting as obta in-
9 -1ed from the l i te ra tu r e .  Values o f dT*/dp o f 38 and 43°K k i lo b a r arem r

calculated fo r  the a and g-forms, respective ly .

Table XI -  Values o f AH° and T* f o r a  and 3-TPIaf  m

a-TPI 3-TPI

AH° (kJ/mol r .u . ) 10.5 8.0

T* ( ° K) m ' ' 353 356

a These same T* and AH£ values o f a and g TPI 

were used to ca lcu la te  Tg o f a and g-TPI.
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8 . Recalculation o f  the Surface Free Energies o f a and 8-TP I.

The same aH£ and Tm*  values l is te d  in  Table XI were also used to

reca lcu la te  values o f the surface free energy fo r  a- and 8-TPI using 
3 0 - 3 ?

the equation

Tm = TS <l  -  2 °e/ iH f L) <7)

o r * ®e = LiHf (TS -  V 72TS <7 '>

where L is  the lam ella r thickness. L and Tm values fo r  a- and 8-TPI
iQ

found experimentally fo r  m e lt -c ry s ta l l iz e d  samples were employed

in these ca lcu la t ion s , (see Table X I I ) .  Values o f 42±1 and 53±1 ergs 
_2

cm , respective ly , were obtained fo r  oQ f o r a  and 8-TPI* Values o f
48L a t Tm's above those measured by Long and Davies were calculated

Table X I I .  Melting Points, T , and Lamellar Lengths, L, o f  Melt-

Grown TPI (P u r if ie d  Gutta percha, Mv = 3.85 x 10^) at
48Various C ry s ta l l iz a t io n  Temperatures, Tc .

Tc CC)

a-
TPI

TJ ° C)m

6-
TPI

a -
TPI

L (A)

6-
TPI

40 - 53 - 106

45 61 57 100 118

50 63 59 107 130

55 65 62 118 150
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from equation 7' fo r  the a and 3 forms as shown in Fig. 14. The two

curves are found to cross a t T = 76°C.m

9. Estimation o f  Average Length o f  a Non-Crystalline Chain Traverse 

in  the Fibrous fi-TPI.

I f  i t  is  assumed tha t the f ib rous  structures w ith the p -c rys ta l 

form prepared by s t i r r e r  c r y s ta l l iz a t io n  are made up o f  a lte rn a t in g  

c ry s ta l l in e  and n o n -c rys ta l l ine  (amorphous) sections then i t  is  

possible to  obtain an estimate o f the average length o f a non-crys ta l- 

l in e  chain traverse ( in  the fo lds  or in  in te r la m e lla r  l in k s )  from the

lam ella r thickness and the c r y s t a l l i n i t y  (W = 1-F ) using the fo llow ing
1 5 2  9 equation. ’

U = (Lc/R) (1 -  Wc)/Wc (11)

where R is  the c rys ta llog raph ic  repeat distance along the chain
3

d ire c t io n ;  fo r  3-TPI i t  is  0.475 nm. is  the c ry s ta l l in e  stem

length and can be calcu lated from the lam e lla r th ickness, L,
. 15 29using *

LC = paWc L/ paWc + PC ( 1-"c> (12)

9 3where p and pr  are the noncrys ta ll ine  and c ry s ta l l in e  dens it ies ,d
respective ly . The L value fo r  the s t i r r e r  c ry s ta l l iz e d  structures 

was obtained from Figure 14. For the maximum T ^ q measured (79°C)
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and assuming Tm = L is  78 nm, is  59 nm and U is  36 monomer

un its  per noncrys ta ll ine  traverse.

10. Calculation o f  the Entropy o f Fusion o f  a- and 8-TP I.

The entropy o f  fus ion o f a so l id  substance can be calculated from 

equation ( 1) ,

AS° = AH°/T* (1)

Taking aH£ and T* values o f  a - and 6-TPI from Table XI and using 

equation (1 ) ,  AS£ ofdC-TPI is  calcu lated to be 30 J/deg./repeating 

u n it  or 10 J /d e g / f le x ib le  chain u n i t  and fo r  the 6-TPI the entropy 

o f  fus ion , AS£, is  ca lcu lated to  be 22 J/deg/repeating u n i t  or 

7 J /d e g / f le x ib le  chain u n i t .

I f  one assumes tha t volume expansion and conformational randomiza­

t io n  are the steps in  melting then the entropy change on expansion to 

the l iq u id  volume can be calculated from the fo llow ing  thermodynamic 

re la t io n s :

AS° = (a/b)AVf  (8)

where a and b are the expansion c o e f f ic ie n t  and the isothermal com­

p r e s s ib i l i t y ,  respective ly .
o o

Mandelkern e t a l .  estimated ASv o f  a-TPI to be 15 J/degree/ 

mole repeat u n i t  using approximate values o f  a,b and AV^ o f a-TPI.
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fin q °
Using the recent l i t e r a tu r e  values o f  b,a and aV^, a^v can be

calculated to  be 21 and 18 J/deg/mole r . u . ,  fo r  a and 8-TPI

respective ly .

11. X-Ray D if f ra c t io n  Measurements o f  a-and 8-TPI.

The in te rp lana r spacings (d) and re la t iv e  in te n s i t ie s  o f a -  and 

8-TPI c rys ta ls  as obtained from wide-angle x-ray d i f f r a c t io n  photo­

graphy are l is te d  in  Table X I I I .
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TABLE X I I I .  X-Ray D if f ra c t io n  Measurement o f  a -  and 3-TPI In terp lanar 

Spacings and Relative In te n s it ie s

SAMPLE 

6 -TP I

SAMPLE

a-TPI

Experimental Li te ra tu re* Experimental Li tera tu re*

d (A) I a d (A) I a d (A) I a n ( A ) I a

- - - - 7.80 M 7.91 M

4.72 VS 4.73 VS 4 . 9 0 VS 4.95 VS

3.90 VS 3.92 VS 3.88 VS 3.95 VS

- - - - 3.33 s 3.36 v s

2.95 vw 2.98 MW 2.95 w 2.95 MW

2.37 w 2.38 M - w 2.47 VW

- - - - 2.30 w 2.29 W

Not

measured - 1.93

Not

measured - 2.03 VW

a = visual estimation o f  re la t iv e  in te n s i ty ;

W = weak, M = medium 

S = strong, and VS = very strong

The l is te d  d-spacings agree w ith the l i t e r a tu r e *  d-spacings.
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DISCUSSION

Previous work has shown than upon heating so lid  m e lt -c ry s ta l l iz e d
O

3-TPI in  the absence o f d i lu e n ts ,  fusion occurs in  the 60-65°C range.

I f  the form is  then nucleated i t  w i l l  c r y s ta l l iz e  a t or somewhat 

above the 3 fusion temperature.1^ In the present work in  which the 

form is  transformed to th e a - fo rm  in the presence o f a l iq u id ,  the 

c r y s t a l l i n i t y  was not completely destroyed; the re fo re , a d ire c t  

transformation from the 3 to a form is  taking place. The surface 

free energy fo r  the fo ld  surfaces o f the form has been found to  be 

lower than tha t f o r  the 3-form. Apparently, a l iq u id  a t the crys ta l 

surfaces can lower the surface free  energy, thus bringing about the 

3 to a transformation.

The occurrence o f th is  d iluent-induced transformation o f  3 to a 

should be o f considerable importance in  determining the polymorphic 

composition during the c ry s ta l l iz a t io n  o f  TPI from so lu t io n ; the 

occurrence o f th is  transformation could also a f fe c t  the resu lts  o f 

experiments on 3-TPI in  the presence o f d i lue n ts .
O O

In an e a r l ie r  study the heat o f  fusion AH  ̂ was found to be 

13±1 kJ mole" 1 and 8±2 kJ mole"1, respec tive ly , fo r  a- and 3-TPI.

From the present study the value fo r  a-TPI is  about 20% lower and fo r  

3-TPI i t  is  in agreement. Some thermodynamic parameters fo r  trans-1 ,4- 

polyisoprene prepared by s t i r r e r  induced c ry s ta l l iz a t io n  in  n-butyl 

acetate a t 49°C have also been reported by Flanagan and R ijke . 11 

The melting temperature measured d i la to m e tr ic a l ly  was found to be 

81°C, the d isso lu t ion  temperature in  n-butyl acetate 58°C, and the
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equ il ib r ium  heat o f fusion measured using n-butyl acetate as a d i lu e n t

10.5 kJ mole"1. The equ il ib r ium  d isso lu t ion  temperature o f  a-TPI in

n-buty l acetate as measured by the ex trapo la tion  method invo lv ing

c ry s ta l l iz a t io n  temperature as a function  o f  d isso lu t ion  temperature 
11was also reported to  be 59°C. The maximum DSC endotherm found in  

th is  work fo r  s t i r r e r  c ry s ta l l iz e d  TPI in  n-butyl acetate and in 

heptane o f 79°C is  not d i r e c t ly  comparable w ith the melting tempera­

ture  from d ila tom etry , due in  part to  the non-equilibrium nature o f  

DSC and to  T ^ q occurring above the apparent melting temperature.

The d isso lu t ion  temperature in  n-butyl acetate found in  the two 

studies agree. From evidence in  the present study, i t  appears tha t 

a 3 to a transformation occurred during the measurement11 o f AH£ due 

to  the use o f a d i lu e n t ;  therefore the value o f  AH£ obtained s ta r t in g  

w ith s t i r r e r - c r y s ta l l i z e d  6-TPI is  a c tu a l ly  fo r  a-TPI. For the fo l lo w ­

ing reasons a AH£ value o f 10.5 kJ mole" 1 fo r  a-TPI is  used in  c a l­

cu la ting  other thermodynamic properties in  th is  work: 1) th is  value was 

obtained by an equ il ib r ium  measurement, ?.) the value obtained by DSC 

required a large extrapo la tion  and was found using a small number o f 

data po in ts , and 3) b e tte r  agreement between calculated and experi­

mentally derived qu a n t it ie s  occurs.
43As noted e a r l ie r  fo r  polyethylene, s t i r r e r  c ry s ta l l iz a t io n  leads 

to a fib rous p re c ip ita te  above a ce rta in  temperature and folded chain 

s tructures below th a t temperature. However fo r  trans-l,4 -po ly isoprene 

the c rys ta l form th a t appears above and below th is  temperature is 

usually  d i f fe re n t ,  although in  one case th is  appears to be
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concentration dependent (n -buty l acetate a t 46°C). The lowest tem­

perature a t which f ib rous  TPI c ry s ta l l iz e d  from n-butyl acetate (2% 

w/v; = 3 x 105) upon s t i r r in g  (46°C) is  about equal to tha t a t 

which preformed nuclei in  uns tirred  so lu tion  (0.5% w/v) disappear 

(45°-47°C). When n-heptane is  used as c ry s ta l l iz a t io n  solvent, the 

lowest temperature fo r  the preparation o f  the fib rous B-TPI (R =

3 x 10') is  36°C while the preformed a -nuc le i apparently disappear a t 

41-44°C. The p re c ip i ta t io n  o f  the non-fibrous a-TPI under s t i r r e r -  

induced c r y s ta l l iz a t io n  takes place a t a much fa s te r  rate than fo r  

non-s tir red  c r y s ta l l iz a t io n  presumably due to an increased rate of 

mass tra ns fe r  during the s t i r r in g  process. This therefore makes la rger 

lam ella r thicknesses, higher melting endotherms and la rger c r y s ta l l in -  

i t i e s  more e a s ily  a tta ina b le . For example, fo r  lamellas c ry s ta l l iz e d  

from amyl acetate a t a Tc o f 32°C (Rn = 2.5 x 10^, concentration =

1% w/v) a melting endotherm o f  67°C and a c r y s t a l l i n i t y  o f 0.52 were 

o b ta in e d ^ ’ ^  as compared to values o f 70-74°C and 0.57-0.59 fo r  

s t i r r e r  c ry s ta l l iz e d  lamellas (n-buty l acetate, Tc = 38-43°C).

In Fig. 15 the resu lts  fo r  s t i r r e r  c ry s ta l l iz a t io n  o f TPI from

n-buty l-ace ta te  a t various temperatures are schematically represented

in terms o f  the c rys ta l m od if ica tion  and morphology present. S im ilar

schematic diagrams can be drawn fo r  other TPI/so lvent systems. At

c r y s ta l l iz a t io n  temperatures above 45°C, 6-TPI in a fibrous form was

recovered. Although the equ il ib r ium  d isso lu t ion  temperature o f B-TPI

in  n-butyl acetate is  lower than th a t o f a-TPI, (see Table IX) 3-TPI

fib rous c rys ta ls  formed from the so lu t ion  probably because a lower
65conformation entropy change is  required to generate 8-n u c le i.  To
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M O D IF IC A T IO N S  PRESENT/EXPECTED
c C - < - f i -P < —  cC-

!cr 49 T *D
RANGE OF STIRRER -

CRYSTALLIZATION

'D
( $ )  [ * )

CRYSTALS MORPHOLOGY
LA M E L LA R ----- X-------- .FIBROUS -i------ — >

46

1 i

49  55 
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TEM PER A TU RE- (°C  )

Fig. 15: "C ry s ta l l iz a t io n  Scale" showing the temperatures a t which

various types o f  c rys ta l 1iz a t io n ,  morphology and polymorphic

m od if ica t ions  can occur from n-buty l acetate so lu tions  o f 
★

TPI. Tq is  the e q u i l ib r iu m  d is s o lu t io n  temperature, Tc r  is  

the upper l i m i t  o f  lam e lla r  c r y s ta l l i z a t io n .
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prepare extended chain c rys ta ls  o f  a-TPI from n-butyl acetate 

so lu tion  one has to c r y s ta l l iz e  a t a temperature above 55°C but below 

59°C; the l a t t e r  temperature being the equ il ib r ium  d isso lu t ion  tem­

perature o f  a-TPI in  n-buty l acetate. The apparent d isso lu t ion  

temperature o f s t i r r e r - c r y s ta l l i z e d  3-TPI is  found to be 59°C. This 

f in d in g  ind ica tes tha t the f in a l  product dissolved in  n-buty l acetate 

is  extended-chain c rys ta ls  o f a-TPI formed from the 3-TPI s t i r r e r  

c rys ta ls  in  the presence o f  d i lu e n t  and slow heating. Therefore th is  

method can be used to prepare a-TPI in  the extended form.

When TPI is  c ry s ta l l iz e d  from so lu t ion  w ithout s t i r r i n g ^ ’ ^

(T o f 10°C) or from the m e l t ^  (T£ o f  56-65°C) T ^ q  fo r  the a form 

is  la rge r than fo r  the 3 form. However, f o r  samples prepared by 

s t i r r e r  c ry s ta l ! iz a t io n  from n-butyl acetate and in  some cases from 

n-heptane th is  does not hold (see Figs. 5 and 6) i f  a l in e a r  ex tra ­

po la tion  o f the T£NDg vs Tc l ines  are made. At T ^ q  73°-74°C th is

quantity  f o r  the 3 form exceeds th a t f o r  the a form a t a p a r t ic u la r
14T . The temperature 74°C was taken e a r l ie r  as th a t a t which the

a and 3 forms are equally stable w ith  3 being thermodynamically stable

above th a t temperature and stable below. The 3 m odification can be
14formed below 74°C due to a fa s te r  nucleation ra te . Transformation

o f  3 to acan occur below 74°C w ith or w ithout a swelling agent. The

re la t iv e  ease o f  nucleation o f the 3 form may be due to  the fa c t  tha t

th is  c rys ta l s truc tu re  is  more extended than the a s tru c tu re . The

appearance o f two or more endotherms fo r  the f ib rous 3 structures
43suggest the formation o f shish-kebob structures w ith the fib rous 

parts having the la rge r T ^ qq and the lam e lla r overgrowths the lower
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TENDO* ^he f lb rous  ^"TPI has a higher degree o f crys ta l 1 i n i t y  (0.78). 

C ry s ta l l iz a t io n  a t 0°C in  amyl acetate followed by annealing in  the 

c r y s ta l l iz a t io n  l iq u id  a t  30°C fo r  a sample w ith Mn = 2.5 x 10 gave 

a c rys ta l 1 i n i t y  o f 0 .63 .^

The formation o f a-nuclei under quiescent conditions using mate-
r

r ia l  w ith Rn = 2.5 x 10 in  n-buty l acetate takes place via a non-

isothermal c ry s ta l ! iz a t io n  in  theg fo rm  w ith these c rys ta ls  apparently

transforming d i re c t ly  or by d isso lu t ion  and c ry s ta l l iz a t io n  to  give

dr-nuclei when heated. 14 I f  the red isso lu t ion  temperature, TR, is  kept

low enough (40 to  45°C), the a nuclei are only p a r t ia l ly  destroyed and

lead to a c rys ta ls  upon cooling. Heating o f these nuclei above 45°C

leads to complete destruction o f them w ith subsequent p re c ip ita t io n  o f

the 6 form upon lowering the temperature below about 20°C, due to i t s
14greater nucleation ra te . Since the oHnodification is  the thermo­

dynamically stable form in  the presence o f a solvent (see Table IX and 

X ) ,  the a-nucle i can not change d i r e c t ly  to 6-form nuclei in  the pre­

sence o f a solvent. Nuclei o f some polymers have been reported to

survive in  so lu tion  to  a temperature close to the equ ilib r ium  d isso lu -
44t io n  temperatures o f the respective polymers.

In the case o f TPI, the a nuclei survives up to temperatures 

approximately 10°C lower than the respective equ il ib r ium  d isso lu t ion  

temperatures. I f  the nuclei o f  folded chain c rys ta ls  d i f f e r  from the 

nuclei o f extended chain c rys ta ls  and i f  there is  too much k in e t ic  

hindrance in  passing from lam ella r nuclei to extended chain nuclei 

then we can expect the temperature up to which the lam ellar nuclei 

are surv iv ing to be the highest temperature to get the lam ella r type
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of crysta ls .

Under the conditions used in  the present work s im i la r  processes 

to those discussed above fo r  TPI in  n-butyl acetate also applies to
1 C

TPI in  n-heptane. I t  was reported recently  th a t c r y s ta l l iz a t io n  of 

TPI w ith a molecular weight o f  2.5 x 10 in  n-heptane a t 0°C, a f te r  

d isso lu t ion  a t an elevated temperature, yie lded the a-form instead o f 

the 3 form as reported herein. In tha t work the concentration was 1% 

(w /v), the p re c ip ita te  was in  contact w ith the l iq u id  fo r  one day and 

drying was carried  out a t  0°C. I t  is  possible tha t one or a l l  o f 

these conditions lead to a B to a change; th is  would be less l i k e ly  

under the conditions o f short c r y s ta l l iz a t io n  period and rapid f i l t r a ­

t io n  used in the present work.

The re la t iv e  s t a b i l i t y  o f a and $ forms o f TPI was discussed by 

Flanagan and R i jk e ^  and a value o f  66°C was derived fo r  the tempera­

ture a t  which the free energies o f fusion o f the two forms are approxi­

mately equal. Since the heat o f fusion o f 3-TPI is  less than a-TPI 

( th is  work and re f .  8 and 11), the 3-TPI w i l l  be the permanently meta­

stable form w ith respect to  the a-m od if ica tion  i f  the equ ilib r ium  

melting po in t o f 3-TPI is  less than or equal to the equ il ib r ium  melt-
O

ing po in t o f a-TPI. But i f  the equ il ib r ium  melting po in t o f 3-TPI is 

higher than tha t o f the pt-TPI then there must be a temperature a t 

which the free energies o f  fusion o f a and 3-TPI w i l l  be same, and 

above th is  temperature, but below the equ il ib r ium  melting po in t,  the 

3-m od if ica tion  w i l l  be the stable form o f  TPI.

The equ il ib r ium  melting po in t o f a-TPI has been reported to be 

lower than tha t o f  3-TPI by Flanagan and R ijk e , 11 but Lovering and
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47 48Wooden and la te r  Davies and Long reported the opposite.

When the melt c r y s ta l l iz a t io n  o f  TPI is  carr ied  out by slow cooling 

from an i n i t i a l  sample temperature o f 70 -  71°C, the a-form c ry s ta l­

l ize s  exc lu s ive ly , but cooling from the i n i t i a l  sample temperature

above 71°C, the 8-form sta rted  c r y s ta l l iz in g  w ith the a-form (see
g

Fig. 13). Cooper and Vaughan reported the persistence o f nuclei in

TPI samples up to 80°C. The persistence o f nuclei in  the melt o f TPI
82was also reported by Hardin and Yeh. The slow cooling c r y s ta l l iz a ­

t io n  method ind icates tha t up to 71°C the a-nucle i in the molten 

sample o f  TPI did not convert in to  )3-TPI but did s ta r t  converting to 

3-TPI above 71°C and comes to equ il ib r ium  a t some temperature above 

71°C. Since a-nuce li do not show any tendency to convert to g-nuclei 

below 71°C, 66°C cannot be taken as the temperature where the two

forms coex is t,  as calcu lated by Flanagan and R i j k e . ^  However, the
11conclusion drawn by Flanagan and R ijke , th a t  the/9-TPI is  not a

permanently metastable form f inds  support from th is  experiment. So,

we can conclude tha t the equ il ib r ium  melting po in t o f  3-TPI is  greater

than a-TPI. I f  we take the equ il ib r ium  melting po in t o f  a-TPI as

353°K and the heat o f fusion value as 10.5 kJ/mole repeat u n i t ,  then

the equ il ib r ium  d isso lu t ion  temperature o f a-TPI in  n-butyl acetate
11can be calcu lated to be 332°K (see Table IX). Flanagan and Rijke 

determined the equ il ib r ium  d isso lu t ion  temperature ofot-TPI in  n-butyl 

acetate by an ex trapo la tion  method invo lv ing  the measurement o f d is ­

so lu tion  temperature as a function  o f  c r y s ta l l iz a t io n  temperature and 

the value is  332°K. This agreement between the calcu lated and the ex­

perimental value suggests th a t the thermodynamic parameters o f  melting
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used fo r  a-TPI fo r  the ca lcu la t ion  o f the equ ilib r ium  d isso lu t ion  

temperature (T^*) in  n-butyl acetate, are consistent.

The equ il ib r ium  melting po in t values o f a and 6-TPI, as given by
11 *Flanagan and Rijke has been used in  the ca lcu la tions o f TQ fo r  a

and 3-TPI in  various solvents and fo r  other thermodynamic parameters. 

The agreement between TQ, the d isso lu t ion  temperature determined 

experimenta lly, using f ib rous s t i r r e r  c ry s ta l l iz e d  6-TPI, w ith Tg, 

the equ il ib r ium  value calcu la ted fo r  a-TPI (see Table IX) suggests tha t 

the chains are considerably extended and tha t they transform from 

8 ->• a during the d isso lu t ion  process. I t  can be noted tha t TQ experi­

mental fo r  6-TPI in benzene is  well below the calculated a-TPI T*.
OO

However, Gent estimated th a t the x values o f s l ig h t ly  crosslinked 

TPI in toluene and benzene to be about the same which suggests tha t 

the l i te ra tu r e  value fo r  x given fo r  benzene is  too large. When i t  

is  assumed tha t T^ fo r  the f ib rous  6 form is  ac tu a lly  T^* fo r  a-TPI 

and th is  is  used to ca lcu la te  x (Table X), the value fo r  benzene is  

then w ith in  20% of tha t fo r  toluene.

The equ il ib r ium  d isso lu t ion  temperatures o f 6-TPI in  n-butyl 

acetate and heptane have been calcu lated to be 55 and 47°C respective­

ly ,  but the highest c ry s ta l l iz a t io n  temperature attended during the 

s t i r r e r  c ry s ta l ! iz a t io n  o f  6-TPI from n-butyl acetate and heptane 

solu tions are 48 and 40°C respective ly . During the d isso lu t ion  experi­

mentation w ith s t i r r e r - c r y s ta l l i z e d  8-TPI (T^ = 48°C in  n-butyl

acetate so lu t ion ) the s t i r r e r  c rys ta ls  must have annealed s u f f ic ie n t ly
84in  the presence o f d iluen ts  to  produce equ ilib r ium  crys ta ls  o f 

a-TPI.
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O
Mandelkern e t al determined the heats o f fusion o f a -  and 6-  

TPI by an extrapo la tion  method invo lv ing  measurements o f  melting 

points o f TPI/methyl oleate and TPI/tetradecane mixtures as a function

o f concentration o f the respective d iluen ts  and using the Flory-
5

Huggins Equation. The FIory-Huggins in te ra c t io n  parameter, x» o f 

the d iluen ts  can also be estimated from th is  type o f study, and
g

Mandelkern et al reported tha t the in te ra c t io n  parameter, x» o f both 

methyl oleate and tetradacane d iluen ts  w ith TPI is  approximately zero.
g

The exact cause fo r  the deviations o f  the reported values fo r  the 

methyl oleate and tetradecane/TPI systems from our values are not

known. However, a s l ig h t ly  po s it ive  X  values fo r  both d iluents
8 °w i l l  lower the reported AH^ value o f a-TPI.

In the ca lcu la t ion  o f  T^ (a) using equation 6, AH£ was taken

as i n . 5 kJ /m o l/r .u . One check on the r e l i a b i l i t y  o f tha t number is

to obtain dT*/dp using i t ;  the calcu la ted value is  found to be w ith in
6010% o f the measured value.

At the temperature a t which the free energy o f fusion o f the two

crysta l forms are equal the ra t io  o f the heats o f fus ion, ^H£ (a ) /

AH° ($) should be given by 11 (T * (e J -T j(T * (a ) /T * (a ) -T m)(T*( 6) ) .  For

AH°(a) = 10.5 kJ mole” 1 and AH£(6) = 8.0 kJ mole” 1, T^ is  calculated

to be 70°C. This is less than the values o f  73-74°C found e a r l ie r  in

th is  work. However a small e r ro r  in  e i th e r  AH£ can lead to a large

e rro r  in  the calculated value o f  T .m
The fo ld  surface free energies, °e( a) and ae(£)» were calculated 

48e a r l ie r  using the same lam ella r thickness and melting temperature
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resu lts  as used in  the present work but w ith  d i f fe re n t  H° and T*f  m
values. The e a r l ie r  ca lcu la t ion  gave cjg(a) > cre(3) which is  the

reverse o f  the current re s u lts .  In the c ry s ta l l iz a t io n  process a

la rg e r ,  more unfavorable fo ld  surface free energy could be compensated

fo r  by a la rg e r lam e lla r thickness. For melt c r y s ta l l iz a t io n  o f  TPI

a t temperatures (50-55°C) where data are ava ilab le  fo r  both crys ta l

forms, lamellas in the 3 form are found to have la rg e r thickness than

those in the a form by a fa c to r  approximately equal to the ra t io  of

the fo ld  surface free energies calculated in  th is  work. S im ila r ly ,

when a and 3-TPI were c ry s ta l l iz e d  a t the same temperature from amyl
15acetate, the 3-TPI was found to be denser than the a-TPI by approx­

imately the same fa c to r  as th e i r  ra t io  o f fo ld  surface energies. 

Apparently a favorable surface free energy is  not the cause o f the 

apparence o f the thermodynamically less stab le 3- form instead o f  the 

a-form a t re la t iv e ly  high supercoolings from high temperatures.'*4 ’ 4®

The o values o f a and 3-TPI are nearly 25% to  30% lower than e
74the reported values o f  polyethylene. However, such low values 

o f have also been reported fo r  is o ta c t ic  po lystyrene,74 trans-1 ,4 -
7 4  o c

polybutadiene ’ (m odifications I and I I )  and c is - l,4 -po ly isop rene  

c ry s ta ls .®7

The noncrysta ll ine  chain traverses present in  a s t i r r e r  c ry s ta l ­

l ized  sample can consist o f chain ends, chain fo ld s ,  in te r la m e lla r  

l in k s  and in te r la m e lla r  defects. The average number o f monomer un its  

in  a noncrys ta ll ine  chain traverse, assuming the in tra la m e lla r  defects 

to  be small in  number, was estimated in  the preceeding section as 36 

fo r  the most h igh ly  extended f ib rous 3-TPI. For a-TPI c rys ta ls  grown
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1  ̂ RRfrom so lu tion  w ithout s t i r r in g ,  th is  parameter was found ’ to  be 

6-13. In d i lu te  so lu t ion  grown c rys ta ls  using moderate molecular
r

weights (>10 ) the component represented by th is  parameter is  composed 

p r in c ip a l ly  o f  chain fo ld s .  For the f ib rous samples extended in te r -  

lam e lla r l in k s  are expected to predominate. The number o f monomer 

un its  present in  the noncrys ta ll ine  traverse o f s t i r r e r - c r y s ta l l i z e d  

f i b r i l l a r  polymer c rys ta ls  have not been estimated before.

Melting data on a series o f f le x ib le  l in e a r  macromolecules fo r  

which equ il ib r ium  c rys ta ls  were ava ilab le  or fo r  which they could be 

extrapolated are l is te d  w ith  the melting data on Trans- l,4 -Po ly iso- 

prene (a  and 6 forms) in  Table XIV fo r  comparison.

The polymers l is te d  in  Table XIV vary in  th e i r  chemical nature 

and in  the size o f the s tru c tu ra l repeating u n i t ;  hence a wide va r ia -
O

t io n  o f values fo r  AH£ and AS  ̂ w i l l  not be su rp r is ing . I t  can be 

expected tha t a major con tr ibu tion  to  the entropy o f  fusion is  the 

increased gain in  conformational freedom by the chain segments on
O

m elting. aS^ would then be expected to increase as the number o f 

chain atoms in a repeating u n i t  increases. A more ra tiona l basis o f 

comparison between d i f fe re n t  u n i t  might then be achieved by d iv id ing
O

the observed ASf  by the number o f s ing le  bonds in  the repeating u n i t .  

However, i t  must be realized tha t besides the conformational freedom 

gained on melting there can be other con tr ibu tions  to the entropy o f 

fus ion. In p a r t ic u la r ,  one must given consideration to the c o n tr i -
O

bution due to the volume change th a t occurs on m elting. For AH^, 

the major con tr ibu t ion  is  expected to come from the loss o f in te r ­

action on expansion to the l iq u id  s ta te . So a more ra t iona l basis
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TABLE XIV

Thermodynamic Parameters Characterizing the
50Fusion o f  F lex ib le  Linear Polymer

No. Polymer
*

Tm AH°a AS^a Cohesive

Energy

Density

K kJ/mole J/K/mole kJ/mole

1. Polyethylene 415 4.1( 2) 9.9( 2) 4.2

2. P o ly te tra f luo roe thy l ene 600 3.42( 2) 5.7( 2) 3.35

3. Iso ta c t ic  Polypropylene 

(a)

456 3.7( 3) 11.9( 2) A.7

4. Is o ta c t ic  Polybutene-1 

(m odification I)

414 1.8( 4) 8.5( 2) 4.6

5. Is o ta c t ic  Polypentene-1 403 1.3( 5) 7.8( 2) 4.5

6. Poly-4-methyl-1-pentene 523 1.7( 6) 9.5( 2) 4.7

7. Is o ta c t ic  Polystyrene 516 1.3( 8) 9.7( 2) 4.7

8. Cis 1,4-Polybutadiene 310 0.9( 5) 4.8( 3) A.2

9. Trans 1,4-Polybutadiene 

(Ref. 50,74)

415 1.05( 4) 3.4( 3) 4.2

10. Cis 1,4-Polyisoprene 310 0.9( 5) 4.8 ( 3) 3.9

11. Trans 1,4-Polyisoprene 

(Ref. 93) (a)

353 2.1( 5) 9.9( 3) 3.9

12. Trans 1,4-Polyisoprene 

(Ref. 93) ( 3)

356 1.6( 5) 7.5( 3) 3.9
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Table XIV Continued

No. Polymer
★

Tm AH°9 Ac°aA Cohesive

Energy

Density

K kJ/mole J/K/mole kJ/mole

13. Trans 1,4-Polychloroprene 

(Ref. 85)

378 1.6( 5) 7.0( 3) -

14. Polyoxymethylene 457 4.9( 2) 10. 7( 2) 5.2

15. Polyethylene oxide 342 2.9( 3) 8.4( 3) 4.9

16. Polyethylene terephtha late 553 2. 2( 12) 9.6( 5) 5.0

17. Nylon 6, (a) 533 3.7( 7) 8. 1( 6) 11.7

18. Nylon 8 , (y) 491 2.0( 9) 4 .5( 8 ) 10.0

19. Nylon 6.6 (a) 553 4.8(14) 10. 2(12) 11.7

a

The number o f  un its  in  the repeating u n i t  is  given in  parenthesis.
O O

F lex ib le  chain un its  f o r  aS  ̂ and to ta l  in te ra c t in g  groups fo rA H ^ .

O
o f comparison o f  AH^ between d i f fe re n t  polymeric un its  might be

O
achieved by d iv id in g  the observed AĤ . by the number o f in te rac tin g  

groups present in  the repeating u n i t .

In Table XIV, column 3 gives the melting temperature in  degrees 

Ke lv in ; column A gives the heat o f fusion per mole o f in te rac t in g  

groups, which is  the to ta l  number o f  in te ra c t in g  groups per repeating 

u n i t ,  given in  parentheses. I t  involves counting a l l  large atoms,
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disregarding only H, and counting CO- as one u n it .  Column 4 gives 

the entropy o f fusion per r ig id  backbone chain group (CR^R^-, 0- ,  

CR=CH-, C00-, CgH^-, and C0NH-). The number o f  r ig id  chain groups 

per repeating u n it  is  given in  parenthesis. Column 6 contains the 

cohensive energy density per mole o f amorphous, in te rac ting  groups 

(as in column 4).

The entropy o f fusion o f the m a jo r ity  o f macromolecules is  be-
■i

tween 8 to 10 JK/mole o f  r ig id  backbone chain groups. There are 

s ix  exceptional macromolecules (2,9,10,12,13 and 16) w ith frequently  

much smaller entropies o f  fus ion. A check o f  the c rys ta l s truc tu re  

or melting behavior o f these macromolecules suggests tha t these 

c rys ta ls  have high temperature c rys ta l forms tha t contain already 

increased disorder.

Turning now to the macromolecules fo r  which the chains are 

p ra c t ic a l ly  in  a f ixe d , p e r fe c t ly  ordered conformation before m elt inq, 

one expects a large portion  o f the entropy o f fusion to be purely 

conformational in o r ig in .  Comparing the experimental data w ith ca l­

culated entropies o f fus ion , one finds ty p ic a l ly  65 -  85% fo r  the 

con tr ibu tion  o f conformational entropy to the to ta l entropy o f  fusion. 

In the cases of trans-l,4 -po ly isoprene  (a and 8) and c is -1 ,4 -p o ly -
o  o g  go

isoprene, * ’ a large portion (> 50%) o f  entropy o f fusion

or ig inated from the entropy change due to volume expansion o f fus ion. 

The low temperature modifications o f  t ra n s -1,4-polybutadiene, which

has s im i la r  chain s truc tu re  as tha t o f  trans 1,4-polyisoprene (8-form)
9Din the u n i t  ce l l  shows considerable gain in entropy during the 

s o l id -s o l id  t ra n s i t io n  to  the high temperature m odification probably
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due to the volume expansion tha t occurs during the t r a n s i t io n .16,9*

The almost two-fo ld d if fe rence  in  the entropies o f  fusion between c is -

1,4-polyisoprene and trans- l,4 -po ly isoprene  (a-form) may be re lated

to the greater re la t iv e  extension in  space o f  c is-1 ,4-poly isoprene as
o go gg

compared to the trans- l,4 -po ly isoprene  in  the amorphous s ta te . * *

Among the macromolecules w ith  a high entropy o f fusion fu r th e r  

trends can be seen on inspection o f Table XIV. Macromolecules with 

phenylene groups w ith in  the backbone seen to have a somewhat increased 

entropy over s im ila r  molecules th a t contain CH^- groups. When CH^- and 

other functiona l groups such as 0 -, C00-, a lte rna te  one also has higher 

entropies o f  fus ion. Much o f th is  d iffe rence  may be connected w ith the 

change in  c rys ta l and l iq u id  s truc tu re  re la t iv e  to  an increased non­

polar CH^- environment. At present i t  is  not possible to decide whether 

these trends are based on conformational or nonconformational e f fe c ts .

The average heat o f fusion o f the polymers l is te d  in  Table XIV 

is  2.4 kJ mole-1 . A ll macromolecules w ith exceptiona lly  small 

entropies o f fusion show also heat o f fusion su b s ta n t ia l ly  lower 

than the average value o f  2.4 kJ mole-1 . Examples are c is -1 ,4 -p o ly -  

isoprene, trans-l,4 -po lych lo roprene and the high temperature form o f 

trans-1,4-polybutadiene. The polyamides, (No. 17 and 19) have a 1-2 

kJ mole-1 higher heat o f fusion than the average; which goes pa ra lle l 

w ith th e i r  much higher cohesive energy density. The macromolecules 

w ith la rg e r side chain (4-7) have also a lower heat o f fusion than 

the average when calcu lated per to ta l  o f s ing le  in te ra c t in g  group. 

F in a l ly ,  polyethylene, polypropylene ( is o t a t ic ) ,  p o ly te tra f lu o ro -  

ethylene and polyoxymethylene have a 1-2 kJ mole 1 higher heat of
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fus ion.

Although the cohesive energy dens it ies  and changes in packing 

f ra c t io n  can explain some o f the changes in  heat o f fusion with 

chemical s tru c tu re , they are not s u f f ic ie n t .  One must add the in t r a ­

molecular con tr ibu tions  to the heat o f fusion tha t resu lts  from the 

change to some high-energy conformations on fus ion. A p a r t ic u la r ly  

c lea r example is  polyethylene, where in  the c ry s ta l ,  only the low- 

energy trans conformation is  found. In the melt, however, each 

carbon-carbon bond may also be in  one o f the two gauche conforma­

t ions tha t are higher in  energy by 2 kJ mole"'*'. At the melting tem­

perature, the high temperature l i m i t  o f  equal d is t r ib u t io n  among the 

three ro ta t ion a l isomers is  not qu ite  reached, but even on equal 

d is t r ib u t io n  among trans and gauche conformations, the intramolecular 

heat o f fusion would be 1.0 kJ mole"*', or about 25% o f the to ta l heat 

o f fus ion.

Combining now a l l  the conclusions on entropy o f fus ion , cohesive 

energy dens ity , and heat o f  fus ion , one can make some general 

statements about the melting temperatures o f f le x ib le  l in e a r  macro­

molecules :

The high melting temperature o f po lye thy lene(l) re la t iv e  to 

c is-po lybutadiene(8) does not res t w ith a higher conformational 

entropy o f  fusion but ra ther w ith the higher heat o f fusion o f poly­

ethylene, a good pa rt o f  which must re s u l t  from intramolecular con­

t r ib u t io n s  and the la rge r volume change on fus ion. The trans-po ly- 

dienes, p a r t ic u la r ly  in  th e i r  high-temperature form (9) w ith an a l l  

trans conformation in  the c ry s ta l ,  have a melting temperature close
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to th a t fo r  polyethylene, as one would expect.

P a r t ic u la r ly  high-melting f le x ib le  chain polymers are p o ly te tra -  

f luo roe thy lene (2 ), is o ta c t ic  po ly-4-m ethy l- l-pentene(6), and is o ta c t ic  

po lystyrene(7). The po ly te tra f luo roe thy lene  melting temperature is  

elevated due to the low value o f entropy o f fus ion. The other two 

macromolecules have, in  con tras t , a high melting temperature because of 

a high molar heat o f fus ion.

Polyoxymethylene(14) does not have, as was frequently  suggested, 

a low entropy o f  fus ion ; instead i t s  re la t iv e ly  h igh-equ ilib r ium  melt­

ing temperature must be connected, as in  polyethylene, w ith an except­

io n a l ly  high heat o f fus ion . Only a pa rt o f the increased heat o f 

fusion can be accounted fo r  by the higher cohesive energy con tr ibu tion  

o f the oxide group. Some o f the increase must also come from in t r a ­

molecular sources. The higher analog (15) drops to level much more 

in  l in e  w ith "normal" macromolecules.

The polyester(16) has 12 in te ra c t in g  groups and 5 r ig id  backbone
O O

groups. So, AĤ  per mole o f  repeat u n i t  = (2.2 x 12) kJ and As^ =

(9.6 x 5) J/K (see Table XIV). The large d iffe rence between the 

number o f  r ig id  backbone chain groups and the to ta l  number o f in te r -
O O

acting groups in the polyester(16) increases the value o f  AH^/ASf  

and hence the melting po in t.

The polyamides(17-19) owe th e i r  high melting temperatures to 

th e i r  high heats o f  fus ion. The amide group has a cohesive energy 

density per backbone chain atom 7.3 times tha t o f  C ^ - .  This is  in 

contrast to the ester and oxide groups, which are only 1.6 and 1.5 

times higher in  cohesive energy density per chain atom than CH^-.



78

CONCLUSIONS

Measurements o f  both density and melting endotherm fo r  s t i r r e r  

c ry s ta l l iz e d  trans-1,4 polyisoprene show a c lea r change from lam ellar 

to f ib rous morphology which also corresponds w ith a change o f crys ta l 

form from a to 8.

Further evidence is  given to show tha t the diluent-induced 8 to 

a transformation is  o f  considerable importance in  determining the poly­

morphic composition during TPI c ry s ta l l iz a t io n  from so lu t ion .

Results o f  the present work invo lv ing  measurement or ca lcu la tion  o f 

various thermodynamic parameters are consistent w ith the 8- form having 

the higher equ il ib r ium  melting po in t as suggested e a r l ie r  by Flanagan 

and R ijke. However the enthalpy o f fusion measured by those workers 

believed to be fo r  the 8-form is  a c tu a l ly  tha t fo r  the a-form due to 

8 to a transformation in  the l iq u id  present.

Analysis o f  experimental data allows fo r  the establishment o f the 

equ il ib r ium  d isso lu t ion  temperatures o f a- and 8-TPI in  various l iq u id s  

and fo r  the ca lcu la t ion  o f  the Flory-Huggins in te ra c t io n  parameter.

Calcula tion o f fo ld  surface free energy led to a lower value fo r
- 2  - 2the a-form (42 ± 1 ergs cm ) than fo r  the 8-form (53 ± 1 ergs cm )

a reversal o f e a r l ie r  re su lts .

A method fo r  estimating the number o f  monomer un its  per average 

no n -c rys ta l l ine  chain traverse fo r  fib rous 8-TPI was given.
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SUGGESTIONS FOR FUTURE WORK

1. The highest c ry s ta l l iz a t io n  temperature, a t which s t i r r e r  

c ry s ta l l iz a t io n  can be done from so lu tion  o f  TPI in  n-butyl acetate 

or heptane, is  found to  be lower than the equ il ib r ium  d isso lu t ion  

temperatures o f a -  and B-TPI in  those solvents. With the increase 

o f c r y s ta l l iz a t io n  temperatures the length o f the f ib rous c rys ta ls  in

the "shish" (centra l core) increases and resu lts  in high f ib e r
43 43strength. Recently Pennings e t a l . ,  have developed the "Surface-

growth technique" by which c ry s ta l l iz a t io n  can be conducted from 

so lu tion  o f  a polymer up to the equ il ib r ium  d isso lu t ion  temperature 

o f  tha t polymer. I t  would be o f  in te re s t  to see the type o f  m od if i­

cation appearing a t higher c ry s ta l l iz a t io n  temperatures than those 

a tta inab le  by the s t i r r e r  c ry s ta l ! iz a t io n  technique, and whether i t  

is  possible to make a-TPI by c ry s ta l l iz in g  from so lu tion  o f TPI a t 

c r y s ta l l iz a t io n  temperatures above the equ il ib r ium  d isso lu t ion  temper­

ature fo r  B-TPI. A study o f  the melting behavior o f a-TPI f ibrous 

c rys ta ls  thus prepared, ca lcu la t ion  o f  the percentage c r y s t a l l i n i t y  

from density measurement and the number o f  monomers interconnecting 

between the fibrous c rys ta ls  would also be o f in te re s t .

2. A d i f fe re n t  route fo r  growing extended chain c rys ta ls  o f a polymer

is  by c ry s ta l l iz a t io n  during polymerization. By th is  method poly-
45ethylene oxide c rys ta ls  have been grown in the extended s ta te .

Polychioroprene, which has a c rys ta l s truc tu re  s im i la r  to 3-TPI,

has also been grown in  the extended sta te  by polymerizing chloroprene
85near i t s  glass t ra n s i t io n  temperature by g -ra d ia t to n . I t  may be
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possible to c ry s ta l l iz e  TPI in  the extended sta te  by th is  method and 

then to study i t s  melting behavior, polymorphic composition and per­

centage c r y s t a l l i n i t y .  I t  w i l l  also be o f  in te re s t  to see, whether 

the morphology o f the re su lt in g  c rys ta ls  are shish-kebob type or o f 

only fib rous type.

3. Lovering e t a l . ^  reported tha t only 8 to a-conversion can be con­

ducted by fusing B-TPI f i r s t .  No s o l id -s o l id  t ra n s i t io n  has not been 

found to  occur. But in  the presence o f d iluen ts  B-TPI converts to 

a-TPI w ithout apparently any d is in te g ra t io n  o f the samples and w ith ­

out any loss o f the opacity o f the. 0-TPI c rys ta ls  7,14 ( inc lud ing the 

s t i r r e r  c ry s ta l l iz e d  samples). I f  the d iluen ts  can penetrate the 

B-TPI l a t t i c e ,  then before the damages o f the overa ll s truc ture  o f 

B-crysta l la t t ic e s  occurred, <^-form o f c rys ta l la t t ic e s  must o r ig ina te . 

The de ta i l  o f the mechanism o f the d i lu e n t induced transformation o f 

B-TPI to a-TPI has not been elucidated to date. By using ca lo r im e tr ic  

methods and taking wide angle x-ray d i f f r a c t io n  photographs o f the 

swelled samples o f B-TPI w ith increasing time, the mechanism o f the 

transformation can be known. Since the amount o f heat required fo r  

the 8-s o l id  to a -s o l id  t ra n s i t io n  in  the presence o f a d i lue n t is  

lower than the heat o f d isso lu t ion  o f  B-TPI c ry s ta ls ,  i t  should be 

possible to fo l lo w  the process o f  transformation c a lo r im e tr ic a l ly .
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