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Abstrac t

FO R  AND SEM INVESTIGATION OF BULK CRYSTALLIZED TPI 

AND SOLUTION EPOXIDIZED TPI

b y

NADARAJAH VASANTHAN 

Adviser: Professor Arthur E. W oodward

Trans-1,4- polyisoprene structures in the alpha and the beta crystal 

form s w ith d iffe ren t m orpho log ies w ere p repared  by various 

crysta llization  m ethods such as d irect m ethod, annealing m ethod, 

cast m ethod and prenucleation method. The m orphology of bulk 

c rysta llized  unfractionated  TPI and two fraction  therefrom  were 

studied using SEM for either the alpha or the beta crystal forms. The 

m orphology generally studied was isotherm al crystallization, carried 

to equlibrium , follow ed by cooling to room  tem perature. However 

som e sam ples was stud ied  at c ry s ta lliza tio n  tem pera tu re . The 

m orphology of bulk crystallized TPI, as observed using SEM, is a 

fu n c tio n  o f m o lecu la r w e ig h t, c ry s ta l fo rm , c ry s ta lliz a tio n  

tem perature  and post-c rysta lliza tion  cooling . The m orphology is 

found to be lam ellar and the organization depends on m olecular 

weight, paticularly for samples in the beta crystal form. For the alpha 

crystal form  the size of the structures observed increases with 

in creas in g  tem pera tu re . The m elt c ry s ta lliz a tio n  o f tran s-1 ,4 - 

polyisoprene was follow ed using FTIR spectroscopy. The spectral
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subtraction factor versus tim e was obtained at the crystallization  

tem perature and after cooling to 25°C for fractions and parent 

m aterial. C rystallization of the beta crystal form was followed at 36 

and 43°C and the alpha form  at 43 and 51°C. Samples crystallized at 

25°C and annealed at 43°C  were also investigated. The effect of 

m olecular w eight on the crystalline/ am orphous content depend on 

the crystal form / m orphology, the crystallization  tem perature and 

the therm al history. The am orphous fraction for prenucleated m elt 

crystallized alpha form  containing sam ples increased with m olecular 

w eight at the crystallization tem perature and after cooling to 25°C. 

Samples containing the beta crystal form showed a m olecular weight 

dependence at c ry s ta lliza tio n  tem pera tu re / annealing  tem perature 

that disappears upon cooling the sample to 25°C. Bulk crystallization 

of solution epoxidized TPI also was investigated using SEM and FTIR 

spectroscopy. The effect of amount of epoxidation and crystallization 

tem perature on final c rysta llin ity , m orphology and crysta llization  

rate  was investigated. The m orphology is less dependent on the 

epox idation  am ount, only show ing a m arked changes at 9.8% 

epoxidation. The subtraction factor was plotted against the time for 

various solution epoxidized samples crystallized from  the bulk. The 

rate of crystallization was observed from  the slope of the plot. A 

decrease  in rate  occurs w ith increasing  epoxi con ten t or with 

increasing  c rysta lliza tion  tem perature. The c ry sta llin ity  decreases 

linearly with increasing epoxi content at Tc = 25°C and 36°C and 

shows marked deviations from  linearity at Tc = 36°C. The differences 

in crystallin ty  between solution and m elt crystallized sam ples are 

d iscu ssed .
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1. IN T R O D U C T IO N

1.1. M o rp h o lo g ie s  o f  s e m ic ry s ta l l in e  p o ly m e rs

It has been known for m any years that polym er m olecules 

possess the ability to crystallize. The extent to which this occurs 

varies with the type of polym er and the m olecular m icrostructure1. 

Solid  po lym ers d iffe r  from  o rd in ary , low  m o lecu la r w eight 

compounds in the nature of their physical state or morphology. The 

m ain d ifference betw een polym ers and sm all m olecules, is that 

polymers show characteristic o f both crystalline solids and viscous 

liquids. This has been shown by various authors ( Keller2, Sharpies3, 

Sperling4 , W oodward5 ).

Flexible chain polymers crystallize from solution to form single 

lam ellas or m ultilam ellar structures with a lam ellar thickness that 

depends on the so lv en t, the po lym er co m p o sitio n  and the 

c ry s ta l l iz a t io n  te m p e ra tu re 6 . Single lam ellas are only partially  

crystalline and contain a surface component that includes chain folds, 

cha;n ends and lateral surfaces7. In multi lam ellar structures such as 

hed rites and sp h eru lites , there is an in te rlam ella r com ponent 

containing chain folds, chain ends8 and interlam ellar traverses which 

are part of one chain common to two adjacent lam ellas. In multi 

lam ellar structures there is usually considerable branching, tw isting 

and in te rlam ellar penetration . Bulk cry sta lliza tion  by cooling a 

polym er melt usually leads to spherulite form ation9' 10.
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M ost crysta llizab le  therm oplastic  polym ers of technological 

im portance are processed above the m elting tem perature in bulk, 

which is well above room  tem perature, and then cooled bringing

about crystallization. The usual polym er sample crystallized from the 

bulk is p o ly c ry s ta llin e 11. The individual crystals are sm all and

d ifficu lt to see by optical m icroscopy. The texture of the bulk

crystallized m aterial has been studied with the polarizing microscope 

before the results on chain folded crystallization were known. These 

studies established  that the essen tia l m ode of c rysta lliza tion  is 

spherulitic. All observations of the bulk system  were handicapped 

because crystalline units cannot be obtained in iso lation  w ithout 

seriously disturbing the sam ple12.

Single crystals obtained from  solution can be studied m ost 

read ily  w h e th er or no t such s tu d ies  are  re le v a n t to the

technologically  im portant problem  of crystallization from  the bulk. 

The general belief, however, is that there is no difference in the basic 

principle. It is obvious a priori that the lamella grown from the melt 

would be expected to be less regular, in view of competion among 

molecules at growth faces13, than when molecules crystallize more or 

less independen tly  from  so lu tion . In p a rticu la r, ev idence  for 

regularity in folding of chains crystallized from  solution has come 

from  electron m icroscopy. A fundam ental understanding of many 

im portan t p roperties o f c ry s ta lline  po lym ers depends upon an 

adequate knowledge of their lam ellar m orphologies14. For example, 

the Y oung’s modulus along the chain axis is much less for a series 

lam ellar arrangem ent than for parallel one which constrains the soft
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in te r la m e lla r  r e g io n 15 . A lso the electric  strength  of crystalline 

polym ers fall as spherulite size increases because of the changing 

nature o f in terspherulite  boundaries and the consequent facilitation 

of breakdow n16. Detailed morphological studies are still lacking. The 

prim ary reason for the lack of detailed m orphological knowledge is 

tha t this should have been provided by electron m icroscopy but 

transm ission of electrons through polym ers causes radiation damage 

and lim its direct stud ies17. Therefore scanning electron m icroscopy 

is used to observe polym er surfaces.

The m odern concep t of polym er crysta ls started  from  the 

c a re fu l w ork  of K e lle r1 8  in 1957, fo llow ed by the work of 

J a c c o r d in e 19  who showed that polyethylene m olecules could form  

single crystals from dilute solution. The dimension of a single crystal 

is about 10000A 0 x 100A°. X ray diffraction patterns showed the 

polymer chain axis is parallel to the smaller dimension of the crystal. 

Since po lym er m olecu les are m uch longer than 100A°, K eller 

concluded that in the crystal it had to be folded back and forth upon 

itse lf . K elle r 's  conclu sion  was im m edia te ly  confirm ed  by the 

independen t observation  of F ish er2 0  and T ill21 . Chain folding is 

unexpected, since the m ost therm odynam ically stable crystal is one 

involving com pletely extended chains. V arious m odels of the fold 

surface on polymer lam ellas have been proposed.

A large num ber of morphological studies have been carried out 

on polymer m aterials to date. It has been shown that the size, shape 

and com plexity of these structures depend on the polym er and the
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crysta llization  cond itions22. These investigations were carried out on 

various type of samples including solution crystallized m aterials and 

bulk crystallized m aterials. W hen polym ers are crystallized from  a 

dilute solution ( < 0.1% W /V ) they give a single lam ella type 

m o rp h o lo g y 23' 24. These lam ellas can have a variety o f shapes and 

sizes depending on the polym er. For exam ple, polyethylene yields 

single crystals in xylene and more concentrated solution in the same 

so lv en t g en era lly  y ie ld  m u ltilay er agg regates. M ore com plex  

crystalline  m orphologies such as hedrites and spherulites can be 

observed  w hen p o lym ers are c ry s ta lliz ed  from  co n cen tra ted  

so lu tio n 25. When polymer samples are crystallized from the bulk, the 

m ost obvious structures are spherulites. On cooling from the bulk, 

the first structures that form  are single crystals. These are rapidly 

transform ed into sheaflike structures called  hedrites or axialites. 

These transitional m ultilayered structures represent an interm ediate 

stage in the form ation of spherulites. Gradually the lam ella in the 

hedrite  fan outw ard in a splaying m otion26-28 . This leads to a 

spherically  shaped ob ject called  a spherulite. The form ation of 

spheru lites from  single crystals through the transitional state is 

shown in the F ig u re l.l . Usually the spherulites are in spherical shape 

only during the in term ediate stage of crysta llization . D uring the 

latter stages of crystallization , the spherulites im pinge upon their 

neighbors. W hen the spherulites are nucleated sim ultaneously, the 

b o u n d a rie s  be tw een  them  are s tra ig h t. H ow ever w hen the 

spherulites have been nucleated at different tim es, so that they are 

of different sizes when im pinging on one another, their boundaries 

form  a hyperbola4 . D etailed exam ination of spherulitic  structures
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show that the spherulites are com posed of ind iv idual lam ellar 

crystalline plates. The lam ellar structures som etim es resem ble stair 

cases, being com posed of nearly parallel but slightly  diverging 

lam ellas of equal thickness29.

F igure 1.1. Schem atic developm ent of a spherulite  from  a chain 

folded precursor crystal

Rows (a) and (b) represent, respectively, edge-on and flat-on views 

of the evolution of the spherulite
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It has been established that all properties from bulk crystallized or 

solution crysta llized  polym ers are dependent on the m olecular 

w eigh t, so lven t,  c ry s ta l l iz a t io n  tem p era tu re  and m ethod  of 

crystallization. A wide range of properties can be achieved by 

varying the m olecular weight and crystallization temperature. The 

effect of molecular weight on the morphology has been investigated 

for polyethylene fractions( 1 x 1 0 4 to 8 x 1 0 6 ) crystallized from the 

m e l t30. Well developed spherulites were observed at low molecular 

weight ( less than 8.5 x 105 ) but the higher m olecular weight 

samples fail to give a well defined morphology.

A single lamellar type morphology is obtained when the poly­

ethylene oxide with a narrow m olecular weight d istribution is 

crystallized from the melt. Allen and Mandelkern31 also reported the 

c rysta lline  m orphology of poly(ethylene  oxide) as function of 

m olecular w eight and crystallization  tem perature. Fractions with 

molecular weights in the range 6  x 103 to 1 x 107 were used. Three 

d if fe re n t  types o f m o rp ho lo gy  w ere observed ; sp h e ru lite s ,  

intermediate structures and hedrites.

Crystallization of trans-l,4 -po ly isoprene  using synthetic and 

naturally occurring( Gutta percha, Balata ) has been carried out with 

unfractionated materials and sharp fractions. It has been shown by 

Kuo and W oodward32  that the morphology of trans-l,4-polyisoprene 

structures grown directly from solution depends on crystallization 

temperature, m olecular weight and solvent. Three structural types 

were observed: hedrites, spherulites and aggregates of curved
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lamellas. Under isotherm al crystallization conditions the hedrites 

form ed become larger and more complex as the crystallization 

tem perature decreases and/or m olecular weight increases. In that 

work Gutta percha fractions with molecular weights from 4.7 x 103 to

2.5 x 105 were used. Xu and W oodward3 3  studied the effect of 

morphology on molecular weight and crystallization time for trans-

1,4-polyisoprene directly crystallized from 1% amyl acetate solution 

at 20°C using scanning electron m icroscopy. The change with 

m olecular weight was observed from stacks to overgrown lamellas 

that are curved and interpenetrating to spherically shaped structures 

containing twisted and curved lamellar ribbons. A high degree of 

curvature was evidenced for TP1 sheaves obtained at 20°C. Sperulitic 

s truc tu res  were ob tained  for TPI with Mv= 5.9 x 105 at 

crystallization temperature of 20°C. These structures appear to be 

less tightly packed due to branching and twisting and are made up of 

ribbons smaller in width than for the structures found using low 

molecular weight material.

Melt crystallization of trans-1,4-polyisoprene was carried out 

by D av ies3 4 - 3 5  et al and two types of spherulites were observed 

under the optical microscope. At crystallization temperatures below 

35°C, the spherulites displaying a characteristic maltese cross were 

identified with the beta form, while dendritic type spherulites were 

observed at above 45°C (alpha form). The rate of spherulitic growth 

of TPI have been studied previously using optical microscopy by 

Henderson, Fisher and Lovering36. They have shown that alpha form
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spherulites grew faster than beta form spherulites at the same 

crysta llization  tem perature.

The supermolecular structures of melt crystallized TPI have 

been studied by transmission electron microscopy at early stages of 

crystallization and low angle X-ray diffraction at latter stages. These 

methods measure the lamellar thickness and allow the calculation 

of lamellar surface energies. The values of fold surface energy agree 

very well with those energ ies determ ined for solution grown 

c ry s ta ls37.

1.2.Crystallinity and reentry problem

Many polymers are known to be semicrystalline, consisting of 

crystalline and non crystalline or amorphous components. It is well 

known that most of the physical properties and mechanical behavior 

of the partially crystalline materials depend on the crystallinity38. A 

num ber o f studies on the variation of m olecular w eight and 

crystallization temperature were reported by many researchers. It 

is well summarized in the books of Wunderlich39 and Geil40.

K eller18, Till2 0  and Fisher21  independently proposed a chain 

folding hypothesis from electron diffraction studies of polyethylene 

in 1957. H ow ever the con figu ra tio n  of the fold  rem ained  

incompletely solved. A number of models of the fold surface have 

been proposed and experimental evidence to support these models 

also has been given for various polymers. These include tight
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adjacent, loose adjacent, and non adjacent or switch board model41. 

All these models are shown in the Figure 1.2. In single lamellas, the 

amorphous component is expected to be at the lamellar surfaces as 

chain folds and chain ends, for multilamellar structures interlamellar 

traverses may also be present.

a

Figure 1.2. Schematic drawing of the conformation models of poly 

iso p re n e

a) switch board model b) tight adjacent model c)loose adjacent model



One method of evaluating the folding model is by measurement of 

the average number of monomer units in the fold. This has been 

done indirectly  by m easuring the noncrystalline fraction using 

physical methods such as density, heat of fusion, IR, Raman and solid 

state NMR spectroscopies and coupling this with lamellar thickness 

measurements. A large number of these investigations were made 

on linear po lyethy lene42 ' 45 . C rystallinities derived from  various 

physical methods such as density, heat of fusion and wide angle 

X-ray diffraction(W AXS) were found to be excellent agreement. It 

has been reported  that when the m olecu lar w eight of linear 

polyethylene is in the region of 2 X 104  to 2 x 106 , the crystalline 

thickness is independent of chain length and depends only the 

crystallization temperature for the given solvent.

Krim m  et al used a mixed crystal infrared spectroscopic 

technique to prove the type of folding for solution crystallized poly 

e thylene . M ixed single c rysta ls  of pro tonated  and deuterated  

polymer were made by precipitation from dilute solution. Analyzing 

the characteristic  crystal field splitting in the infrared spectrum, 

Krim m  has shown that the predom inant type folding involves 

adjacent reentry46' 47. Melt crystallized polyethylene was shown to 

be organized differently  with a much lower extent of adjacent 

reentry. However, a significant undercooling is required to prevent 

segregation  of deu teria ted  species from the ordinary  hydrogen 

bearing species. Recently Iso Ando4 8  et al have used solid state NMR 

spectroscopy  and m icroscopy to dem onstra te  that polyethylene
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mainly forms a sharply folded structure during melt crystallization. 

However, small angle neutron scattering results for melt crystallized 

p o ly e th y le n e  and p o ly p ro p y le n e 4 9  ( using a small amount of 

d eu tra ted  p o ly m er)  s trong ly  suggest rand om  reen try  to be 

p re d o m in a n t .

Dilute solution grown lamellas of TPBD of high trans content 

have been investigated by various researchers. A number of studies 

have shown that the lam ellas can have a sizable noncrystalline 

com ponen t, the am ount of w hich depends on c rys ta l l iza tion  

conditions. The crystallinity has been measured by various physical 

methods such as density and X-ray diffraction. Hendrix, Whiting and 

W o o d w a rd 5 0  obtained IR spectra of TPBD crystal mats in the range of 

1000 to 1400 cm-1. It was found that the ratio of intensity of the IR 

band at 1350 cm -1, an amorphous band, to that intensity of the band 

at 1335 cm-1, a regularity band, varies from 1.3 to 0.1 depending on 

the solvent used for crystal preparation, the TPBD used and the 

thermal history.

M ost physical m ethods used to evaluate  the am orphous 

fraction of the polymer measure the total amorphous fraction and 

provide little information about the nature of the chain folds. In 

order to get more information about the location of the amorphous 

component, a number of chemical reactions, including substitution, 

e lim ination  and addition were carried out on various polym er 

lam ellas51-55.



Attempts have been made to study the fold region of polyethylene 

lamellas directly by chemical assay, but the degradative chemical 

reaction employed resulted in destruction of the crystal core it self, 

and the results are difficult to interpret56. Digestion with a strong 

oxidizing agent such as HNO 3 and destructive reaction with ozone 

coupled with gel perm eation chrom atography has been used by 

Keller and coworkers to obtain the information about distribution of 

fold length in polyethylene lamellas57. The results were interpreted 

as confirm ing the model of adjacent reentrant folds of various 

lengths. However, the degradation m ethod cannot be used for 

quantitative determination because it has little selectivity between 

crystalline and amorphous components.

Substitution of bromine atoms onto polyethylene lamellas using 

u ltraviolet or visible light activation of Br2  in solution at room 

tem pera tu re  and above has been studied by various authors. 

Harrison and Baer5 8  report an initial fast reaction with a changing 

rate corresponding to about 2-3% bromine by weight; following that, 

the rate of bromine addition remain constant up to at least 7% 

bromine by weight. Assuming tight reentry folding, it was estimated 

that 4.5% bromine by weight corresponds to 1 Br atom per fold.

A different approach, developed by Woodward and coworkers,

is to carry out a nondestructive chemical reaction on the chain units

at the lam ellar surfaces of solution c rysta llized  polym ers in

suspens io n . T ran s -1 ,4 -p o ly b u tad ien e  and t ran s -1 ,4 -p o ly iso p ren e  

were chosen for this work since they crystallize easily and can



1 3

undergo quantitative addition reaction at low temperatures. These 

r e a c t io n s  h a v e  in c lu d e d  e p o x id a t io n  w ith  m e ta c h lo r o  

perbenzoicacid(M C PB A ) and M arkow nikoff addition of HC1 in 

nonaqueous solution.

Epoxidation of TPBD was carried out by W ichacheeva and 

W o o d w a r d 5^. The fraction of double bonds reacted with the 

epoxidizing agent was obtained by observing the IR intensity ratio of 

the carbonyl absorption for MCPBA and MCBA. The number of 

m onomer units per fold was calculated for heptane and toluene 

grown crystals. By comparing with the theoretically estimated values 

for possible tightest reentrant folds it was concluded that TPBD 

crystals grown from heptane, principally contain regular reentrant 

folds and TPBD crystals grown from toluene contain irregular 

adjacent reentrant folds.

Surface m odification of trans-1 ,4-polybutadiene was carried 

out by Stellm an and W oodw ard60 ' 6 1 . The reaction used was 

epoxidation of the double bonds at the surface with MCPBA in 

suspension. It was found in benzene suspension at 6 °C, it took 4-5 

days to reach equilibrium and that above 14-27% of the double bond 

were epoxidized leading to an average value of the fold length 2.5 to 

5 monomer units. Tseng and W oodward6 2  followed epoxidation in 

suspension by proton NMR spectroscopy. Combining the proton NMR 

results with lamellar thickness from small angle Xray scattering or 

electron microscopy. The fold length of TPBD lamellar crystals from 

heptane was determined to be 3-5 monomer units. More recently an
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experimental method was developed by Wang and W oodward6 3  to 

d e te rm in e  c ry s ta l l in e /a m o rp h o u s  f rac tio n  q u a n ti ta t iv e ly .  This 

involves surface epoxidation of TPBD crystals in suspension followed 

by C-13 NMR analysis, allowing the simultaneous determination of 

both crystalline stem length and the fold length. This results strongly 

favored adjacent reentry folding.

Crystallization of trans-1,4-polyisoprene from solution studies 

was carried out by W oodward and cow orkers64-67. During these 

studies considerable amount of quantitative knowledge was obtained 

about these structures. This was also carried out by using various 

physical and chemical methods.

Epoxidation reaction on solution crystallized TPI ( Balata and 

Gutta percha) lamellas in suspension at 0°C using MCPA was reported 

by Anandakumaran and W oodward64. The number of monomer units 

per fold was calculated from the fraction epoxidized and lamella 

thickness obtained from electron microscopy. Six to 10 monomer 

units were ca lcu la ted , the num ber increasing  with increasing  

molecular weight and Tc . More recently C-13 NMR method was used 

to determine the average reacted and unreacted block lengths. The 

effect of reaction medium on the epoxidation of beta TPI structures 

crystallized from solution was investigated using 16 different liquids 

including alcohols, ketones and es te rs65. The apparent average 

reac ted  sequence  leng th  varied  fou r-fo ld  depend ing  on the 

suspension liquid used, being lowest for alcohol, while the average 

unreacted sequence length remain constant. The variation in the
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average reacted length with the unreacted length remaining constant 

suggest that a peeling off or loosening of reacted chains at the lateral 

edges takes place to a degree depending on the suspending liquid 

leading to epoxidation of the exposed double bonds.

Surface hydrochlorination of TPI followed by C-13 NMR 

analysis was carried out by Tischler and W oodward66. They found 

that only half of the amount of the noncrystalline fraction obtained 

from density measurements can be hydrochlorinated. The average 

fold length was obtained as 5 monomer units. This result was not in 

agreement with epoxidation results obtained for the same material. 

However recent studies showed that the hydrochlorination done by 

Tischler was not complete14.

D ensity  m easu rem en ts  were used in o rder to quan ti ta t iv e ly  

determine the amounts of crystalline and the amorphous components 

of trans-1,4-polyisoprene by Kuo and W oodward using a density 

gradient column. The crystallinity was calculated from the measured 

density  and from values for the totally amorphous and totally 

c ry s ta l l in e  TPI sam ples. These resu lts  were com pared  with 

crystallinities obtained by other methods. Since there was some 

disagreement in the value of the crystalline density for beta TPI, an 

alternative m ethod using FTIR was employed to determ ine the 

c r y s t a l l i n i ty 67. FTIR has several advantages compare to the other 

physica l m ethods, includ ing  1 ) experim enta l s im plic ity ; 2 ) 

sensitivty to conformational changes; 3) Various manipulation such 

as subtraction and deconvolution.



FTIR spectral subtraction, developed by Koenig68, is extremely useful 

for the analysis and under standing of sem icrystalline polymer 

spectra. This method can be used to obtain a 100% crystalline 

spectrum from a semicrystalline spectrum. Subtraction is carried out 

using a 1 0 0 % amorphous spectrum obtained at temperatures above 

the melting point. The 100% amorphous spectrum has been shown to 

exh ib it essentia lly  the same conform ational distribution and the 

same in frared  spectrum  as the lam ellar surface com ponen t6 9 . 

Subtraction has been carried out in this way for many polymers70-72. 

The resu lting  spectrum  for the crysta lline  com ponent usually  

contains a good base line with sharp and separate by distinct peaks. 

The broad bands which are usually associated with the amorphous 

component disappear from the spectrum upon subtraction.

One method to study conformation of polymer chains in the lamellar 

surface was carried out by Koenig and coworkers for poly (vinyl 

c h lo r id e ) 73  by assigning separate components of a broad amorphous 

band to different conformations. These separate components appear 

and disappear upon heating the sample to temperature above Tm. 

Poly(ethylene terephthalate) was also studied at temperatures up to 

4 6 8 K 74-75. The trans and gauche conformations were identified in 

the infrared band contours. The effect of temperature change in 

atactic polystyrene was studied and two transitions were found. The 

higher one involved conformational changes that can be seen by 

changes in the band contours.



Conformational changes at low temperatures were studied for a 

num ber of po ly m ers76-77. In all the studies an increase in band 

intensity is observed as the sample temperature is decreased. In 

work using polyethylene and polystyrene it was shown that there is 

a linear change in peak height with temperature. The authors of 

these studies attributed these changes to intermolecular contraction 

which leads to an increase in the dipole moment interaction and 

therefore to an increase in the intensity. This phenomenon was found 

to be more pronounced for highly polar groups. The changes in the 

slope of the plot of tem perature versus in tensity  indicated the 

occurence o f a transition. S im ilar studies was carried out by 

K .W .F ra n k  and c o w o rk e rs  fo r  p o ly e th y le n e ,  p o ly e th y le n e  

teraph tha la te  and some po ly u re th an es78-79. They explained the 

in c re a se  in a b so rb an ce  peaks in ten s ity  as resu l t in g  from  

anharmonicity that occurs as the lattice potential decreases and the 

vibrational force constant increases. Another work showed that small 

frequency shifts are expected at low temperatures. Boerio8 0  found an 

increase in intensity as the temperature is lowered. He also showed 

that some narrowing of the crystalline bands occurs.

FTIR spectra were obtained for solvent cast TPI film (alpha form), 

the same sample melted and quenched(beta form ) 81 and for solution 

crystallized  lam ellas(alpha and beta form )82. Normal coordinate 

single chain calculations were carried out and band assignments 

given with some differences being found in the two studies. A 

correlation between the spectra for the two forms was shown to exist 

with each vibrational band for the beta form being correlated to a
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singlet or a doublet in the alpha form; additional bands appear in the 

alpha spectrum attributed to groups of atoms from two adjacent 

monomer units in the chain.

FTIR spectroscopy was used in the past to determine the crystallinity 

for solution crystallized trans-1,4-polyisoprene. One method for the 

q u a n t i ta t iv e  d e te rm in a t io n  o f  the c ry s ta l l in e  f ra c t io n  in 

semicrystalline TPI was developed by Gavish and Woodward using a 

conform ationally  independen t band, a ttr ibu ted  m ainly to C=C 

stretching vibration. Another FTIR method developed to measure the 

crystalline/am orphous ratio  involves subtraction of spectrum just 

above the m elting  p o in t  from  th a t  sam e sam ple  in the 

semicrystalline state. FTIR were also taken at temperatures from 

-170°C to 110°C and the changes relative to spectra at 30°C followed. 

A decrease in am orphous content with decreasing tem perature 

down to about -30°C and an increase in amorphous fraction with 

temperature to 60°C were quantitatively determ ined83. Crystal field 

splitting of a CH2 scissoring band was observed at -145°C. Changes in 

conformationally sensitive amorphous bands at temperatures above 

65°C were used for tentative assignments of the components of these 

bands.

1.3.Crystallization kinetics

During the crysta llization  from the bulk, polym ers form 

lam ellas, which in turn are organized into spherulites or their 

precursors, hedrites81. If a polymer melt is allowed to crystallize the
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crystallinity increases and so the analysis of crystallization kinetics is 

im portant to understand structure/property relationships. The rate 

of crystallization  is expected to be a function of temperature, 

molecular weight and method of crystallization82-84.

Crystallization kinetics o f various hom opolym ers and copolymers 

w ere  s tud ied  using  d i la to m e try 8 4 -8 6 , D S C 8 7 - 8 9  and electron 

m ic r o s c o p y 91-92. The experimental observations of crystallization 

k inetics are based on three theories of polym er crystallization 

kinetics. The first is the Avrami theory92-94. The second theory was 

developed by Keith and Paddden27-28, providing a qualitative  

understanding of spherulite growth. The third theory was developed 

by H offm an and cow orkers95-97and is called kinetic nucleation 

theory of chain folding; this provides an understanding of how 

lamellar structures form from the melt.

Crystallization kinetics of poly(ethylene oxide) was studied by Hay 

and Sabin9 8  using dilatometry. Melting temperature of PEO is 6 6 °C 

where the rate of crystallization is zero. They have shown that the 

rate of crystallization increases as the temperature is decreased. The 

crysta llization  kinetics of gutta percha and synthetic tran s -1,4- 

polyisoprene was also investigated by Cooper and Vaughan99  u s in g  

dilatometry. In this study rate constants were obtained from the 

crystallization from the melt and for interconversion of isomorphous 

form s.
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C ry s ta ll iza tio n  ra tes  w ere  ob ta ined  m ic ro sco p ica l ly ,  by 

measuring the growth of sphrulites as function of time. This was 

done using both optical m icroscopy and transm ission  electron 

m icroscopy o f thin sections. The crystallization  kinetics for an 

isotactic and atactic polypropylene blend was studied by measuring 

the radius of the spherulites as function of time using optical 

m i c r o s c o p y 100. When the spherulite radius was plotted against the 

time, a linear rela tionship  was obtained. This implies that the 

concentration of foreign units at the growing tips of the lamella 

rem ain constan t through the growth process. Introducing more 

foreign units caused growth rate to slow. However, the linearity of 

the growth rate was maintained. The crystallization kinetics of poly 

(ethylene terephthlate) was studied by Philips and cow orkers1 0 1  

using TEM. When the radial growth rate was plotted as a function of 

crystallization temperature, a maximum was observed. The increase 

in rate of crystallization as the temperature is lowered is controlled 

by the increase in driving force. As the temperature is lowered 

further, molecular motion become sluggish as Tg is approached, and 

the crystallization rate decreases again. Below Tg, molecular motion 

is so sluggish, the rate of crystallization effectively becomes zero.

The crystallization kinetics of low m olecular weight polyethylene 

fractions have been studied by M andelkern and coworkers using 

d i f fe re n t ia l  scann ing  ca lo r im e try .  T his  study show ed  tha t 

crystallization kinetics obey nucleation theory appropriate to chains 

of finite length. All the fractions displayed three distinct regimes102.
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1.4. Crystallization of copolymers

When a small amount of comonomer unit is introduced into a linear 

homopolymer, one obtains a copolymer which still crystallizes into a 

sem icrystalline structure resembling that of the homopolymer. A 

large num ber o f experim ents were carried  out in the past to 

determine the role of comonomer units in crystallization, annealing 

and melting. Frequently, WAXS is used to study the structure of 

semicrystalline copolymers. The effects of copolymer composition on 

unit cell parameters were investigated by several w orkers103' 110.

Baker and Mandelkern analyzed two sets of branched polyethylene 

sam ples using W AXS. An increase  in the 'a' d im ension  of

polyethylene unit cell was observed as the number of methyl and

propyl branches along the polyethylene chain was increased. This

effect was attributed to a lower concentration of propyl branches in 

the crystalline phase of the sample.

Roe and G ren iw isk i1 0 7  studied the effects of chlorination on the 

crystallization of polyethylene. They found that as the concentration 

of Cl atoms along the back bone become larger, the ‘a ’ dimension of 

the for polyethylene unit cell increases. This behavior was attributed 

to greater levels of Cl incorporation into the crystalline phase of 

polyethylene. This trend was consistent with their experimentally 

determined heat of fusion values. Hf was observed to decrease as the 

degree of chlorination increased.
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A d e ta i le d  s t ru c tu ra l  an a ly s is  o f  e th y le n e /p ro p y le n e  and 

ethylene/butene copolymer was made by Holdsworth and Keller1 0 9  

using a nitric acid etching technique. For increasing etching time the 

'a' dimension of the unit cell was observed to decrease and approach 

that for the pure polyethylene. Since etching presumably primarily 

attacks the amorphous region, it was postulated that many of the 

comonomer units are in this region. Birber and Thomas investigated 

the crystallization behavior of a condensation type segmented block 

copolym er o f polybuty lene  teraphthala te(4G T) and poly (tetra- 

methylene ether glycol) (PTM EG)111-112. In this study single crystals 

of the copolymer were grown in thin films crystallized from the melt. 

It was found that the resulting crystals consist of a relatively pure 

4GT crystal core with the PTMEG sequence and short 4GT segments 

being rejected.

Severa l w orkers have studied  m odel cop o lym er system s to 

determine the effects of primarily excluded comonom er units on 

observed  s truc tu ra l data . These m ateria ls  were p repared  by 

chemically modifying the fold surface of single crystals held in 

suspension. Harrison and Baer58- 110 studied single crystals of poly­

ethylene which were halogenated in suspension. Results obtained 

from  kinetic , therm al and infrared studies indicated  that the 

halogenation reaction was selective to the fold surface of the crystals. 

No changes were observed in the AH f values for each of the 

halogenated  crystals. How ever after these crystals  m elted and 

recrystallized, a significant drop in A H f  was observed . Sim ilar 

behavior was observed by Marchatti and M artuscelli1 13 for single
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crystals of polybutadiene brominated in suspension. From SAXS 

measurements it was found that the ability of the crystals to anneal 

was inhabited by the presence of Br atoms on the fold surface. The 

fold period of these materials did not change significantly after 

annea ling .

Crystallization of trans-1,4-poly butadiene containing up to 10% cis 

units was carried out by Wang and W oodward63. They showed that 

most of the cis units are rejected from the crystal core. Recently, the 

crystallization of segmented block copolym er prepared by surface 

hydrochlorination and epoxidation of solution crystallized trans-1,4- 

polyisoprene lamellas were carried out from 2 -octanol, 2 -pentanol 

and 2 -pen tanone114>! 15. The resulting precipitates were studied by 

SEM, DSC and FTIR and in some cases by the suspension 

epoxidation/C-13 NMR method. It was shown that there is no 

incorporation of modified TPI in the crystal core.

1.5. Melt crystallization of TPI and rationale for further 

s t u d y

The crystallization of trans-1,4-poly isoprene from the melt has been 

the subject of a number of earlier studies. This earlier work includes 

the use of dilatometry116, differential scanning calorim etry117, low 

and wide angle X-ray d iffrac tion118' 119, solid state C-13 NMR 

s p e c t r o s c o p y 120 and optical and transmission m icroscopy34' 37. In 

part of earlier work the m onoclinic crystal form(alpha) and the 

orthorhombic crystal form(beta) have been characterized by X-ray
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diffraction. The work carried out previously in this laboratory was 

concerned  with so lu tion  c ry s ta llized  t ran s -1 ,4 -po ly isop rene . A

considerable amount of new quantitative knowledge concerning the 

m orphology of these structures has been obtained during these 

studies. The surface reaction/C-13 NMR method, which gives unique 

quantitative information about the average chain fold length and 

crystalline stem length in dilute solution-grown polymer lamellas, 

can not be used to obtain quantita tive  inform ation  for bulk 

crystallized TPI since all of the amorphous portion is not easily 

brought into contact with chemical reactant.

The effect of crystallization temperature on TPI crystallinity after 

quench ing  to 25°C was obtained  using d i la to m e try 1 1 6 . The 

morphology was investigated using optical and transmission electron 

m ic r o s c o p y 32’ 34_37. All of these previous studies with morphology 

and crystallin ity  of TPI have been studied with unfractionated 

samples. Many studies of properties such as crystallin ity  and

morphology have been made on crystallized polymers. Most of these 

in v es tig a t io n s  w ere  ca rr ied  ou t a fte r  q uen ch in g  from  the 

crystallization  tem perature to room  tem perature. This quenching 

process leads to m orphological changes which com plica te  the 

in te rp re ta t io n  o f the o rig ina l c ry s ta l l iz a t io n  step. T here fo re  

inves tiga tion  of c rys ta l l iza t ion  and the m orphology  at the

cry s ta l l iza t ion  tem pera tu re  should sim plify  this in te rp re ta tion . 

Infrared spectroscopy has been used to some extent to investigate

melt crystallized homopolymers but detailed morphological study in 

which the effects of polymer molecular weight and the crystallization
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temperature on the m elt crystallized polymer as obtained by this 

method is lacking. By carrying out the crystallization process in an IR

cell, it should be possible  to evaluate  the effects of post

crystallization quenching on the spectrum and the crystallinity as 

derived therefrom. Crystallization from the melt of polyisoprene and 

random  copolym ers has received little  a ttention to date. FTIR 

spectroscopy has not been applied to study such materials.

1.6. Goals of current research

The principle goal of this research was to quantitatively investigate 

the bulk crystallization of trans-1,4 -polyisoprene and its random 

epoxidized copolym er. The dependence of the m orphology, the 

crystallinity, and the melting characterstics of these samples on the 

m olecular weight, c rystal form, c rysta lliza tion  tem perature  and 

m e th o d  o f  c r y s t a l l i z a t i o n  w e re  i n v e s t i g a t e d .  T h e  

c ry s ta l l in e /am o rp h o u s  na tu re  o f these  m ate r ia ls  was studied  

quantita tive ly  as a function of tem perature  using FTIR. The 

dependence of the crystallization rate, crystallinity, morphology and 

m elting  tem pera tu re  on the am ount o f epox ida tion  and the 

crystallization temperature were also studied for solution epoxidized 

TPI.
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2. E X PE R IM E N T A L  SE C T IO N

2.1. S a m p le s

Synthetic trans 1,4 polyisoprene obtained from Poly Sci Inc was 

used in these studies. The m olecu lar w eigh t d is tr ibu tion  of 

un frac tio na ted  syn the tic  tran s-1 ,4 -p o ly iso p ren e  was determ ined 

earlier using a W ater Associates 200 analytical gel permeiation 

chromatograph with toluene as the solvent at 85°C. The Mn and 

M w/M n values are 3 .5X 104 and 4.8 respectively. The trans 1,4 

c o n te n t  w as p re v io u s ly  d e te rm in e d  to be 100% . T hese  

determinations were made by F.A. Bovey and F.C. Schilling at Bell 

Laboratories by C 13 NMR spectroscopy. Three samples of solution 

epoxidized TPI, prepared by J. Xu were also used in this study. The 

three random copolymers were prepared by carrying out a reaction 

with m-chloro perbenzoic acid in 1 % chloroform  solution using 

unfractionated TPI having Mn = 3.5 x 1 0 ^ and Mw/Mn = 4.8. The 

degree of oxirane content were determined previously using C-13 

solution NMR and found to be 2.2, 5, and 9.8 mole%.

2 .2 . F r a c t i o n a t i o n

Fractionation of synthetic trans 1,4 polyisoprene was carried out 

by fractional precipitation from toluene/MeOH mixtures. 10 grams of 

TPI and 0.2g of antioxidant 2246, 2,2-Methelene-bis -(4 methyl-6 - 

tertiary-butyl phenol) was dissolved in one liter of toluene at 50°C. 

Then methanol was added until cloudiness appeared. After heating 

the solution to a temperature at which it became clear, the solution
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was placed in a water bath at 30°C overnight for precipitation. Then 

the prec ip ita te  and supernatant are separated by filtration. The 

p rec ip ita te  was disso lved in toluene keeping the concentra tion  

approximately 1%. The fractionation procedure was repeated for both 

solutions obtained above using the scheme shown in the Figure2.1. 

The fractions, used for this research, labelled P 5 , P6 and Pi 5 , were

collected after complete precipitation and dried under vacuum.

2.3. Molecular weight determination

V iscosity  average m olecu lar w eights, M v , of the fractions were 

determined by solution viscosity measurement using an Ubbelohde

v iscom ete r .

The Ubbelhode dilution viscometer is shown in Figure 2.2. 

Successive dilution are made on the same starting solution. The 

viscosity of the solution depends on the solute concentration, the 

solute molecular weight and the shape of the solute molecule. The

specific viscosity is obtained from the following equation.

T|sp = ( Tic - T"lo) / "no = (tc ■ to)/ to

risp =Specific viscosity 

r |C =Viscosity of the solution 

T| 0  =Viscosity of the pure solvent
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tc =Flow time of the solution 

1 0 =Flow time of the pure solvent

Intrinsic viscosity, [r|] was obtained by plotting the ratio of the 

specific viscosity to the concentration of the solution against the 

concentration of solution. The emprical relationship between Mv and 

intrinsic viscosity was given by the Mark, Houwink and Sakundra 

equation shown below.

[r|] =KMa

K and a are constants characteristics of the solvent - solute system. 

The values used here were obtained by J. Xu33. They are 3.34X10" 2 

and 0.686 respectively. These values were used to calculate the 

molecular weight of the fractions.

The viscosity average molecular weight of fractions P5 , P6  and Pi 5  

shown in figure 2.1 were found to be 8.3x 104 , 2.8x 105 and 6 .1x l0 5 

re sp ec t iv e ly .

2. 4 .  C rysta llization  techniques

Five d ifferent crystallization methods were employed, using the 

unfractionated sample and four fractions with M v ’s of 8 .3 x l0 4 , 

2 . 8 x l 0 5, 4 .9 x l0 5 and 6.1x 105 derived therefrom.
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a) Solution crystallization

For solution crystallization of TPI a prenucleation method was used. 

One gram of trans-l,4 -po ly isoprene  and 0.2grams of antioxidant 

were dissolved in 100ml of hexane at 60°C for about one hour. Then 

the solutions was filtered at that temperature and cooled down to 0°C 

in an ice bath. After the precipitation was complete the solution was 

heated to the redissolution temperature, resulting in a clear solution. 

This was placed in a constant temperature bath at 30°C overnight. 

This method yields the alpha crystal form. The beta crystal form was 

prepared by heating the precipitated solution from 0°C to room 

temperature very slowly.

b) Casting method

U nfractionated  and fractionated sam ples of synthetic TPI were 

crystallized by casting a 1 % hexane solution onto a water surface at 

crystallization temperatures from 30°C to 50°C. After crystallization 

was complete, the system was cooled down to 25°C.

c) Melt crystallization

The solution crystallized mats were prepared by filtering the solution 

using Teflon filters. The solution crystallized mats were heated for 

one hour at 75°C on a water surface, and then the temperature was 

reduced the desired crystallization temperature: 25°C, 36°C and 43°C
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for 12 hours, 3days and 7 days respectively. After the requisite 

crystallization time at 36°C and 43°C, the sample was cooled down to 

room  temperature. In another procedure solution crystallized mats 

were heated between NaC! plates inside the FTIR heating cell or on a 

glass plate in the vacumn to 75°C for about one hour; then it was 

brought down to the desired crysta llization  tem perature. After 

crysta lliza tion  was com plete  the sam ple was cooled to room 

te m p e ra tu r te .

d) Annealing treatment

A nnealing  was done by heating  the room  tem pera ture  m elt 

crystallized beta samples to 43°C between NaCl plates in the FTIR 

heating cell. After crystallization was complete the samples was 

taken to room temprature. This experiments also has been carried 

out on a water surface. This experiment yields only the beta form of 

TPI.

e) Prenucleation method

The alpha crystal fo rm  was prepared  by this m ethod. M elt 

crystallized alpha crystals prepared at 55°C, were heated to 65°C 

inside the FTIR heating cell for about 15 minutes; then the solution 

was cooled to the desired crystallization temperatures, either 43°C or 

51°C. After crystallization is complete, the sample was cooled down 

to room temperature.
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2.5. Morphological studies

a) Optical microscopy

Preliminary morphological studies were made for various samples 

prepared by the direct m elt crystallization method, the annealing 

method using a Zeiss optical m icroscope fitted with interference 

contrast optics. The birefringence pattern of these structures was 

viewed using ordinary optics with cross Polaroids.

b) Scanning electron microscopy

Bulk crystallized trans-l ,4 -po ly isoprene  samples were stained by 

0 s 0 4  vapor for at least overnight. A peice of sample was placed on 

the sample holder and then coated with gold. A Cambridge S4 

scanning electron microscope was used to study these preparations.

2.6. Crystal form

The crystal forms were determined by infrared spectroscopy. Trans-

1,4-polyisoprene has two crystal forms. Crystallization can occur 

either in one or the other or both crystal forms. The bands due to

=CH out of plane deformation are strongly characteristic of the alpha,

beta and amorphous spectrum with a sharp doublet at 882cm- 1 and

8 6 2 c m - 1 for alpha TPI, a sharp singlet at 877cm- 1 for beta TPI and

a broad band at 842cm- 1 with a shoulder at 860cm- 1 for amorphous 

TPI. Spectra for alpha, beta and amorphous TPI are shown in the 

Figure 2.3.
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2.7. Differential scanning calorimetry

Heat of fusion, the m elting endotherm  and melting tem perature

m easurements were made using a Dupont 1090 thermal analyzer 

with a sam ple  w eigh t of approx im ate ly  3mg to 5mg. The

temperature indicated by the analysis was checked by comparing the 

melting point of Indium into its literature values. A scanning speed 

of 10°C/min or 20°C/min was used for these experiments. This speed 

is high enough to avoid recrystallization of trans-1,4-polyisoprene.

2.8. FTIR spectroscopy at temperatures above 25°C

FTIR spectroscopic measurements were carried out using a DIGILAB

FTS40 Fourier transform infrared spectrometer at 4 c m 'l  re s o lu t io n  

from 450 cm-1 to 4000 cm -1. Crystallization at higher temperatures 

above 2 5 °C were carried out using a therm ostated heating cell 

(model 48) made by Control Corporation. FTIR spectra were recorded 

as a function of time after cooling from the melt at 75°C to constant 

crystallization temperature. W hen the FTIR spectrum  showed no 

fu rther change with tim e, the samples were cooled to room 

te m p e ra tu re .



33

2.9. FTIR spectroscopy at temperatures below 25°C

Solution crystallized and melt crystallized samples in either the alpha 

or beta form were used for the low temperature studies. A cooling 

cell, as shown in figure 2.4 was used for this experiment. The sample 

was placed  betw een the copper holders with a therm ocouple 

attached to the sample. Then the cell was cooled to one of 

temperatures of 0°C, -78°C, or -198°C. FTIR spectra were taken at 

those three temperatures and at room temperature. In order to see 

the changes in the spectrum at low temperature, the semicrystalline 

spectrum taken at room temperature was subtracted from the low 

temperature spectrum by using a subtraction factor of one.

2.10. Measurement o f the amorphous fraction

Measurements of the amorphous fraction were carried out for all 

semicrystalline samples using two different FTIR methods. One was 

the subtraction factor method and the other the absorbance ratio 

m ethod. The amorphous fraction obtained by the two different 

methods were not in agreement. However after a correction was 

made for contraction of the samples upon crystallization and cooling 

close agreement between the two methods was found.
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a) Subtraction factor method

An amorphous spectrum was obtained at 65°C for all samples for 

which sem icrysta lline  spectra  were taken. A 100% crystalline 

spectrum for each sample is obtained by the subtraction of the 

am orphous spectrum  from  the sem icrysta ll ine  spectrum  by a 

reduction of the intensity of the amorphous spectrum to compensate 

for the crystallization that has occurred. This subtraction is carried 

out by watching the d isappearance of the 842cm - 1 band. The 

subtraction factor is equal to the uncorrected amorphous fraction.

b) Absorbance ratio method

Using this method stretching band at 1664-1670cm - 1 was used to 

m easure  the crysta llin ity . This band has been shown to be 

independent of the overall crystalline and amorphous conformation 

due to the fixed configuration of the double bond. The crystallinity 

was calculated from the relative absorbance of the band 1664- 

1 6 7 0 c m - l obtained in the computer before and after the subtraction 

described above. This procedure is illustrated in figure 2.5.



3 5

TPI

Figure 2.1. Trans-l,4-polyisoprene fractionated scheme 

s. supernatent phase p. precipitate phase
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Figure 2.2. Ubbelohde dilution viscometer
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Figure 2.3. A typical FTIR Spectra of melt crystallized TPI 
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Figure 2.4. Cooling Cell

1. Sam ple Location 2. Sample Holder 3. W indow 4. T hem ocouple

5. H eating Cartridge L ocation  6. Therm ocouple Tube 

7. Liquid N 2 R eservoir 8. Dewar Upper section 9. O-Ring

10. Dewar Lower section
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Figure 2.5. Illusration of Absorbance ratio method
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3. RESULTS

3.1. Morphological investigation of bulk crystallized TPI

3.1.1. Morphologies of TPI in cast films

U nfractionated  and frac tionated  sam ples of synthetic TPI were 

crystallized by casting a 1 % solution in hexane onto a water surface 

at crystallization temperatures from 30 to 50°C. After cooling to 25°C 

and treating with 0 s 0 4 ,  the morphology was investigated with SEM.

Representative scanning electron micrographs of beta TPI structures 

crystallized at 40°C are shown in Figures 3.1 and 3.2. These are 

prespherulitic type lamellar structures with lengths of 5-8 microns 

containing interpenetrating lamellas. This type of structure is also 

obtained at 30°C. Alpha-spherulites with 30 - 60 microns are seen at 

50°C. Although these structures show clear boundaries, inter lamellar 

penetration across the boundaries does occur as can be seen Figures 

3.3 and 3.4.
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Figure 3.1. Scanning electronmicrograph of fractionated TPI 

(M v= 6.1x l()5 )  cast from 1% hexane solution at 40°C

Figure 3.2. Scanning electron micrograph o f unfractionated TPI

cast from 1% hexane solution at 40°C
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Figure 3.3. Scanning electron micrograph of unfractionated TPI 

cast from 1% hexane solution at 50°C

Figure 3.4. Scanning electron micrograph o f unfractionated TPI

cast from 1% hexane solution at 50°C
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3.1.2. Morphologies of beta TPI crystallized from the melt

Unfractionated TPI ( Mv =1.7 x 10^) was crystallized in the beta form 

at 0°C, 25°C, 36°C, and 43°C. The two fractions, both obtained from the 

unfractionated sample, one with My= 6.1 x 105 and the other with 8.3 

X 1C)4 were also crystallized at 25°C, 36°C and 43°C. Morphological 

investigation was made after the crystallization was completed as 

confirmed by FTIR spectroscopy.

A scanning electron micrograph of unfractionated TPI cooled from 

the melt to 0°C then heated to 25°C and 0 s 0 4  treated is shown in 

Figure 3.5. Sheaf-like structures are apparent. These sheafs are less 

developed as compared to the sheafs obtained at 25°C. Typical 

scanning e lec tron  m icrographs of unfrac tiona ted  TPI and two 

fractions crystallized at 25°C are shown in the Figures 3.6, 3.7 and 3.8. 

For the unfractionated sample interconnected sheaf-like structures, 

principally viewed edge-on, are observed in Figure 3.6a and 3.6b. 

Most of these structures are larger and more developed than those 

prepared at 0°C. The lengths of these structures ranges from 4 to 8 

microns. Views principally of lamellar ends are also observed (Fig. 

3.6c). Fraction with M v = 8.3 x 1 0 ^ shows connected sheaf-like

structures, viewed both edge-on and face-on as shown in Fig 3.7. 

Many of these show less branching and are more asymmetric than

those obtained from the unfractionated material. These structures

range in length from 7 to 8  microns. An edge-on view of the lamellar 

structures from the My =6.1 X 10^ sample (Fig. 3.8a) shows a

relatively loose and disorganized, but connected, lamellar array; some 

lamellas were also viewed face-on (Figure 3.8b).
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Typical scanning electron micrographs of samples crystallized at 36°C 

and O s0 4  treated at 25°C are given in Figures 3.9, 3.10, 3.11 . Sheaf 

s t ru c tu re s  w ith  in te rc o n n e c t in g  lam ellas  are seen for the 

unfractionated TPI. The structures observed for the two fractions 

show considerable twisting and curvature perpendicular to the long 

direction of the sheafs. The lamellas comprising these structures, 

v iew ed edge-on , are less c losely  packed than those for the 

unfractionated sample .

SEM micrographs of beta crystal form samples prepared at 43 °C using 

unfractionated TPI, treated with 0 s 0 4  at Tc and cooled to 25°C are 

given in Figure 3.12. Various structures with lengths/ diameters of 

4-5 microns are observed. Micrographs, obtained after crystallization 

at 43°C and cooling to 25°C followed by 0 s0 4  treatment, are given for 

unfractionated TPI in Figure 3.13. Sheaf-like lamellar structures are 

more clearly visible and, on the average, are larger than those 

observed for samples receiving the 0 s0 4  treatment at crystallization 

temperature. Micrographs, obtained for the two fractions crystallized 

at 43°C and 0 s 0 4  treated at 25°C, are given in Figures 3.14 and 3.15. 

Morphological differences occur for the unfractionated TPI and the 

two fractions therefrom. For the M v =8.3 X 1 0 ^ sample face-on and 

edge-on structures are apparent; the latter contain few layers. At low 

m agnifica tion  (Figure 3.15a) Mv=6.1 x 10^ preparation shows a 

network of lamellar structures each about 5 microns in size; one of 

these is shown at higher magnification in Figure 3.15b in which many 

end-on lamellas are visible. Open sheaf-like structures containing 

fewer lamellas are also found, as shown in Figure 3.15c.
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Figure 3.5. Scanning electron micrograph of unfractionated TPI 

crystallized from the melt at 0°C

Figure 3.6a. Scanning electron micrograph o f unfractionated

TPI crystallized from the melt at 25°C



Figure 3.6b. Same as figure 3.6a but different field

Figure 3.6c. Same as figure 3.6a but different field



4 7

Figure 3.7a. Scanning electron micrograph of fractionated TPI 

( M v = 8 . 3 x 1 Q 4)  crystallized from the melt at 25°C

Figure 3.7b. Same as figure 3.7a but different field
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Figure 3.8a. Scanning electron micrograph of fractionated TPI 

( Mv=6.1xl()5) crystallized from the melt at 25°C

Figure 3.8b. Same as figure 3.8a but different field
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Figure3.9a. Scanning electron micrograph of unfractionated TPI 

crystallized from the melt at 36°C

Figure 3.9b. Same as figure 3.9a but higher magnification



Figure 3.10a. Scanning electron micrograph of fractionated TPI

( M v=8.3 x 104) crystallized from the melt at 36°C

Figure 3.10b. Same as figure 3.10a but higher magnification



Figure 3.11a. Scanning electron micrograph o f fractionated TPI

( M v= 6.1x l()5) crystallized from the melt at 36°C

Figure 3.11b. Same as figure 3.11a but higher magnification
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Figure 3.12a. Scanning electron micrograph of unfractionated 

TPIcrystallized from the melt at 43°C and reacted with 0 s0 4 , 

cooled to 25°C

Figure 3.12b. Same as figure 3.12a but different field



Figure 3.13a. Scanning electron micrograph of unfractionated 

TPI crystallized from the melt at 43°C, cooled to 25°C and 

reacted with OsC>4

Figure 3.13b. Same as figure 3.13a but higher magnification
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Figure 3.14a. Scanning electron micrograph of fractionated 

T P I ( 8 .3 x l0 4) crystallized from the melt at 43°C, cooled to 25°C 

and reacted with OSO4

Figure 3.14b. Same as figure 3.14a but higher magnification
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Figure 3.15a. Scanning electron micrograph of fractionated 

T P I ( 6 .1 x l0 5) crystallized from the melt at 43°C, cooled to 25°C 

and reacted with OsC>4

Figure 3.15b. Same as figure 3.15a but different field
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Figure 3.15c. Same as figure 3.15a but different field
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3.1.3. Morphologies o f alpha TPI

Alpha TPI structures were prepared by bulk crystallization at 43°C 

and 51°C in an FTIR heating cell using a seeding technique. These 

same samples were used for FTIR investigation. The structures 

obtained at Tc = 43°C for unfractionated TPI in the alpha form are 

smilar in size and appearance to those obtained at this temperature 

for the same material in the beta form, as seen in Figure 3.16. 

Crystallization of the high molecular weight fraction in the alpha 

form at 43°C leads to spherulitic structures, as shown in Figure 3.17 

that are larger in average diameter than those from unfractionated 

TPI. Unlike those for unfractionated TPI, these spherulites differ 

markedly from the beta form structures appearing at 43°C for the 

two fractions. At Tc= 43°C the sizes observed for the alpha spherulite 

range from 3 to 6  microns for the unfractionated sample and 5-8 

micrometer for those from the high molecular weight fraction.

A spherulitic morphology is obtained for the unfractionated TPI and 

for both fractions at Tc = 51°C as shown in Figures 3.18 - 3.20. When 

the 0 s 0 4  treatment was carried out after cooling to 25°C, as was 

generally the case, smaller sheaf structures were observed in some 

fields of view at both Tc=43°C and 51°C . These were not found when 

a sample was crystallized at 43°C and 0 s 0 4  treated at Tc, as shown in 

Figure 3.21.
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Direct crystallization at 55°C on a glass plate in the alpha form was 

acco m p lish ed  using  the  u n frac t io n a te d  sam ple . T his y ields 

spherulites with diameters of 40 to 60 microns as shown in Figure 

3.22. In some cases regions between the spherulites contained 

multilamellar structures 2 to 5 microns in length ( Figure 3.23).

Figure 3.16. Scanning electron micrograph of unfractionated 

TPI crystallized from the melt using a prenucleation method at 

43°C, cooled to 25°C and reacted with OsC>4
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a

Figure 3.17. Scanning electron micrograph of fractionated 

T P I(M V= 6 . l x lO 5) crystallized from the melt using a 

prenucleation method at 43°C, cooled to 25°C and reacted 

with OsCM

a t e
Figure 3.18. Scanning electron micrograph of unfractionated 

TPI crystallized from the melt using a prenucleation 

method at 50°C, cooled to 25°C and reacted with OSO4
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Figure 3.19a. Scanning electron micrograph of fractionated 

T P I (M v= S .3 x l0 4) crystallized from the melt using a 

prenucleation method at 51°C, cooled to 25 °C and reacted 

with 0 s0 4

Figure 3.19b. Same as figure 3.19a but diffrent field



Figure 3.20. Scanning electron micrograph of fractionated 

T P I (M v= 6 .1 x l0 5) crystallized from the melt using a 

prenucleation method at 51°C, cooled to 25°C and reacted 

with OsC>4

Figure 3.21. Scanning electron micrograph of fractionated 

T P I ( M v= 6 .1 x 1 0 5 )  crystallized from the melt using a 

prenucleation method at 43°C, reacted with 0 s 04  an d  

cooled to 25°C
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Figure 3.22. Scanning electron micrograph of unfractionated 

TPI crystallized from the melt at 55°C

Figure 3.23. Same as figure 3.22 but different field and higher

magnif ication.
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3.1.4. Differential scanning calorimetry

Crystallization of unfractionated material and two fractions from the 

d irec t  m elt  c ry s ta l l iz a tio n  m ethod  at cons tan t  c rys ta l l iza tion  

temperature, Tc of 25°C to 43°C, yields the beta crystal form only, as 

evidenced by FTIR spectroscopy. Crystallization of TPI by an 

annealing m ethod at Tc =43°C also yields the beta form. Some 

representative melting endotherms are given in Figure 3.24. One 

clear endotherm is observed in each case. The melting temperatures 

w ere  o b ta in ed  by ex tra p o la t io n .  M elting  tem p era tu re s  and 

endotherms of all beta-TPI samples are given in Table 3.1 in terms 

of molecular weight and crystallization temperature.

DSC measurements were also carried out for samples in the alpha 

c ry s ta l  fo rm  as ob ta in ed  by a seed ing  tech n iq u e . Some 

representative scans of alpha-TPI samples are also given in Figure

3.25. Single endotherms were observed except for the low molecular 

weight, (Mv = 8.3 x 1 0 ^) sample crystallized at 43°C which showed an 

additional overlapping com ponent at lower tem perature. Melting 

temperatures and melting endotherms are also listed in Table 3.2.
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Figure 3.24. DSC scans for melt crystallized TPI: a) beta form 

crystallized at 43°C and cooled to 25°C, unfractionated sample 

b) beta form crystallized at 25°C, heated to 43°C and cooled to 25°C, 

fractions with Mv = 8.3 x 104
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TEMPERATURE(°C)

Figure 3.25. DSC scans for melt crystallized TPI: a) alpha form 

crystallized at 43°C and cooled to 25°C, unfractionated sample 

b) alpha form crystallized at 43°C and cooled to 25°C, fractions with 

Mv = 8.3 x 104
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Table 3.1. Tm and Tendo for beta TPIa

Sam ple m

U n fra c t io n a ted

U n frac t io n a ted

U n frac t io n a ted

U n frac t io n a ted

a Average of two or more determinations with a precession of 

b Sample crystallized at 25°C, annealed at 43°C and cooled to 25°C
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Table 3.2. Tm and Tendo for alpha TPIa

Tendo-°CTc-°C Tm-°CSam pl

U n fra c t io n a ted

U n frac t io n a ted

a Average of two or more determination with a precession of
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3.2. FTIR Spectrosopic investigation of bulk crystallized TPI

3.2.1. FTIR Spectroscopy

FTIR spectra were obtained as a function of time for fractionated and

unfractionated samples crystallized from the melt by the direct, the

annealing and the prenucleation methods between NaCl plates in an 

IR heating cell. FTIR spectra taken for bulk crystallized TPI samples 

at various times after cooling from 75°C to 43°C are given in Figure

3.26. The spectra taken at 75°C and immediately after cooling to 43°C 

are essentially identical. The infrared bands are relatively broad and 

are representative of an amorphous polymer. One band of particular 

interest, attributed to out-of-plane C-H vibration, is that centered 

near 842cm -1 but having shoulders at 884 and 860cm-1. Figure 3.26 

shows spectra taken after 2  hours which display a sharp band at

8 7 6 c m - 1 characteristic of the beta crystal form superimposed on the 

amorphous spectrum. The amorphous band at 842cm-1 decreases in 

in tensity  and the sharp crystalline  band at 876cm increases in 

intensity with increasing time; the rate of crystallization decreases

and finally approaches zero. Cooling the samples to 25°C leads to a 

further increase in crystalline band intensity and a decrease in 

amorphous band intensity. The band at 1665-1670cm-1 attributed 

mainly to C=C stretching remains at constant absorbance within 5% 

for spectra taken at temperatures from 25°-75°C. FTIR spectra were 

obtained as a function of time, for the samples crystallized at 25°C 

and annealed at 43°C. The bands characteristic of the beta crystal 

form  first decrease m arkedly in intensity , a lm ost disappearing
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completely. Then after one hour the intensities of these bands start

increasing with time as shown in Figure 3.27.

Infrared spectra at 25°C for the TPI fraction with M v = 6.1 x 105 

c ry s ta l l ized  at 43°C  using  d irec t  c ry s ta l l iz a tio n  and seeded

crystallization are given in Figure 3.28. The spectrum at the top (B) 

is characteristic of a composite of the amorphous and the beta 

crystalline forms. The other spectrum (A) is characteristic  of a

composite of the amorphous and the alpha crystalline form. These 

spectra contain the same number of bands at frequencies within 

l c m -1, as found for solution crystallized samples containing the same 

crystal form. However, relative intensity differences in some bands 

occur between solution and m elt crystallized samples due to the

crystallinity  differences.

A 100% crystalline spectrum for each melt crystallized sample is 

obtained from the semicrystalline spectrum taken at Tc and at 25°C 

by subtraction of the amorphous spectrum obtained at 70°C. The 

subtraction is carried out by watching the disappearance of the 

8 4 2 c m - 1 band until the negative component appears throughout the

spectrum. The subtracted spectrum of 4 3 °C melt crystallized beta 

samples for 3 days is shown in Figure 3.29. In order to demonstrate 

the subtraction method, oversubtracted and undersubtracted spectra

are compared with a properly subtracted one in the figure. All of the 

FTIR spectra obtained for direct bulk crystallized TPI even at short 

crysta llization  time can be separated into beta crystalline  and 

amorphous components. The subtracted spectra as a function of time
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for unfractionated TPI, crystallized at 25°C and heated to 43°C is 

given in Figure 3.30. Spectra taken during the first 7 hours cannot be 

separated into two components. In order to remove all of the 842cm- 

1 band, characteristic of the amorphous component as observed in 

the melt, over-subtraction of the other part of the spectrum  is 

necessary. At subtraction factors where this over-subtraction is not 

apparent a band is still evident at 840cm-1 and the other bands do 

not have the same relative intensities as typically found for the beta 

form. These effects are demonstrated in Figure 3.31.

A FTIR spectrum taken for an alpha form containing sample and the 

spectrum  obtained by subtraction of amorphous com ponent are 

given in Figure 3.32. A number of differences occur between the 

spectra for the alpha and beta crystal forms, but one of the most 

notable is the presence of two bands for the alpha form at 862 and 

8 8 2 c m -1 instead of one band at 876cm-1, attributed to the same C-H 

v ib ra tion .



71

tu
U
Z
<
BQ
C*
O
C/3
CO
<3

70012001700
FREQUENCY (CM'1)

Figure 3.26. FTIR absorbance versus frequency for unfractionated 

melt crystallized TPI. Spectrum taken at: a) 75°C, b) 43°C, 2 hours 

later , c) 43°C, 8  hours after taking spectrum a, d) 43°C, 3days after 

taking spectrum a
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Figure 3.27. FTIR absorbance versus frequency for unfractionated 

TPI melt crystallized at 25°C and heated to 43°C : a) 43°C, 15min 

later, b) 43°C, 7hours after taking spectrum a c) 43°C, 58hours after 

taking spectrum a
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Figure 3.28. FTIR spectra at 25°C for TPI ( Mv = 610000) bulk 

crystallized at 43°C : a) pretreated by cooling from 90°C to 55°C for 2 

weeks followed by cooling to 25°C and heating to 65°C ; b) by cooling 

from 75°C
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Figure 3. 29. FTIR spectra, for unfractionated TPI crystallized at 43°C 

for three days, after subtraction of amorphous spectrum: 

a) undersubtracted  b) correct subtraction, and c) oversubtracted
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Figure 3.30. FTIR spectra after subtraction ( using an amorphous 

spectrum taken at 60°C ) for TPI heated to 75°C, bulk crystallized at 

25°C and then heated to 43°C: (1) for 1 h; (2) for 7.3 h; (3) for 58 h 

( Arrows mark the bands at 840 and 962cm’ 1)
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Figure 3.31. FTIR subtraction spectra for unfractionated TPI melt 

crystallized at 25°C and heated to 43°C  for: a) 1 hour, with 

subtraction necessary to remove 842 cm ' 1 band, b) 1 hour, correct 

subtraction and c) 4 days, correct subtraction
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Figure 3.32. FTIR spectra for unfractionated TPI crystallized at 43°C

for 4 7  hours after alpha form seeding: a) before subtraction, b) after

subtraction of the amorphous component
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3.2.2. Crystallization isotherms

C rysta lliza tion  isotherm s were obtained by p lo tting  subtraction 

factors against the time for all the m elt crystallized  samples

p repared  by the d irect, annealing  and p renuclea tion  m ethods. 

Subtraction factors were obtained by subtracting the amorphous 

component from the semicrystalline spectrum. Successful subtraction 

implies that the system is composed of only two components and

therefore the computer subtraction factor at each time would be 

taken as the amorphous or melt-like fraction.

Subtraction factors as a function of time at 36°C and 43°C for melt 

crystallized  unfractionated and fractionated TPI prepared by the 

direct method are given in Figures 3.33 and 3.34 respectively. The 

subtraction factor versus time for the 4 3 °C annealed sample is given 

in Figure 3.35. These crystallization isotherms contain 1) an induction 

period  during  which the nucleation process com m ences, 2 ) a

crystallization period, and 3) a final period where no measurable 

change in subtraction factor takes place. The final values depends on 

the molecular weight with unfractionated and the highest molecular 

weight samples having about the same subtraction factors which are 

higher than those for the other two molecular weight fractions.

To obtain  TPI sam ples con ta in ing  the alpha crystal form  a 

prenucleation technique was used. Subtraction factor versus time 

curves for samples crystallized at 43°C and 51°C are given in Figures 

3.36 and 3.37. Crystallization isotherms show both vertical and
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horizontal shifts with molecular weight. Rates of crystallization can 

be obtained from the slope of the curves. The rate of crystallization 

varies with the molecular weight. The final subtraction factor values 

increases with increasing molecular weight.

3.2.3. Measurement of amorphous fraction

The amorphous fractions for the various alpha and beta TPI samples 

at the crystallization  tem perature are given in Table 3.3. The 

amorphous fractions at 25°C are given in Table 3.4. Amorphous 

fractions, obtained from the absorbance ratio method were all lower 

than the subtraction factors by .03 to .06 units. The values obtained 

by the latter method m ust be corrected for the increase in the 

nu m b er  o f ab so rb e rs  in the in fra red  beam  upon part ia l  

crystallization and cooling the sample. Assuming that the sample 

volume in the beam rem ains constant, this correction involves 

multiplication by the ratio of the amorphous density at 60°C to the 

sample density at the measurement temperature (see Appendix 1). 

The corrected amorphous fraction at crystallization temperature and 

the annealing temperature are given in Table 3.5. The corrected 

amorphous fraction at 25°C are given in Table 3.6. These corrected 

values agree with the amorphous fraction obtained by absorbance 

ratio method within ±0 .0 1 .



SU
BT
RA
CT
IO
N 

FA
CT

OR

8 0

1.0

0.9 H

0.8 H

* A 
*A

0.7 H

0.6
0 1 0 2 0 3 0 4 0 6 0

TIME-HOURS

Figure 3.33. FTIR subtraction factor vs time for TPI bulk crystallized 

at 36°C after cooling from 75°C: ( 0 ># ) unfractionated; ( +  ^x  ) Mv = 

83000; (O ,® ) Mv = 280000; ( A yA )  Mv = 610000
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Figure 3.34. FTIR subtraction factor vs time for TPI bulk crystallized 

at 43°C after cooling from 75°C: (Oj& ) unfractionated; (-f  ,x  ) Mv = 

83000; Mv = 280000; ( A , A )  Mv = 610000
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Figure 3.35. FTIR subtraction factor vs time for TPI heated to 75°C, 

bulk crystallized at 25°C and then heated to 43°C 

( O , # )  unfractionated; (•*>* ) Mv = 83000; ( 0 , 0 ) Mv = 280000; (A,A) 

Mv = 610000
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Figure 3.36. FTIR subtraction factor vs time for TPI pretreated by 

cooling from 90°C to 55°C for 2 weeks followed by cooling to 25°C 

and heating to 65°C then crystallized at 43°C

(O ,® )  unfractionated; ( +  ̂ X) Mv = 83000; (Q ,H )  Mv = 280000; )

Mv = 610000
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Figure 3.37. FTIR subtraction factor vs time for TPI pretreated by 

cooling from 90°C to 55°C for 2 weeks followed by cooling to 25°C 

and heating to 65°C then crystallized at 51°C

( O , # )  unfractionated; (+  ,x) Mv = 83000; (□ > ■ ) Mv = 280000; (A. A) 

Mv = 610000
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Table 3.3. Amorphous fraction at Tc

Sample Tc or Ta Amorphous fraction

°C Subtraction factor Absorption Ratio

U.F 2 5 a 0 . 6 6 0 .6 2

U.F 3 6 a 0 .6 9 0 .65

8.3 x 104 0 . 6 6 0.63

2 . 8  x 105 0 .6 9 0 .65

6 .1  x 105 0 . 6 8 0 .6 4

U.F 4 3 a 0 .67 0 .6 2

8.3 x 104 0 .67 0 .63

2 . 8  x 105 0 .65 0.61

6 .1  x 1 0 5 0 .73 0 .7 0

U.F 2 5 / 4 3 b 0 .73 0 .6 9

8.3 x 104 0 . 6 6 0 .6 2

2 . 8  x 1 0 5 0 . 6 6 0.61

6 .1  x 1 0 5 0 .75 0.71

U.F 43c 0 . 6 6 0.61

8.3 x 104 0 . 6 6 0 .6 2

2 . 8  x 105 0 .7 2 0 .67

6 .1  x 1 0 5 0 .7 6 0.71

U.F 5 l c 0 .7 0 0 . 6 6

8.3 x 104 0.71 0 . 6 6

2 . 8  x 105 0 .75 0.71

6 .1  x 1 0 5 0 .78 0 .7 2

a. melt crys 

c. pretreated

beta form 

alpha form

b. annealed beta form
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T a b le  3.4. A m o rp h o u s f ra c t io n  a t  25°C

Sample Tc or Ta Amorphous fraction

°C Subtraction factor Absorption Ratio

U.F 25^ 0 . 6 6 0 .6 2

U.F 36a 0 .64 0 .5 9

8.3 x 104 0.58 0 .53

2 . 8  x 1 0 5 0 .6 2 0 .5 6

6 .1  x 1 0 5 0 .62 0 .5 6

U.F 43a 0.61 0 .5 6

8.3 x 104 0 .60 0 .5 2

2 . 8  x 1 0 5 0 .58 0 .53

6 .1  x 1 0 5 0 .62 0 .57

U.F 2 5 / 4 3 b 0 .67 0 .6 2

8.3 x 104 0.67 0 .63

2 . 8  x 105 

6 .1  x 1 0 5

0.65 0.61

U.F 43c 0 .6 0 0 .5 6

8.3 x 104 0 .6 0 0 .57

2 . 8  x 1 0 5 0.64 0 .6 0

6 .1  x 1 0 5 0 . 6 8 0.63

U.F 5 1 c 0.58 0 .54

8.3 x 104 0 .58 0 .53

2 . 8  x 1 0 5 0 .62 0 .57

6 .1  x 1 0 5 0 .64 0 .59

a. melt crys 

c. pretreated

beta form 

alpha form

b. annealed beta form
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Tabls 3.5. Corrected Amorphous Fraction at Tc

Sample

unfract

unfract

8.3x104

2.8x10s

6.1x105

unfract

8.3x104

2.8x10s

4.9x10s

6.1x10s

unfract

8.3x104

2.8x10s

6.1x10s

Tc or Ta  

°C

25

36

43

51

Amorphous Fraction

melt cryst prenucleated 
p form a  form

0.62

0.66

0.62

0.65

0.64

0.63

0.63

0.61

0.70

0.61

0.61

0.67

0.71

0.65

0.66

0.70

0.73

annealed 
P form

0.69

0.63

0.63

0.70

0.71
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Table 3.6. Corrected Amorphous Fraction at 25°C

Sample

unfract.

unfract

8.3x104

2.8x105

6.1x105 

unfract

8.3x104

2.8x105

4.9x105

6.1x105

unfract

8.3x104

2.8x10s

6.1x10s

Tc or Ta 

°C

25

36

43

51

Amorphous Fraction

melt cryst prenucleated annealed 
P form a  form p form 

0.62

0.61

0.54

0.59

0.58 

0.56

0.55

0.54

0.58

0.55

0.55

0.59

0.63

0.53

0.53

0.57

0.59

0.55

0.56

0.58

0.56

0.55
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3.2.4. Effect of molecular weight on Amorphous fraction.

The amorphous fraction at Tc for all alpha and beta containing 

samples, obtained from the corrected subtraction factor following 

complete crystallization is given in Table 3.3. These show a molecular 

weight dependence for the three types of samples crystallized at 

43°C. Upon cooling these samples to 25°C, the amorphous fraction 

decreases for all samples to 25°C; however, the molecular weight 

dependence for the amorphous fraction of the beta-TPI samples 

crystallized at Tc = 43°C is not observed at 25°C. For the alpha 

samples prepared at Tc = 43 and 51°C and then cooled to 25°C, a 

molecular weight dependence is observed as shown in Figure 3.38.

3.2.5. Effect of supercooling

Crystalline fractions obtained from the absorbance ratio method for 

solution c rysta llized , unfrac tionated  synthetic, ba la ta  and gutta 

pe rcha  TPI was rep o r ted  p re v io u s ly 6 7 . B eta  form  sam ples 

c rysta llized  at 0°C from  amyl acetate  and heated slowly in 

suspension to 30°C have crystalline fractions of 0.61 ± 0 .0 1 ;  for 

alpha form spherulites crystallized at 20°C and 30°C from hexane the 

values are 0.55 ± .01. These are larger than the values of 0.38 - 0.46 

for beta form and 0.37 - 0.47 for alpha form melt crystallized 

sample. The differences in crystalline fraction with crystallization 

method can be correlated with degree of supercooling, which is Tm- 

Tc for melt crystallized samples and T d-T c for solution crystallized 

samples, where Tm is the equilibrium melting temperature and Td



9 0

the equilibrium dissolution temperature in a particular liquid. A plot 

of crystallinity versus degree of supercooling for beta TPI is given in 

Figure 3.39. This plot also includes results for stirrer crystallized TPI. 

The crystallinity decreases with increasing degree of supercooling, as 

is apparent in the plot.

0.48

0.46-

0.44-

z
0.42- 

<  
h  
(/)
>■
O 0.40-

0.38-

0.36
0 1 2 43 5 6 7

MOLECULAR WEIGHT X l ( f & g/ mole
Figure 3.38. Crystalline fraction at 25°C from corrected FTIR 

subtraction factor for alpha form TPI versus molecular weight: 

( # ) T c  = 43°C ; (A )T c  = 51°C
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Figure 3.39. C rysta lline  fraction from FTIR versus degree of 

supercooling for beta TPI
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3.2.6. FTIR spectroscopy at low temperatures

FTIR spectra for melt and solution crystallized unfractionated TPI 

were taken at 25, 0, -78 and -196° C for alpha and beta form in the 

FTIR cooling cell. Spectra for alpha and beta melt crystallized TPI are 

given in Figures 3.40 and 3.41. For samples with either crystal forms 

many of the crystalline bands increase in intensity with decreasing 

temperature. Some bands show a shifts in frequency with lowering 

of the tem perature. These shifts in the bands are more easily 

observed using subtraction spectra. Subtraction of the spectra taken 

at 25°C from that taken at -196° C for each sample are shown in 

Figure 3.42. The band shifts taking place are given in Table 3.7. Most 

of the bands that shift do so to higher frequencies and only one band 

is shifted to lower frequency as the sample temperature is decreased 

from 25°C to -196°C. One of the large shifts taking place is in the 

frequency of the C=C stretching band at 1667cm-1 for the alpha form. 

The absorbance o f the C=C band increases linearly when the 

temperature is lowered from 0°C to -196°C as shown in Figure 3.43. 

The frequency shifts for the C=C stretching vibration follow a linear 

relationship with temperature as shown in Figure 3.44. Subtraction 

fac tor is p lo tted  against the tem perature  for a lpha and beta 

containing TPI for both solution and melt crystallized samples in 

figure 3.45. There is no change in subtraction factor below -78°C for 

either alpha or beta solution crystallized samples. There is a slight 

decrease in subtraction factor for the alpha melt crystallized samples 

and a sudden drop in subtraction factor for beta melt crystallized 

sam ples.



FREQUENCY (cr.r'l)

Figure 3.40. FTIR spectra for melt crystallized alpha form containing 

TPI from 500 to 1700cm-1:

(a) at -198°C • (b) -78°C (c) 0°C (d)25°C
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Figure 3.41. FTIR spectra for melt crystallized beta form containing 

TPI from 500 to 1700cm-1:

(a) at -198°C (b) -78°C (c) 0°C (d)25°C
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1 5 0 0 1 0 0 0 5 0 0

FREQUENCY fcm-1)

Figure 3.42. FTIR spectra for unfractionated TPI at -196°C after 

subtraction o f spectrum taken at 25°C: a) beta crystal form melt at 

90°C,crystallized at25°C; b) beta crystal form from 1% amyl acetate 

solution heated to 100°C, crystallized at 0°C and heated slowly in 

suspension to 25°C; c) alpha crystal form from m elt at 90°C, 

crystallized at 55°C for 2 weeks and cooled to 25°C; d) alpha crystal 

form from \% amyl acetate solution heated to 100°C, cooled to 0°C, 

heated to dissolution temperature and crystallized at 25 °C
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Figure 3.43a. Absorption variation of 1663 cm -1 band of beta TPI as 
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Figure 3.43b. Absorption variation of 1668 cm -1 band of alpha TPI as 

a function of measurement temperature

( 4  ) solution crystallized sample ( G1 ) melt crystallized sample
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Figure 3.44a. Frequency shift of 1663 cm -1 band of beta TPI as a 

function of m easurement temperature
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Figure 3.44b. Frequency shift of 1668 cm -1 band of alpha Jp l as a 

function o f m easurement temperature

( ♦  ) solution crystallized sample ( 0  ) melt crystallized sample
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Figure  3 .45. FTIR  sub trac tion  fac to r  versus tem pera tu re  for 

unfractionated TPI: ( A ) melt crystallized alpha; (A ) melt crystallized 

beta; ( #  ) solution crystallized alpha; ( o ) solution crystallized beta
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Table 3.7. Shift of FTIR frequencies with temperature

( 25°C to -196°C)

B and

c m -1

a lp h a

so lu tion

crys ta l lized

a lp h a

m e l t

c rys ta l l ized

b e ta

solu tion

c rys ta l lized

b e ta

m e l t

c rys ta l l ized

1 6 6 9 + 2 +3 NA NA

1 6 6 4 NA NA + 2 + 1

1 3 8 2 0 0 + 1 + 1

1 2 1 2 NA NA + 1 + 1

9 9 0 + 1 + 1 NA NA

9 9 7 NA NA + 1 0

8 8 2 + 1 + 1 NA NA

8 7 7 NA NA + 2 + 2

8 6 2 + 2 + 2 NA NA

8 0 0 + 1 + 1 + 1 0

6 0 0 NA NA -1 -1

Where NA is non applicable
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3.3 Bulk crystallization of random epoxidized TPI

3 .3 .1 .M orp h o logy

Solution epoxidized TPI crystallized from the bulk exhib it two 

different types of morphology, hedrite and lamellar. The morphology 

is dependent on crystallization temperature and the amount of epoxy 

content. At these crystallization temperatures only the beta crystal 

form was observed using FTIR spectroscopy. The addition of epoxide 

units to the TPI chains results in morphologies that appear somewhat 

different from those observed in unepoxidized bulk crystallized TPI. 

This depends on the amount of oxirane content. The morphologies of 

2.2% epoxidized samples melt crystallized at 25°C are shown in 

Figures 3.46 and 3.47. Hedrite type structures are apparent in both 

cases. However the size of the hedrite is smaller and a smaller 

number of lamellas are involved in its formation compared to 

unepoxidized samples. Some representative structures obtained for 

5% of solution epoxidized TPI crystallized at 25°C is shown in Figure 

3.48. Hedrites that are less matured than those crystallized from 

2.2% epoxidized TPI appear. The morphology of 9.8% epoxidized TPI 

crystallized at 25°C is shown in Figure 3.49. These structures are 

lamellar. A large change in the morphology occurs between 5% to 

9.8% epoxidation. The morphologies of 2.2% and 5% epoxidized TPI 

crystallized at 36°C are shown in Figures 3.50 and 3.51. These 

structures are also hedrites with fewer lamellas involved in their 

fo rm ation .



Figure 3.46 Scanning electron micrograph of 2.2% randomly 

epoxidized TPI crystallized from the melt at 25°C, treated with

0 s 0 4  and Au coated

Figure 3.47. Same as figure 4.1 but different field
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Figure 3.48 Scanning electron micrograph of 5% randomly

epoxidized TPI crystallized from the melt at 25°C, 

treated with 0 s 0 4  and Au coated

Figure 3.49 Scanning electron micrograph of 9.8% randomly 

epoxidized TPI crystallized from the melt at 25°C, treated with

O s0 4  and Au coated
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Figure 3.50 Scanning electron micrograph of 2.2% randomly 

epoxidized TPI crystallized from the melt at 36°C. cooled to 

25°C, treated with 0 s 0 4  and Au coated

Figure 3.51. Scanning electron micrograph of 5% randomly epoxidized 

TPI crystallized from the melt at 36°C. cooled to 25°C, treated with

0 s 0 4  and Au coated
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3 .3 .2 .FTIR spectroscopy

The FTIR spectra from 500 to 4000cm-1 of semicrystalline, randomly 

epoxidized TPI having different oxirane contents were taken as a 

function of time at the crystallization temperature(25°,30°and36°C). 

Semicrystalline beta melt crystallized 9.8% randomly epoxidized TPI 

crystallized from the melt at 25°C for 30 hours is given in Figure 

3.52a. This spectrum  shows characteristics of three components; 

crysta lline  beta  TPI, amorphous TPI and epoxidized  TPI. The 

amorphous spectra were obtained by heating the same sample to 

60°C as shown in Figure 3.52b. The crystalline spectrum  were 

obtained by digital subtraction of the amorphous spectrum from the 

semicrystalline one given in Figure 3.52c.

The sub trac ted  spectrum  for 9.8% random ly  epox id ized  TPI 

crystallized at 25°C for 30 hours is given in Figure 3.53a, along with a 

subtracted spectrum for pure TPI (Figure 3.53b). The subtracted 

spectrum of randomly epoxidized TPI is mainly for crystalline beta 

TPI; however there are bands for solution epoxidized TPI present at 

1250, 1122 and 1068 cm-1. FTIR spectra taken for bulk crystallized 

so lu tion  epoxid ized  TPI sample at various tim es during the 

crystallization process at 30°C are given in Figure 3.54; the sharp 

bands at 877 and 800 cm -1 are first observed after 5 hours for this 

sample. As time elapsed these bands increased in intensity, finally 

reaching a constant value. Cooling the sample to room temperature 

leads to a further increase in crystalline band intensity and a 

decrease in amorphous band intensity.
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The FTIR  subtraction  factor m ethod was used to obtain the 

amorphous fraction as a function of time at Tc and the final 

amorphous fraction at Tc and 25°C. Typical crystallization isotherms 

were obtained by plotting FTIR subtraction factor against time at Tc 

of 30° and 36°C as given in Figures 3.55 and 3.56. Attempts to

crystallize the 9.8% epoxidized TPI at 36°C were not successful. Melt 

crystallization of 2.2% epoxidized TPI samples at 43°C was also 

u n su c ce ss fu l ,  a lthough  it is p o ss ib le  to m elt  c ry s ta l l iz ed  

unfractionated TPI at that temperature. The final subtraction factor 

was equated to the amorphous fraction. These values at Tc and 25°C 

are given in Table 3.8.

The crystallization isotherms contain three major parts: an induction

period, a region of constant negative slope during which time

crystallization occurs, and a final region of zero slope. The length of 

the induction period, the slope during the crystallization process and 

the final subtraction factor depends on the epoxidation amount and 

crystallization  tem perature. The nucleation rate of crystallization 

during that crystallization was obtained from the slope of the 

subtraction factor/time plot and are given in the Table 3.9. A 

decrease in rate with increasing epoxy content or with increasing 

crystallization temperature is observed.

The final subtraction factor at Tc for melt crystallized TPI at 25°C, 

30°C and 36°C is plotted versus epoxidation amount as shown in 

Figure 3.57. The values used here for unepoxidized sample are
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averages of values found for unfractionated TPI and fractions 

therefrom. The final subtraction factor after cooling from Tc to 25°C 

is also included in Figure 3.57. The latter changes with epoxidation 

amount in a fashion to changes in the subtraction factor at Tc. 

However, the curve for the samples crystallized at 36°C and cooled to 

25°C is shifted to lower values by 0.06, so that the subtraction factor 

values for the sample crystallized at 36°C is smaller than that 

crystallized at 25°C and 30°C at 2.2% epoxidation and larger at 5.0% 

epoxida tion .
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Figure 3.52. FTIR spectra of 9.8% randomly epoxidized melt

crystallized TPI

a) amorphous b) semi crystalline c) crystalline
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Figure 3.53. FTIR subtraction spectrum for 

a) unfractionated TPI melt crystallized at 25°C

b) 9.8 mole% randomly epoxidized TPI melt crystallized at 25°C
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Figure 3.54. FTIR absorbance versus frequency for 9.8% randomly 

epoxidized melt crystallized TPI at 30°C 

a) at 60°C b) at 30°C after 9.5hours c) after 23hours
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Table 3.8. Amorphous Fraction for epoxidized TPI at Tc and 

25°C

% epoxy content Tc (°C) Amorphous Fraction

at Tc 25°C

0 2 5 0 .6 6 0 .6 6

2 .2 0 .6 9 0 .6 9

5 0 .75 0 .75

9.8 0 .8 2 0 .8 2

0 3 0 0 .6 8 0 .6 6

2 .2 0.71 0 .6 9

5 0 .75 0 .7 4

9.8 0 .8 4 0 .8 2

0 3 6 0 .6 8 0 .6 2

2 .2 0 .7 2 0 .6 6

5 0 .8 4 0 .78

\
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Table 3.9. Relative melt crystallization Rates from FTIR for 

solution epoxidized TPI

Epoxidation Amount(mole%) Tc (°C) R a te (h r_1)

2 .2  3 0  1.0

2 .2  3 6  0 .10

5 3 0  0 .2 2

5 3 6  0.01

9.8 3 0  0 .0 1 4
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4. Discussion

4.1. The Morphology

It was demonstrated above that the morphology of trans-1,4-poly 

iso p rene  s truc tu res  grow n from  the bu lk  depends on the 

c ry s ta l l iz a tio n  tem pera tu re , m olecu la r  w e igh t  and m ethod of 

c ry s ta l l i z a t io n .  Tw o s t ru c tu ra l  ty pes  w ere  o b se rv e d  for 

unfrac tionated  TPI; hedrites and spherulites. The hedrite  type 

m orphology is obtained at low c rysta llization  tem perature , the 

spherulitic type morphology at high crystallization temperature. As 

the crysta lliza tion  tem perature increases, the spherulites formed 

becom e la rg e r  and m ore deve loped . As the c ry s ta l l iz a t io n  

tem perature increases, the nucleation rate  decreases, leading to 

larger, more well developed structures.

In earlier work carried out with unfractionated TPI, maltese cross 

beta spherulites crystallized at 30°C were reported34-35. These 

correspond  to the curved and branched sheaf-like  s tructures 

reported here. A second type of beta form structures crystallized at 

higher temperatures were also reported earlier. However these are 

the same sheaf-like stuctures viewed face-on instead of edge-on, as 

shown by an optical microscopy study of solution crystallized TPI32. 

A micrograph in which both edge-on and face-on views appear for 

melt crystallized samples is shown in Figure 3.7a. In the present 

investigation no marked changes in morphology or average size occur 

for unfractionated TPI crystallized in the beta form at temperatures
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from 25°C to 43°C and followed by 0 s0 4  treatment at 25°C. On the 

other hand, the fractions, particularly the high molecular weight one, 

do show changes in morphology as the temperature is changed. For 

the high molecular weight fraction, when OSO4 treated at 25°C, more 

ordered structures appear at high crystallization temperature.

The c ry s ta l l in i ty  of un frac tiona ted  and frac tiona ted  TPI was 

monitored by FTIR spectroscopy for samples crystallized in the beta 

form  between NaCl plates at the crystallization tem perature and 

after cooling to 25°C121. An increase in crystalline fraction of 20- 40%

is observed in cooling samples crystallized at 43°C to 25°C. The

increase in the crystalline fraction is largest for the highest molecular 

weight fraction, changing from 0.30 to 0.42. In this study appearance 

of single melting endotherm for bulk crystallized TPI, observed for 

most samples, is not in agreement with earlier w ork122. The single 

endotherm s observed are in consequence  of using isotherm al

crystallization and only nucleating one form, alpha or beta, in a 

particular crystallization. Regardless of the morphological differences 

demonstrated here, the crystallinity of the beta crystal form at 25°C 

and the DSC melting temperature were found to be independent of 

molecular weight within experimental error as discussed below. It is 

belived that the additional crystallization that occurs on cooling from

43°C to 25°C, involves ordering in the chain folds and the

interlam ellar traverses with an appreciable segregated amorphous

co m p o n en t being  ru led  out. As po in ted  out above, some 

m orpholog ica l changes do occur at the surface upon cooling

unfractionated TPI samples crystallized at 43°C. Some of these
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changes could be due to the secondary crystallization of some 

completely amorphous chains present at Tc involving the structures 

already present. The size of such a component at Tc is not known and 

may account for only a fraction of the total crystallinity increase. 

Crystallization of the alpha form by a seeding method yields a 

spherulitic morphology. The structures obtained at Tc = 43°C for 

unfractionated TPI in the alpha form are sim ilar in size and 

appearance to those obtained at the same temperature for the same 

material in the beta form. Crystallization of a high molecular weight 

frac tio n  at 43°C  g ives large  sph e ru lites  com pared  to the 

unfractionated sample. A similar trend was observed at 51°C. The 

spherulite diameter at Tc = 51°C is from 10 -30 micrometer with the 

largest values ( 25 - 30 micrometer) again being found for the high 

molecular weight fraction. The rate of crystallization, as determined 

using FTIR, decreases with molecular weight, particularly at Tc = 

51°C. A lower rate suggests fewer nuclei which would leads to larger 

spherulite as observed using SEM. The final crystallinity attained 

decreases with increasing molecular weight both at Tc and after 

cooling to 25°C for samples crystallized in the alpha form at 43°C and 

51°C.

W hen the OsC>4 treatment was carried out after cooling to 25°C, 

sm aller sheaf structures were observed on the surfaces of the 

spherulite structures present at both 43 °C and 51°C. These were not 

observed when the samples were crystallized at 43 °C and 51°C and 

0 s 0 4 - t r e a te d  at Tc. This suggests the presence of some amorphous
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chains at Tc which crystallize as separate structures on cooling to 

25°C.

The increase in amorphous fraction with molecular weight for the 

alpha-containing samples melt crystallized at 43 °C is accompanied by 

a 7°C decrease in melting temperature. The overlapping melting 

endotherm  observed for the low est m olecu lar w eigh t fraction 

crystallized at 43°C is indicative of the presence of more than one 

lamellar thickness. For the alpha-containing samples crystallized at 

51°C the amorphous fraction change with molecular weight is similar 

to those samples crystallized at 43°C, but the melting behavior is 

different; only one endotherm is present and there is no change of 

Tm with molecular weight within experimental uncertainty.

Additional crystallization of complete amorphous chains during the

cooling process from Tc to 25°C was also observed for the alpha 

samples prepared by the direct melt crystallization method at 55°C. 

This yielded spherulitic structures. In some cases spaces between the 

spherulites, containing multi lamellar structures 2-5 micrometer in 

length, were observed. These lamellar structures were absent when

the OsC>4 treatment was carried out at 55°C.

The effect of crystallization temperature on the morphology that 

results for melt crystallized thin films is in general agreement with 

that found in a SEM study for solution crystallized TPI and TEM 

investigations, melt crystallized polyethylene and melt crystallized 

p o ly (e th y len e  ox ide). The m orpho logy  o f p o ly e th y len e  and
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poly (e thy lene  oxide) was found to be strongly  dependen t on 

polydispersity  and m olecular weight. In both solution and melt 

c ry s ta l l iz ed  m orp h o lo g ica l  in v es tiga tion s  o f po ly e th y len e  and 

poly(ethylene oxide), the size and com plexity  of the structures 

obtained increase with temperature. The m orphology for solution 

crystallized TPI changes with molecular weight, particularly at high 

c ry s ta l l iz a t io n  tem pera tu re  w here the a lpha  c rys ta l  fo rm  is 

p redom inant. M elt c rysta llized  a lpha-TPI shows little , if  any, 

observable change in morphology with a change in molecular weight.

4.2. FTIR Spectroscopic investigation of bulk crystallized  

T P I

It was found in the present study that TPI can be crystallized from 

the bulk up to a tem perature of 55°C and that the amorphous 

fraction for prenucleated alpha samples increases with m olecular 

weight at Tc and after cooling to 25°C. Samples containing the beta 

crystal form showed a molecular weight dependence at Tc or Ta that 

disappears upon cooling the samples to 25°C.

Previous investigation of crystallinity for solution crystallized TPI 

show ed a c lose  ag reem ent in values obtained  from  density  

measurements and by FTIR, using the ratio of the absorbance of the 

double bond stretching band at 1665- 1670 cm -1 after and before 

spectral subtraction of the amorphous com ponent67. In the present 

work the 1665-1670 cm -1 band was found to be conformationally 

independent from 0°C to 65°C for melt crystallized TPI samples. It
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was also found that the amorphous fraction obtained from the 

subtraction factor m ethod and the absorbance ratio  m ethod, as 

described in the experim ental section, were in close agreement, 

provided a correction for a change in the number of absorbers is 

m ade in the subtraction factor m ethod. The subtraction factor 

m ethod was used previously  to find crystallin ities o f solution 

crysta llized  trans-1 ,4 -po lybu tad iene125. This method for determining 

crystalline  or am orphous fractions should be applicable to any 

p a rt ia l ly  c ry s ta l l ine  po lym ers w hich can  be m elted  w ithout 

decomposition. Neither the subtraction factor or absorbance methods 

of determining amorphous fraction depend on calibration. Use of 

either method does assume that the sample is a two component 

system with an amorphous part having the same conformational 

composition as that present in the melt.

In this study, the two component assumption made previously was 

found to be valid except for annealed samples at short crystallization 

times. Subtraction of the amorphous component from the spectra 

obtained after complete crystallization gave the alpha or beta crystal 

form  iden tica l to those for sub tracted  spectra  from  solution 

crystallized samples. However relative intensity differences in some 

bands occur between solution and melt crystallized samples due to 

crystallinity differences. The changes in band intensities at constant 

temperature as a function of time are attributed to the change in 

chain conform ation accompanying the crystallization process. For 

beta TPI the chain conformation for each repeat unit is STS, starting 

with the CH2 - -C H 2 bond in the skew plus (S) conformation, CH2 --C H 2
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bond in a trans conformation and the CH2 —C(CH3) bond in a skew 

minus(S-) conformation. The repeat units in an amorphous chain can 

take up this and many other conformations including: CTS, CTS, CGS, 

CGS, SGS and SGS where C = cis and G= gauche. The two component 

assumption does not hold at short crystallization times for beta TPI 

samples annealed near the melting point. The CH2 - C H 2 bond in 

amorphous TPI can take up either trans or gauche conformation. The 

beta  and alpha  c rys ta l  form conta in  only trans C H 2 - C H 2 

conformations. Beta TPI (STS conformation) has an infrared band at 

877 cm-1, assigned to out of plane =C-H vibration, alpha TPI ( CTS 

CTS- conformation) exhibit a doublet at 862 and 882 cm ' 1 assigned

to this vibration82. In amorphous TPI a broad band at 842 cm -1 with

shoulders at 860 and 884 cm -1 are observed. The 842 cm -1 band has 

been attributed to the various conformations containing gauche CH2 - 

C H 2 bonds. Therefore, the additional band obtained at 840 cm -1 in 

the subtracted spectrum for 43 °C annealed beta TPI in the present 

work is believed to be indicative of an excess of gauche CH2 - C H 2 

conformations over those usually present in amorphous TPI samples. 

At later times the excess of gauche conformations in the annealed

beta TPI samples are converted to trans and the extra spectral

component after subtraction diminishes in relative intensity.

C rys ta ll iza tion  iso therm s are obtained  by p lo tting  the FTIR 

sub trac tion  fac to r against time. These iso therm s fo llow  the 

conformational conversion from the amorphous state to a particular 

crystal form. The rate of this crystallization is obtained from the 

slope of the plot. The appearance of these plots was found in this
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w ork to depend on the crystallization , the m ethod of crystal 

nucleation and in some cases the molecular weight. For all samples in 

either crystal form the higher m olecular weight fraction has the 

largest amorphous fraction at 43°C. In light of the behavior on 

cooling to 25°C and the reversibility on reheating to 43°C, the higher 

amorphous fraction for beta samples at Tc is most likely caused by 

differences at the fold surface or in the interlam ellar parts. The 

p resence  o f  a seg rega ted  low m o lecu la r  w eigh t am orphous 

component at Tc and Ta for the higher molecular weight samples 

could also lead to a larger amorphous fraction for these. However, 

this presence would be expected in both of the unfractionated 

samples. Since the amorphous fraction for these samples is clearly 

different (see Table 3.5), the presence of a significant segregated 

amorphous component is not considered likely. The molecular weight 

dependence o f  the amorphous fraction for the alpha containing 

samples at Tc is still apparent on cooling the sample to 25°C and 

therefore is possibly partially due to a different cause than that 

responsib le  for the d ifferences with m olecular weight for beta 

samples at Tc.

The effect of molecular weight on crystallinity at Tc and 25°C for 

narrow polyethylene fractions was reported ea r l ie r102. At Tc the 

crystallin ity  becomes strongly m olecular-w eight-dependent between 

1 0 5 and 1 0 6 g/mole and the increase in crystallinity on cooling to 

25°C changes markedly in that range and above. The results of this 

investigation on melt crystallized TPI are consistent with that work. 

The lamellar thickness distribution for polyethylene was investigated
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using transmission electron microscopy as a function of molecular 

w eigh t and c rysta lliza tion  tem pera tu re126. This distribution was 

shown to be strongly dependent on these param eters for that 

polymer. However, to date this type of study has not been carried 

out for TPI in either crystal form.

Of particular interest is that at 25°C, the beta crystal containing 

specimens exhibit no clear dependence of amorphous fraction on 

m olecular weight. Apparently all of these samples have similar 

lamellar thickness distributions. In agreement with this explanation 

the beta containing TPI samples prepared at 43°C have a Tm that is 

independen t w ith in  the experim ental uncerta in ty  o f m olecu lar 

weight and thermal history . The morphologies of the alpha and beta 

crystal containing samples cooled to 25°C have been reported in 

section 3.1 and are found to be different121. The alpha form yields 

spherulites while the beta form gives hedrite type structures. It is 

possible that the morphological differences are causing some of the 

observed changes of crystallinity with molecular weight.

FTIR crystallinities previously reported for both alpha and beta 

solution crystallized  specim ens of unfractionated  TPI show an 

increase in amorphous fraction upon heating from 25°C to 50°C and a 

decrease on cooling to -30°C83. The decrease in amorphous fraction 

taking place on cooling melt crystallized TPI samples from Tc to 25°C 

is in general agreem ent with the increase in this param eter 

previously observed upon heating the dried solution crystallized 

mats. During solution crystallization  any com pletely  amorphous



1 2 4

chains present after the crystallization process at 30°C is over should 

have been rem oved  in the ex tensive  w ashing tha t preceded 

collection of the samples by filtration. Therefore the crystallinity 

increase observed on cooling those samples after drying must be due 

to fold or interlamellar traverse ordering. Fold surface ordering is 

therefore one possible cause of the crystallinity increase observed 

upon cooling melt crystallized samples from Tc to 25°C. A segregated 

amorphous component at Tc could also crystallize on cooling to 25°C. 

The poss ib le  presence  of a substantia l segregated  am orphous 

component in melt crystallized TPI samples at Tc was discussed 

above and was considered unlikely. Further evidence for the absence 

of an appreciable amount of segregated amorphous component is the 

observation of single melting endotherms for all beta crystal form 

samples subsequently  cooled to 25°C and the alpha containing 

samples crystallized at 51°C. Lamellas resulting from crystallization 

of a segregated amorphous component would be expected to have 

smaller thickness than the lamellas crystallizing at Tc, particularly 

for those crystallized at the highest Tc, and therefore to have a lower 

melting temperature. This would lead to two DSC endotherms if the 

lam ellar  th icknesses  of the two com ponents are s ign ifican tly  

d if fe ren t .

A comparison of the amorphous fraction for unfractionated beta TPI 

crystallized from the m elt with those obtained without and with 

stirring shows differences that can be related to supercooling taking 

place. The degree of super cooling for melt crystallized samples is 

T * m— Tc and T*d-Tc where T*m is the equlibrium melting point and
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taken as 83°C117 and T*d is the equilibrium dissolution temperature 

and is approximated by Td found for stirrer crystallized T P I127. 

Amorphous fractions for stirrer crystallized, solution crystallized and 

melt crystallized are 0.22, 0.39 and 0.56, while the supercoolings are 

12, 28 and 40°C, respectively. As expected an increase in amorphous 

fraction with increasing degree of supercooling is observed.

In the present work, the effect of temperature below 25°C on the 

se m ic ry s ta l l in e  FT IR  spec tra  and am orph ous  f rac tio n  were 

investigated for solution crystallized and melt crystallized samples. 

Increases in band in tensity  with decreasing  tem pera tu re  were 

observed. Some of the bands show shifts in frequency (see Table3.7). 

Most of the bands that shift do so to higher frequency except one 

band at 600cm-1 for beta TPI, which shifts to lower frequency. This 

band has been previously assigned as a C=C-C deformation band. One 

o f the larger shifts taking place is in the frequency of the C=C 

stre tch ing  band at 1 6 6 7 'cm -1 for the alpha form. The different 

frequencies observed for this band for the two crystal forms at 25°C 

is due to small differences in C=C bond length82. Therefore a change 

in the C=C bond length with the temperature, particularly for the 

alpha form could be the cause of the frequency shifts observed. As 

the tem perature  is low ered from  room  tem pera tu re  all bands 

increase in height while some of them narrow  as well. This 

phenomenon had been reported previously for other polymers76-80. 

This has been explained in terms of the change in intermolecular 

spacing that causes an increase in the dipole-dipole interaction. 

Another reason for the increase in intensity is the change in lattice
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potential as the molecules get closer to each other, which increases 

the vibrational force constants. These changes also cause small shifts 

in some of the bands.

The amorphous fraction of melt crystallized TPI decreases when

samples are cooled from  Tc to 25°C as discussed above. Further 

decrease in amorphous fraction occurs below 25°C as shown by plots 

of subtraction factor versus tem perature for melt and solution 

crystallized alpha and beta TPI given in Figure 3.45. There is no 

change in amorphous fraction below -78°C for all samples except for 

the beta melt crystallized sample. Changes in amorphous fractions 

are not expected to occur below the glass transition temperature. No 

reasonable explanation is available at this time for this behavior of 

the beta melt crystallized samples.

4.3. Crystallization of Random Epoxidized TPI

In this study oxirane units were placed in the TPI chain in amounts 

of 2.2, 5.0 and 9.8% and the polymers were crystallized from the 

m elt using the d irec t method. The m orphology of random ly

epoxidized TPI copolymers crystallized from the melt depends on the 

crystallization condition and the amount of oxirane content. The 

increases in am orphous fraction observed  in this study with

increasing epoxidation amount at Tc=25°C is approximately reflected 

in the morphology with fewer lamellas and less regular structures 

being seen by SEM , pa rticu la rly  at 9.8% epox ida tion . The 

morphologies for the 2.2% and 5% epoxidized samples, crystallized at
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36°C and subsequently cooled to 25°C, show fewer distinguishable 

struc tu res  than those sam ples with the same epoxy content 

crystallized by cooling directly to 25°C. However, the amorphous 

content obtained by the FTIR subtraction factor method at constant 

epoxidation is not very different.

The final subtraction factor used in figure 4.57 refers to the TPI 

com ponents of the copolym er. The final subtraction factor for 

crystallization by cooling to 25°C or to 30°C at each epoxy content is 

the same within the experim ental error of 0 . 0 1  and increases 

linearly with epoxy content. At 36°C the plot deviates significantly 

from linearity with a sharp increase in subtraction factor occuring 

between 2.2 and 5% epoxidation. Due to this strong deviation, the 

sample with 9.8% epoxy content was not expected to crystallize at 

36°C, as confirm ed experimentally. The final subtraction factor, 

corrected for the change in number of absorbers in the samples upon 

cooling and partial crystallization, has been equated in section 3.2.3 

to the amorphous fraction for melt crystallized TPI. In this part the 

uncorrected subtraction factor values are used since the densities 

necessary to apply the correction are not known for epoxidized 

samples. The difference in the corrected and uncorrected subtraction 

factor for the unepoxidized samples is 7%. This difference decreases 

with increasing subtraction factor. The fraction of units in the chain 

present in amorphous parts of the sample includes the epoxidized 

units rejected from the crystal core during the crystallization process. 

These materials were previously crystallized from solution. Using the 

com bination of suspension epoxidation follow ed by C-13 NMR
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spectroscopy of the product in solution, it was concluded that no

detectable epoxidized units were present in the crystal core of the 

solution crystallized samples for epoxidations up to 5%; there was a 

evidence of a small number of these units in the crystal core for the 

9.8% epoxidized sample. Assuming that the number of epoxidized 

units included in the crystal core during m elt crystallization is 

negligibly small, the fraction of TPI units in the amorphous regions

would be given by multiplication of the subtraction factor by the

fraction of TPI units present in the sample. This gives values of 0.68,

0.71, and 0.74 for the fraction of amorphous TPI units in the samples 

for epoxidations of 2.2, 5.0 and 9.8%, respectively, for Tc =25°C . For 

Tc = 36°C these values are 0.71 and 0.80 at Tc and 0.65 and 0.74 

after cooling to 25°C for epoxidations of 2.2 and 5.0% respectively. 

The average values fo r the uncorrected subtraction factor for 

unepoxidized TPI are 0.66 for Tc = 25°C, 0.68 for Tc =36°C and 0.62 

for the samples crystallized at 36°C and subsequently cooled to 25°C. 

The trends in this corrected subtraction factor with epoxidation 

amount and temperature are still the same as those evident in figure 

3.57.

The rejection of a comonomer unit from the crystal core during the 

c ry s ta l l iza tio n  p rocess  should also lead to the re jec tion  of 

crystallizable units adjacent to the comonomer unit. The number of 

TPI units rejected would be expected to increase with increasing 

crystal stem length. This effect was observed to occur for 99% trans, 

1 % c is -1 ,4-poly bu tad iene 1 1 4 ' 1 1 5 ' 12 8  crystallized from solution and
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fo r segm ented block copolym ers of TPI and epoxid ized  TPI

crystallized from solution.

In the study of solution epoxidized TPI crystallized from solution1 2 8

the crystal stem length and the average fold length were determined.

The amorphous fraction, equated to the fraction epoxidized and 

containing the epoxidized units present in the copolym ers, was 

determined to be 0.35, 0.35, 0.37 and 0.38 for samples with 0, 1.4,

2.2 and 5.0 mole % epoxidation, respectively, at Tc = 20°C. For Tc = 

10°C values of 0.38 and 0.39 for the 2.2% and 5.0% epoxidized

samples, respectively, were obtained. The amorphous fraction for 

solution crysta llized  sam ples is about one-ha lf  those for melt 

crystallized samples having the same amount of epoxy content. The 

unepoxidized solution-crystallized samples are prepared at a smaller 

degree of supercooling than the m elt crystallized samples. The 

average lamellar thickness is expected to increase with decreasing 

amount of supercooling and this should lead to a decrease in  the 

amorphous fraction, as observed for the unepoxidized sample. It is 

reasonable to assume that this difference in supercooling will prevail 

for the solution epoxidized TPI samples. The change in amorphous 

fraction with an increase in epoxidation amount up to 5% is about 

three times larger for melt-crystallized samples than for solution- 

crystallized  samples. Since the lam ellar thickness for the melt 

c rystallized  samples is significantly  less than for the solution 

crystallized ones, TPI unit ejection due to epoxy unit ejection is 

expected to be less. Therefore the larger change in amorphous 

fraction with increasing epoxidation amount for melt crystallized
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samples cannot be attributed to epoxy group ejection but must be 

due to the intrinsic differences of chain mobility and in the progress 

of the crystallization process in the two media.

In the FTIR study on the melt crystallization of unfractionated TPI 

and fractions therefrom  it was concluded that the decrease  in 

amorphous fraction upon cooling samples crystallized at 43 °C and 

36°C in the beta crystal form was largely due to changes in the 

amorphous parts at lamellar surfaces of structures already formed. 

This conclusion was supported by similar changes observed upon 

cooling solution crystallized lamellas. The presence of up to 5.0 mole 

% epoxidation has no effect on this decrease in amorphous fraction on 

cooling from Tc = 36°C to 25°C, although the amorphous fraction 

m easured at Tc = 36°C increases in a nonlinear fashion with 

epoxidation amount.
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5. Conclusions
The fo llow ing conclusions have been drown from  the above 

in v es tig a tio n s

1. The morphology of unfractionated synthetic TPI and two fractions 

therefrom  crystallized from  the melt in either the alpha or beta 

crystal form was investigated at Tc and 25°C by SEM.

2. The morphology is found to be lamellar and the organization 

depends on m iolecular weight, crystal form and the crystallization 

temperature. For the alpha crystal form the size o f the structures 

observed increases with increasing crystallization temperature.

3. Morphology of TPI was studied at Tc and 25°C. Morphological 

changes did occur when the samples cooled down from Tc to 25°C. 

Some of this change could be due to secondary crystallization of some 

completly amorphous chains present at Tc involving the structures 

already present.

4. M orphology of bulk crystallized solution epoxidized TPI was 

investigated. Differences in morphology with epoxy content and Tc 

were observed.

5. The two component assumption was found to be generally valid; 

subtraction of the amorphous component from spectra obtained after 

compleate crystallization gave alpha or beta crystal spectra identical 

to those for the subtracted spectrum  from solution crystallized 

sam ples.
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6 . The 1665-1670 cm-1 band was found to be conform ationally 

independent from 0°C to 65°C for melt crystallized TPI sample. It 

was also found that the amorphous fractions obtained from  the 

subtraction  fac tor and absorbance ratio  m ethod were in close 

agreement, provided a correction for a change in the number of 

absorbers is made in the subtraction factor method.

7. The rate of crystallization depends on crystallization temperature, 

method of crystallization and in some cases the molecular weight.

8 . The beta crystal containing samples exhibit no clear dependence of 

amorphous fraction on molecular weight. Therefore all these samples 

expected to have simillar lamellar thickness distribution.

9. M olecular weight dependence of the amorphous fraction for the 

alpha form samples at Tc and after cooling to 25°C was observed. 

This suggests that a difference in lamellar thickness distribution is 

occuring.

10. The e ffec t o f am ount of epoxidation  and crysta lliza tion  

tem perature  on crystallization rate and final am orphous fraction 

also was investigated.

11. A decrease in rate and increase in amorphous fraction with 

increasing epoxy content was observed.
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6 . A PPEN D IX  1

Let AFr = the true amorphous fraction,

A F m = the measured amorphous fraction, 

x = the number of absorbers at 75°C and x +Ax = the number 

of absorbers at Tc

A F r/A F m = x /(x +Ax) = m/(m + Am)

= da Va/d pc VpC

where m = mass of amorphous sample 

m + Am = mass of crystallized sample

d a and Va are the amorphous density and the amorphous sample 

volum e and dpc and Ypc are the density and volume of the 

crystallized sample

If the sample thickness remains constant,

Va = Vpc and AFr/ AFm = da/d pc
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