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ABSTRACT

Molecular weight fractions o f trans 1,4-polybutadiene, prepared

by fractional c ry s ta llizA tio n , were characterized by gel permeation
3 5chromatography and were found to have M^s of 4.7 x 10 to 1.2 x 10

and M ,/M o f 1.3 to 2 .7 . The morphologies o f self-seeded solution w n
crys ta llized  samples prepared from these fractions were studied by 

photomicroscopy and electron microscopy. The physical properties 

were studied using small angle X-ray scattering , density measurement, 

d iffe re n tia l scanning calorim etry and chemical reaction a t  the crystal 

surface with m-chloroperbenzoic acid in toluene solution. These pro­

perties are related to the % c r y s ta ll in ity , the d istrib utio n  o f the 

disordered fraction  and the type o f chain fo ld ing in the TPBD crysta ls .

Single lamellas with few screw dislocations were found fo r crystals  

grown from d ilu te  solutions (0.01% to 0.02%). A more complicated 

m ultilam ella supermolecular structure was found fo r concentrated solution 

(1% to 10%) grown crysta ls . (An increase in lam ellar thickness, L, vs. 

c ry s ta lliza tio n  temperature were discovered in th is  research.) For 

d ilu te  solution grown crystals the heat o f tran s ition  from DSC was found 

to be proportional to the specific  volume. For crystals prepared from 

one fraction  (Rn = 2.8 x 10^) secondary endotherms in the crys ta l- 

crystal tran s itio n  region were observed. These secondary endotherms 

are attribu ted  to nonisothermal c ry s ta lliza tio n  and c rys ta lliza tio n  

o f an adsorbed polymer layer. Other types o f crystal defect/disordered  

fraction  and th e ir  relationship to the amorphous density are discussed.

The number o f monomer units per chain fo ld , U, and the number of 

monomer units per chain end, c /2 , were obtained from an equation that
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relates these two parameters to the crystal thickness, L , the frac -
V

tion o f double bonds a t  the crystal surfaces, F , the crystal repeat 

distance along the polymer chain, R, and fin. I t  is  concluded that 

the length o f chain ends in each molecule is  proportional to the 

lam ellar thickness, 0.79 L/R, and the number o f monomer units per 

chain fo ld , U, decreases with decreasing c ry s ta lliza tio n  tempera­

ture and molecular weight.
13A method o f using C nmr spectrum to study chain folding is d is­

cussed. Satisfactory agreement o f U values from Fg with those from 

d irec t measurement was found.
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INTRODUCTION

Polymer crystals often have crystal habits characteris tic  o f th e ir

c ry s ta lliz a tio n  condition. Lamellar habits are frequent fo r crystals
\

slowly grown from polymer melts or solutions. The simplest and f i r s t  

discovered lam ellar habits o f polymer crystals are polymer single 

crystals grown from d ilu te  s o lu t io n s .^  Subsequent work5*® showed 

s im ila r lamellae to be the basic structural element in spherulites -  

a common morphological e n tity  obtained from melt-grown crysta ls . In 

an attempt to elucidate the morphology and to understand c ry s ta lliz a ­

tion from the m elt, the detailed studies o f polymer crystals grown 

from d ilu te  solution as well as concentrated solution -  the la t te r  

exhib iting  a complexity between that o f crystals grown from d ilu te  

solution and those grown from the melt -  are necessary.

In the year o f 1957, three papers published nearly simultaneously
2 3 4by K e lle r, Fischer and T i l l  in  England, Germany and the U .S .,

recongized that isolated single crystals o f a polymer, polyethylene,

with thin p la te le t lamella could be grown. A ll three papers reported

the use o f electron microscopy to examine the structure o f lin ea r

polyethylene crys ta llized  from d ilu te  solution. The single crystals

observed were p la te le ts  on the order o f 10 nm in thickness and 1-50 ym
7-12in la te ra l dimension. Further investigations found that any 

f le x ib le  lin e a r  backbone polymer which is  s te r ic a lly  regular can be 

crys ta llize d  from solution in p la te le t form using appropriate solvent 

and temperature conditions. However, the most extensive studies to 

date on morphology and polymer properties have been carried out using 

polyethylene.
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The thickness o f polyethylene single crysta ls  obtained from

d ilu te  solution are very sensitive  to c ry s ta lliz a tio n  temperature
13-22 °and the solvent used. The thickness varies from 100 to 2Q0A

depending on the c ry s ta lliz a tio n  conditions. The uniform ity o f

thickness was deduced from d eta iled  examination with the electron

microscope and from small angle X-ray scatte ring , SAXS, maxima o f a

co llectio n  o f such c rys ta ls . The o rien ta tio n  o f the chain molecules

w ith in  the p la te le t  have been determined from selected area electron

d iffra c tio n  stud ies .2*3 ,10 ,23  Qe-tai1ed analysis indicated that the

chain axis is  p re fe re n tia lly  oriented perpendicular to the wide face

o f the c rys ta ls ; the a and b crysta llographic axes are preserved

throughout the p la te le t  s tru c tu re , so th a t the term "single crystal"

has been commonly given to such structures.

Knowing the long chain nature o f polymers, i t  becomes c lear th a t 

during c ry s ta lliz a tio n  a given molecule must traverse the c ry s ta ll ite  

many times to s a tis fy  the requirements o f a lin e a r  long chain. Chain 

fo ld ing  in polymer c ry s ta lliz a tio n  is  thus well established. However, 

the nature o f the fo ld  region has been the subject o f intensive study 

and controversy.

Some workers24"26 reported th a t polymer single crysta ls  are per­

fe c t ly  regular c ry s ta llin e  e n t it ie s  and the polymer chains regu larly
27 28undergo adjacent reen try . Fischer and Lorenz, Jackson e t a l .  and

29Flory measured the density o f s ingle crystal mates o f polyethylene 

and arrived  a t  a conclusion in favor o f random irre g u la r polymer chain 

reentry -  the nonadjacent reentry or switchboard model. Several
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30-33la te r  studies support models in which there is  a d is trib u tio n  

of fo ld  s izes , ranging from very short t ig h t folds to very long 

loose fo ld s . Regardless o f the controversy concerning the exact 

nature o f chain fo ld in g , i t  can be concluded th a t the th in  p la te le t  

lam ella contains two portions -  a c ry s ta llin e  portion and an amorphous 

portion. As shown in Fig. 1, polymers form th in  lam ella with a 

thickness o f L, as observed using the electron microscope and from 

low angle X-ray scattering . The lam ella contains a c ry s ta llin e  core 

with average c ry s ta ll i te  thickness, L . Since the molecules are not
V *

of in f in i te  length, there w ill  be chain end ( c i l i a ) .  Infrared

studies3^"36 on polyethylene found th a t chain ends are outside the

crysta l la t t ic e .  Therefore, the surface component is  composed of

chain folds and chain ends fo r  perfect single c rys ta ls .

On changing the c ry s ta lliz a tio n  conditions by lowering T ,0
therefore increasing the degree o f undercooling, more and more defects

become incorporated and remain in the c rys ta ls . One such defect
37 92-94which leads to m u ltilayer crysta ls  is the sp ira l growth *

induced by screw dislocations in the parent lam ella formed during the

preparation o f single c rys ta ls . Other more complicated 
27 92 38 -40morphologies * o f polyethylene grown from solutions have 

been reported; however, the lam ellar nature o f polymer crysta ls  have 

been found to be fundamental. Disorder in the crystal in te r io r  can

3



occur, a shown In Fig. 1, due to Irregularities In packing, dis­

locations or numerous other Imperfections.

Irregular
fold heightsChain ends

Loops

r \

Branch pointLoose chain end

Fig. 1. Model of fold plane Illustrating chain folding with 

Imperfections which may occur 1n the structure.
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For the in terp re ta tio n  o f physical properties o f polymer crystals  

the percent crystal 1 in ity  has been considered to be primary. Using 

the f lo a ta tio n , or density gradient method, measurements o f poly­

ethylene c ry s ta ls34*41,42 Sh0we(j th a t densities obtained l i e  some­

where between those fo r  the perfect u n it c e ll as obtained from X-ray 

crystallography and the m elt, the la t te r  being corrected fo r  tempera­

tu re . Assuming th a t the sample is  composed o f a re la t iv e ly  perfect 

c ry s ta llin e  phase and a completely amorphous noncrystalline phase, 

a percent c r y s ta ll in ity  o f these crysta ls  were calculated. A l­

though the separated two phase system assumed fo r  a crysta l may be an 

overs im p lifica tion , a systematic decrease in the percent c ry s ta l-
a p

l i n i t y  with both increasing molecular weight (10 -4x10 ) and de-
42creasing c ry s ta lliz a tio n  temperature were reported.

Several workers^3*49 analyzed the broad-line n .m .r. spectra 

o f sedimented polymer crystals  and tr ie d  to corre late  the absorp­

tion  lin e  shape with the polymer chain m obility  in the c rys ta llin e
43and amorphous regions o f a c ry s ta l. Bergman and Hawotki gave a 

qu an tita tive  account fo r  the spectra obtained -  the broad component 

was charac te ris tic  o f segmental motion w ith in  the c ry s ta llin e  region 

and the narrow component resulted from the motions w ith in  the 

l iq u id - lik e  amorphous regions. Madelkern5^ compared the c rys ta l1 in it ie s  

from broad-line n .m .r. with those from the density fo r  lin e a r  poly­

ethylene a t room temperature and concluded th a t the degree o f 

c r y s ta ll in ity  can be q u an tita tiv e ly  observed from broad-line n .m .r.

The heat o f fusion determined c a lo rim e tric a lly  fo r  polymer

5



42 52 -54  51crysta ls  has been studied. * Wunderlich and Cannier

reported th a t the heat o f fusion of polyethylene solution grown

crysta ls  increased with increasing lam ellar thickness. An opposite 
52re la tionsh ip  was observed by keeping the lam ella r thickness

constant but increasing the molecular weight and molecular weight

d is trib u tio n  which are possibly a ffec tin g  the re g u la rity  o f polymer

c rys ta ls . Using the flo a ta tio n  method, X-ray d iffra c tio n  and
42d if fe re n t ia l scanning calorim etry, DSC, Hamada e t a l .  compared

the density and heat o f fusion o f folded chain polyethylene crysta ls .

The results were th a t the heat o f fusion is  proportional to the

specific  volume as long as the fo ld  length stays constant. However,

crysta ls  with d if fe re n t fo ld  lengths showed d iffe re n t specific
53volume -  heat o f fusion re lationsh ips. Wunderlich concluded that 

the heat o f fusion is  affected by both the c ry s ta l! in ity  and the 

lam ellar fo ld  length.

The melting phenomena of polyethylene as correlated with the

lam ellar thickness has been studied by Wunderlich, Harrison and
54-57  54th e ir  coworkers. Wunderlich observed the crystal melting on

a microscope hot stage and found that melting temperature o f the
55crysta ls  was decreased as the heating ra te  increased. Harrison 

observed a narrow, sharp melting fo r high molecular weight poly­

ethylene single crysta ls  in studies using DSC and d if fe re n t ia l  

thermal analysis , DTA. However, a broad, m ultip le  melting endotherm
c c  c y

fo r  lower molecular weight specimens was reported recen tly . ’

An in terp re ta tio n  fo r  th is  phenomena has been given in terms o f the 

p o s s ib ility  o f p a r t ia lly  melting and re c ry s ta lliz a tio n  o f the chain

6



folded c rys ta ls .

A number o f sc ien tis ts  have studied the d e ta ils  o f chain fo ld ­

ing d ire c tly  by chemical assay. P eterlin  and K elle r and th e ir  

coworkers^®- ^  studied polyethylene single crysta ls  by degrading the 

amorphous portion with fuming n i t r ic  acid a t  high temperatures. The 

reactions were followed by analysis o f the heat o f fusion, density 

measurement and molecular weight d is tr ib u tio n  o f the fragments as a 

function o f reaction tim e. However, the resu lts  indicated th a t the 

strong degradative chemical reagent has very l i t t l e  s e le c tiv ity  

between the amorphous regions and the c ry s ta llin e  in te r io rs .

K eller and several la te r  workers®*- ^  carried  out the same experi­

ment using a m ilder degrading reagent, ozone. The peak d is trib u ­

tion  studies from gel permeation chromatography showed th a t the 

undegraded fragments contained molecular lengths o f s in g le , double 

and higher m ultip i e-chain traverses w ith in  the crysta l la ye r. The 

results were in terpreted in terms o f adjacent reentry folds term i­

nated via random chain scission by the ozone. However, once the 

chain folds have been cu t, continuing reaction shortens the chains. 

The degradative method makes a q u an tita tive  study o f the amorphous 

region d i f f ic u l t  to carry out.
65Recently Harrison and Juska estimated the number o f carbons 

o f a t ig h t- fo ld  adjacent reentry fo ld  o f polyethylene using the CPK 

Precision space f i l l i n g  models. The fo ld  was anchored with proper
C

spacing and the volume occupied was measured to ±3A. Visual inspec­

tion  o f the models Indicated th a t the carbon number per chain is  

approximately from 9 to 11.

7



Based on the discussion above, i t  is  c lear th a t qu an tita tive  

d e ta ils  concerning the fo ld  surface are not read ily  forthcoming fo r  

a polymer such as polyethylene. However, trans 1,4-polybutadiene, 

TPBD, can be employed fo r  such a qu an tita tive  analysis fo r  the 

follow ing reasons:

(1 ) TPBD contains one double bond in each monomer u n it o f the 

main chain. The re a c tiv ity  o f the double bond is  advantageous in 

a study o f the noncrystalline lam ellar surfaces. As is  expected 

the c ry s ta llin e  region is  not penetrated by small molecules while 

the amorphous surface region is  reac tive . The amount o f double bonds 

present a t the crystal surfaces should be q u an tita tiv e ly  accessible 

by nondegradative chemical methods and therefore w ill  provide in ­

formation concerning chain fo ld ing in  polymer crys ta ls . (2 ) TPBD 

is  a f le x ib le  lin e a r  macromolecule and i t  can develop a high degree 

o f c ry s ta l! in ity . (3 ) TPBD has two c ry s ta llin e  forms; the low 

temperature form, form I  and the high temperature form, form I I .

The c rys ta l-c rys ta l tran s itio n  temperature occurs between 55 to 

75°C, which is  re la t iv e ly  low compared with the f in a l melting  

temperature (120 to 140°C). I t  is  expected that in  the c ry s ta l-  

crysta l tran s itio n  region less catastropic changes are taking place 

morphologically than in the melting region thereby making i t  easier 

to  investigate  the e ffe c t o f various parameters, such as % 

c r y s ta ll in ity  and molecular weight. A series o f investigations on

unfractionated TPBD single crystals grown from d ilu te  solution were
66-75carried  out previously by Woodward and coworkers. ” An
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investigation o f the morphology and properties o f TPBD samples with  

narrow molecular weight d is tr ib u tio n  prepared a t various concentra­

tions over a broad range can be an In teres ting  and log ica l extension 

o f the previous work.

Of the two c ry s ta llin e  forms known to e x is t in TPBD, form I  is

stable a t room temperature and transforms to form I I  with the highest
76temperature o f th is  being reported as 76°C. The transformation

between the two forms is  a f irs t -o rd e r  c rys ta l-c rys ta l tran s itio n

and is thermodynamically reve rs ib le . A typ ica l DSC scan fo r TPBD

single crystals  is  shown in Fig. 2a. The highest reported melting
78temperature fo r  form I I  is  148°C. I t  was revealed by X-ray struc­

ture analysis th a t form I crysta ls  belong to the monoclinic system
o o

with the space group P2/1a . The u n it c e l l ,  with a = 8.63A, b = 9.11A,
O

c = 4.83A and 8 = 114°, includes four molecular repeat segments. The 

molecular packing, the arrangement o f the center o f mass of each chain 

projected on the a b plane, is  hexagonal. A fte r  transformation of 

the crystal in to  high temperature form, Takayanaki^ reported from the 

studies o f X-ray d iffra c tio n  patterns th a t form I I  crystals belong to 

a hexagonal la t t ic e .  The assignment o f the space group is  uncertain  

because the X-ray d iffra c tio n  pattern consists o f d iffu se  spots.
o o

The dimension o f the u n it c e ll are a = 4.95A and c *  4.66A. The 

d iffu se  spots were explained by the large degree o f ro ta tional motion 

o f the chain segments around the molecular ax is . The chain con­

formational d ifferences of form I  and form I I  are shown in  Fig. 2b.

The CHg-CHg bonds in  both form I and form I I  remain 1n the trans 

conformation but the in ternal ro ta tion  angles around two CHg-CH



bonds in form I I  are decreased to jBO and -80 from 109 to -109 as 

present in form I .  The molecular chains in form I I  are considerably 

disto rted  and th is  causes torsional o s c illa tio n  of the -CHgCHg- 

segments around the c -ax is .

F ig . 2. (a) DSC Scan o f TPBD Single Crystals (VH53) (b j Conforma­

tions o f TPBD Form I  and Form I I  Crystals as Taken From 

Reference 77.

Using a self-seeding method the technique o f growing polymer 

single crysta ls  requires: (1) a minimum disolution temperature,

(2 ) a re la t iv e ly  high c ry s ta lliz a tio n  temperature and (3) low con­

centration . The nature o f chain fo ld ing in TPBD crystals was f i r s t
7 fi

investigated by Tatsumi e t a l .  Single crystals were prepared 

from benzene solution a t 18°C and studies o f the c rys ta l-c rys ta l 

tran s itio n  phenomena showed th a t the tran s itio n  temperature changed 

from 55.5°C to 69.5°C a fte r  annealing o f the single crystal

Form I I

Temp. *C 
(a )

2

2

CD)
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mats at 100°C fo r  one hour. This phenomena was also studied using 

dilatom etry. X-ray d iffra c tio n  measurements follow ing the heat
O

treatment showed th a t the lam ellar thickness changed to 155A from
O

100A. The resu lt was explained in  terms of rapid c ry s ta lliz a tio n  

in  the surface component a t  the annealing temperature . In 

p a rtic u la r , the loose loops a t the fo ld  surfaces o f the crysta l were 

dragged in to  the c ry s ta llin e  phase to form t ig h t folds as a resu lt 

of s lid in g  d iffus ion  o f molecules along th e ir  axes. This was 

accompanied by the sudden thickening o f the lamellae a t the crystal 

tran s itio n  temperature. A fte r th a t tim e, more extensive studies 

concerned with the nature o f chain fo ld ing o f TPBD single crystals
c

were carried  out by Woodward and coworkers.

Studies o f chain fo ld ing were carried out by Stellman and 

Woodward*56*67 using a non-destructive method, an expoxidation reac­

tion  o f m-chloroperbenzoic ac id , MC£PBA, with TPBD single crystals  

suspended in benzene a t low temperature (6°C ). The reaction between 

a peroxy group and a double bond to form an epoxy group in the 

polymer, was monitored from the loss o f reactant, MCCPBA, by iodo- 

m etric t i t r a t io n .  K inetic  studies using the iodometric t i t r a t io n  

results o f the epoxidation reaction vs. reaction time showed that 

the surface epoxidation reaction was completed w ithin 4 to 5 days. 

The qu an tita tive  chemical assay found th a t, depending on the 

crystal growth condition, from 14 to 27% o f the double bonds are 

availab le  fo r  each reaction with MĈ PBA fo r crystals o f approximate-
O

ly  the same thickness (100A). This leads to an average values o f

11



monomer units per fo ld  from 2.5 to 5 depending on the c ry s ta lliz a ­

tion  solvent (heptane or benzene). The number o f double bonds

necessary fo r  the tig h te s t reentry fo ld  calculated from the crystal
78structure given by Iwayanagi is  between 1.5 to 2. Comparison of

the value o f double bonds per fo ld  from the experiments o f Stallman 
66 67and Woodward * lead to a conclusion th a t reentry folding is  high­

ly  probable, although some fo ld  looseness can occur.

High resolution in frared  spectra have been obtained in the

1000-1400 cnf* region fo r  TPBD crystal mats grown from six d if fe r -  
68 69ent solvents. * I t  was found th a t the ra tio  o f the IR bands

in ten s ity  a t 1350 cn f*, an amorphous band, to th a t a t 1335 cm"*,

a re g u la rity  band, varied with the solvent used and thermal h istory.

The ra tio  is  la rg er fo r  crysta ls  grown a t  temperature well below

the tran s itio n  temperature than those grown near to the tran s ition

temperature. When the crysta ls  were heated to 80°C and cooled down

to room temperature, the in frared  in ten s ity  ra tio  I i 35o^I i 335

69decreased. I t  was concluded by Stellman and Woodward th a t the 

in ternal order o f the crystal increased upon annealing. Accompany­

ing the heat treatm ent, the increase in crysta l thickness would lead 

to a decrease in the number o f folds but would not necessarily lead 

to fo ld  tighten ing .

Comparison o f epoxidation and IR resu lts fo r several TPBD

12



crysta ls  are given in Table 1. The re la tiv e  agreement between 

TABLE 1. COMPARISON OF EPOXIDATION AND IR RESULTS FOR TPBD

Single Crystals, fTaken from reference 68)

Sample Solvent a / ( l  -  aT) I 1350/ I 1335

TPBD-K MIBK* 0.28 0.2

Mn = 36000 Heptane 0.16 0.2

Tolune 0.23 1

Benzene 0.37 1

TPBD-U Heptane 0.52 0.3

Mn = 5510

*Methyl isobutyl ketone

*a  is  the frac tio n  o f double bonds epoxidized

epoxidation and IR resu lts  fo r  some o f the preparations support 

the viewpoint th a t the amorphous regions can be predominantly on 

the crysta l surfaces, where i t  is  e ith e r associated with chain 

folds or with the presence o f chain ends.

Ng, Stellman and Woodward^ studied TPBD crysta ls  by using 

d if fe re n t ia l scanning calorim etry . Assuming AHt r , the heat of 

tra n s itio n  from form I to form I I ,  to be in proportion to the 

c ry s ta l1 in i ty  and taking the epoxidation value fo r  TPBD-K, 

heptane grown crysta ls  as a standard, i t  was found that toluene 

and benzene grown crysta ls  have a greater amorphous content than

13



heptane grown c ry s ta ls , in agreement with the epoxidation resu lts .

Another method which was used to estimate the to ta l amount 

o f amorphous m aterial in a so lid  is  broad-line nuclear magnetic 

resonance. When the conditions are such th a t segmental motion is  

taking place in the amorphous component and the c ry s ta llin e  regions 

are e ffe c tiv e ly  r ig id ,  a two components nmr absorption w ill  be found. 

The narrow component is  associated with the mobile region. Eng and 

Woodward^* reported the measurement o f nmr in ten s ity  ra tio  fo r TPBD 

crysta ls  grown from heptane and toluene. The crystals  were wetted 

with a non-protonated solvent (CS,J which served as a surface 

penetrant to increase the segmental m obility  in the amorphous region 

o f the c rys ta ls . The nmr determinations were carried  out a t low 

temperatures (-24°C to -9Q°C). Assuming th a t the narrow lin e  accounts 

fo r  a l l  or most o f the amorphous regions, toluene grown crystals  

have a greater amorphous content than heptane grown crys ta ls . TPBD 

crystals annealed a t  80°C in the dry s ta te  showed a lower amorphous

content than unannealed s ing le  crystal mats.
7?Evans and Woodward studied the Raman spectra o f mats o f TPBD 

crysta ls  grown from d ilu te  so lu tion . The e ffe c t o f crystal growth 

temperature, o f solvent and o f various thermal and mechanical 

treatments on the spectrum a t  25°C were explored. The changes 

accompanying the form I  to form I I  c ry s ta l-c ry s ta l tran s itio n  were 

observed by obtaining Raman spectra a t  various temperatures in the 

25-78°C range.

The spin-probe technique has been employed by Nagamura and
70

Woodward to study the nature o f the surface region o f TPBD crystals

14



grown from d ilu te  heptane and toluene solutions. The spin probe 

method is  based on the response o f the lin e  shape o f the ESR spectrum 

o f a paramagnetic probe, usually a n itro x id e  ra d ic a l, embedded in a 

polymer m atrix to molecular motion o f the m atrix . The probes are not 

chemically bonded but only weakly held by the polymer chains. The 

narrowing o f the ESR spectrum o f the n itro x ide  radical probe added to 

the TPBD crystals  and the ac tivatio n  energy fo r  the ro ta tional motion 

of the probes were found to vary with c ry s ta lliz a tio n  solvent and 

annealing temperature. In every case heptane grown crysta ls  showed 

a higher lin e  narrowing temperature and ac tivatio n  energy than toluene 

grown c rys ta ls . Annealing a t  80°C raised the narrowing temperature 

and ac tivatio n  energy fo r  crystals  prepared from both solvents. The 

resu lts  confirmed e a r l ie r  work concerning the nature and location o f 

the amorphous regions in TPBD crys ta ls .

Recently Wichacheewa and Woodward^ studied the k inetics  of 

epoxidation o f TPBD crystals  in suspension a t d if fe re n t temperatures. 

The % epoxidation was determined by obtaining the mole ra tio  o f MCEPBA, 

to products, m-chlorobenzoic acid (MC£BA), in  the solution using in fra ­

red spectroscopy. The IR absorbance ra tio  a t 1700 and 1735 cm-1 which 

correspond to the carbonyl stretching band o f MCEPBA and MC£BA, 

resp ective ly , was calculated with a c a lib ra tio n  curve obtained using 

known mixtures o f the two reagents. Expoxidation conditions were 

Investigated in 6-12°C range and IR measurements were carried  out a t 

room temperature. I t  was found th a t the reaction was completed w ith in  

3 to 5 days and the temperature dependence o f the to ta l number o f 

double bonds ava ilab le  fo r  reaction depend on the crystal preparation

15



conditions.

Wichacheewa and Woodward^ also studied the bromination o f TPBD 

crystals  in suspension a t low temperature (0°C) in  the dark. The % 

bromination was measured with a v is ib le  l ig h t  spectrometer using 

the absorption a t 416 nm. An absorbance-concentration curve was 

obtained using known amount o f Br,, in  the solvent (CCl^). Enough 

Br2 to react with the double bonds in the to ta l polymer was added 

i n i t i a l l y .  I t  was found th a t the bromination reaction was completed 

w ithin one hour.

Comparison o f the disordered frac tio n  o f three TPBD crystals  

obtained using the various methods discussed above are given in 

Table 2. The % epoxidation fo r the three preparations is  found to  

decrease with an increase in c ry s ta lliz a tio n  temperature and the 

polymer molecular weight. The change with molecular weight is  caused 

a t  le a s t in  part by the increased presence of chain ends as the mole­

cu lar weight is  decreased.

TABLE 2. DISORDERED FRACTION IN TPBD SINGLE CRYSTALS (Taken from 
reference 74.)

Sample M % Epoxidation % Bro- nmr DSC IR
Prepara­
tion 6C 12C 16C 21C minated

K-H
(78 /70 /63 ) 36000 0.14 . . .  . . . 0.13 0.13 0.13 •  •  • 0.14

K-T
(50 /45 /23) 0.14 0 .23 . . . 0.29 0.21 0.23 0.4±0.1 0.44

U-H
(69 /55 /45 ) 5510 0.27 0.33 0.32 0.35 •  •  • •  1 # •  ♦  * 0.2
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79Brown, Jenkins and Park studied the sorption and d iffusion  of 

small molecules in to  p a r t ia lly  c ry s ta llin e  polybutadiene. The small 

molecules studied were methylene ch lo ride , chloroform, benzene and 

2,2,4-trim ethylpentane. I t  was found that the d iffus ion  co e ffic ien t 

a t zero penetrant concentration decreases with increasing trans 

content and with increasing size o f the d iffu san t. These changes 

were believed due to the in ac c e s s ib ility  o f the c ry s ta llin e  regions 

with l i t t l e  change in basic mechanism of d iffus ion  in the amorphous 

regions.
80Oyama e t a l .  reported the conformations and the number o f 

-CHgCH^- units in the fo ld  loop of TPBD single crystals  from IR 

studies. Four conformation sensitive methylene scissor bands were 

assigned using the model compound 1,5-hexadiene. Two bands a t  

1458 cm"* and 1449 cm"* were assigned to amorphous conformations 

and the other two bands a t 1451 cm"* and 1438 cm”* to c ry s ta llin e  

conformations. The single crysta l spectrum was resolved into four 

bands and the ra tio  between band in te n s itie s  were obtained as a 

function o f crysta l annealing temperature. I t  was concluded that 

the average conformation in the noncrystalline part become gauch- 

r ic h . The to ta l number o f monomer units per fo ld  was roughly 

estimated to be f iv e  fo r  the as grown crystals  (grown from benzene

solution a t 15°C) and to be three fo r  the 80°C annealed sample.
81M artuscelli e t a l .  reported on the se lective  bromination 

o f TPBD single crystals  in suspension. The s e le c tiv ity  o f 

bromination a t the fo ld  surface was demonstrated by DSC, IR , small 

angle and wide angle X-ray d if fra c t io n . I t  was found th a t a larger
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number o f double bonds per fo ld  are brominated as the thickness
8 ?o f the single crystal is  increased. M artuscelli e t  a l .  also 

investigated the morphology and thermal behavior o f TPBD single  

crysta ls  grown from heptane using the electron microscope, wide 

angle X-rang d iffra c tio n  and d if fe re n t ia l,  scanning calorim etry.

The thickness o f crysta ls  reported was much greater than those
C C C *T A “f C

reported e a r l ie r  by Woodward * * and Takayanagi e t a l .  I t

was found that the equilibrium  tran s itio n  temperature o f form I  and 

form I I  is  a t 75°C and the melting temperature o f form I I  is  139°C.

The DSC thermograms o f aggregated TPBD single crysta ls  showed two 

endothermic peaks in the c ry s ta l-c rys ta l tran s itio n  region. The 

re s u lt was explained by the presence o f c ry s ta llin e  blocks o f form 

I  with two d iffe re n t thermodynamic s ta b il i t ie s .

Recently F in ter and Wegner®^ studied the SAXS and DSC fo r TPBD 

single crystals  grown from heptane. Crystals with lam ellar th ick -
o o

ness varying from 83A to 293A were reported. The DSC thermograms 

showed th a t the c rys ta l-c rys ta l tra n s itio n  temperature increases 

as the thickness of the crystals  increases. M ultip le  endotherms 

in  the DSC scan fo r  TPBD single crysta ls  were also reported. This 

was explained as being caused by two d if fe re n t regimes o f c ry s ta lliz a ­

tio n  behavior, depending on whether nucleation occurred a t high 

temperatures, form I I ,  or a t  low temperature, form I .  The two regimes 

o f c ry s ta lliz a tio n  behavior determined the crystal thickness as well 

as the phase tran s itio n  and annealing behavior o f the crysta ls .

In the e a r l ie r  studies o f TPBD crysta ls  l i t t l e  attention was 

paid to the e f fe c t , i f  any, o f molecular weight d is trib u tio n  and
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p o ld e r  concentration on the chain fo ld ing . Use o f a nondegrada- 

t lv e  method, se lective  epoxidation, was considered as most appropri­

ate fo r  studying chain fo ld ing  in TPBD c ry s ta ls . However, rather 

than follow ing the epoxidation by measuring the loss o f the epoxidiz- 

ing agent e ith e r  by iodometric t i t r a t io n  or IR absorbance i t  was

believed o f in te re s t to develop methods th a t analyzed the polymer.
1 13Therefore, both H and carbon 13, C, nuclear magnetic resonance,

nmr, were employed.

Statement o f the problem

The major purposes fo r  th is  pro ject are:

(1) to obtain information about the amount and location of 

the non-crysta lline  portion in  TPBD structures prepared 

by c ry s ta lliz a tio n  from solution as a function o f mole­

cu la r weight using re la t iv e ly  narrow frac tio n s ,

(2 ) to obtain information about the amount and location of 

the disordered portion in TPBD structures prepared a t  

d iffe re n t concentrations, and

(3 ) to study in more d e ta il the fo ld  surfaces o f these 

d iffe re n tly  prepared TPBD crys ta ls .

Approach to the problem

This investigation is  divided in to  three parts:

(1) Fractionation o f TPBD samples and determination o f mole­

cu la r weight and molecular weight d is tr ib u tio n .

(2 ) The preparation and morphological characterization o f 

TPBD structures which are obtained by c ry s ta lliz a tio n  

from solution .

19



(3 ) The determination o f the to ta l c ry s ta llin e  and non­

c ry s ta llin e  contents and the amount in  the non-crystalline  

parts availab le  to penetration by small molecule reactants 

fo r  the TPBD structures prepared.
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EXPERIMENTAL

Samples

Three trans 1,4-polybutadiene preparations were used in th is  

study: TPBD-U supplied by Uniroyal Inc; TPBD-V supplied by Polysar 

Ltd. and TPBO-W obtained from Dr. C. E. Wilkes o f B. F. Goodrich.

The TPBD-U was p u rifie d  by d ire c tly  dissolving a t elevated tempera- 

tures in heptane (1 gram per 100 cm heptane) and p rec ip ita tin g  a t 

room temperature. Both the TPBD-V and -W polymers were placed in 

enough toluene to give a 1% solution with a sizable gel portion  

being separated. The soluble -V polymer was recovered by p re c ip ita t­

ing in methanol a t room temperature. The -W polymer was d ire c tly  

precip ita ted  from toluene solution a t room temperature a fte r  separa­

tion  o f the insoluble m ateria ls . These w ill  be refered to below as 

p u rified  -U, -V and -W, respective ly . Some preparation information 

and molecular weight data obtained on the p u rified  m aterials using 

GPC are given in Table 3.

The frac tionation  method used in th is  research is  temperature 

gradient frac tio n a l c ry s ta lliz a tio n  under nitrogen purge using 

heptane as solvent.

The samples used in the study o f d ilu te  solution grown crystals  

were fractionated from the p u rified  -U, -V and -W polymers. For the 

-U polymer frac tio n a tio n  was carried  out by preparing a 1% heptane 

solution and fra c tio n a lly  c ry s ta lliz in g  a t 56°C, 50°C, 48°C, 45°C, 

40°C, 38°C and room temperature. The 56°C, 45°C and room temperature 

fractions were re c ry s ta llize d  a t the same temperature from 0.05%
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TABLE 3. CHARACTERISTICS OF TPBD SAMPLES

Sample Polymer Preparation Condition Mn x 10"4 V " n

W Urea Canal Complex 7.9 3.5

V 2.2 2.5

U RhClg-Sodium Alkyl 
Benzene Sulfonate

.70 3.0
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heptane solution yield ing F I, F2 and F3 respectively. Another 

fraction  also obtained from the -U polymer is designated UH45. I t  

was prepared from the purified  unfractionated -U polymer by 

isothermal c rys ta lliza tio n  in 0.01% heptane solution a t 45°C. One 

fraction  each were obtained from -V and -W polymers. They were 

prepared by isothermal c rys ta lliza tio n  of 0.01% purified -V and
t

-W polymers in heptane solutions a t 53°C and 62°C, respectively. 

These two fractions are designated as VH53 and WH62.

The fractions used in the study of concentrated solution 

grown crystals were obtained from purified  -U polymer only. These 

were obtained by starting with a 1% heptane solution and fraction­

a lly  c rysta llized  a t 56°C, 48°C, 45°C, 40°C and room temperature. 

The 56°C, 45°C and room temperature fractions were the ones used 

and are designated as Fib, F2b and F3b.

Sample Characterization

A ll o f the fractions were subjected to *H nmr using a JE0LC0

JNM MH 100. I t  was found that these samples did not contain 1,2-

polymerized units or any other detectable chemical im purities.

For two selective samples UH45 and VH53, the trans 1,4-contents

were found to be 99.5% and greater than 99.7%, respectively, by 

13C nmr analysis as carried out by F. A. Bovey and F. C. Schilling  

a t Bell Laboratories using a Varian XL-200 instrument.

Molecular weight and molecular weight d istribu tion  fo r  the 

purified  unfractionated polymers and fo r each fraction prepared 

were obtained using a Waters Associates 200 Analytical gel 

permeation chromatograph with toluene a t 85°C as the solvent. The
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optimum resolution was achieved by jo in ing four columns of the pore 

size d istribution  in the packing material (styragel and paragel) 

together. Calibration was carried out with fiv e  polyisoprene 

standards in the 1.0 x 104 to 8.0 x 104 molecular weight ranges,

two polybutadiene standards with weight average molecular weight
3 3of 1.0 x 10 and 2.7 x 10 and squalene (411 gm/mole),

4
For molecular weights above 8.0 x 10 an extrapolation o f the

results fo r the polybutadiene and polyisoprene standards was made

p ara lle ling  a curve obtained from a series o f polystyrene standards.

The GPC scan for squalene yielded R /R_ = 1.06; therefore 0.06 wasw n
substracted from the M /M values obtained with GPC fo r each of thew n
TPBD preparations as a boundary spreading correction.

Crystal Preparation

Crystals were prepared from 0.02% (w/v) toluene or 0.01% (d ilu te )  

and 1, 5 and 10% (concentrate) heptane solutions by the following 

procedures: dissolution under nitrogen purge, precip itation a t room 

temperature, redissolution a t the minimum temperature, T^, and quick 

transfer to a constant temperature water bath, T , regulated to  

±0.1°C fo r isothermal c ry s ta lliza tio n . The c rys ta lliza tio n  tempera­

ture was varied in two ways: (1) by keeping the degree o f undercool­

ing, Td-Tc> constant and equal to 12°C; (2) by keeping the crysta l­

liz a tio n  temperature, T , constant fo r each fraction .c
C rystallization usually started within 1 to 2 hours a fte r  

reaching T fo r d ilu te  solution grown crystals. For concentrated 

solution grown crystals the c rys ta lliza tio n  was detected within 5 

to 10 minutes. To obtain complete c rys ta lliza tio n  a l l  solutions
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were kept in the constant temperature water bath fo r 12 to 16 

h o u r s . T h e  crystals were f i l te re d , washed with fresh solvent 

a t the c rys ta lliza tio n  temperature to remove any soluble materials, 

then a ir  dried a t low temperature.

Photomicroscope and Electron Microscope Observation

The crystals were observed using a Zeiss Photomicroscope with 

interference optics and a P h illip s  300 Electron Micrsocope. The 

crystals in suspension were f i r s t  diluted to avoid aggregation then 

deposited onto a microslide fo r photomicroscope observation.

Pictures were taken with a 35 mm. camera contained inside the 

photomicroscope.

For electron microscope observation the crystals diluted from 

suspension, were deposited onto a carbon coated copper grid and 

shadowed with Pt-Pd vapor fo r better contrast. The crystals were 

usually observed a t 2800 to 22000 magnification depending on the 

crystal dimensions. Pictures were taken d ire c tly  with a plate  

camera attached to the electron microscope. At large magnification 

the shadow distance along shadowing direction on the crystal edges 

becomes measurable. The lam ellar thickness of d ilu te  solution grown 

crystals were those calculated by measuring the shadow distance along 

the shadowing d irection , with knowledge of the shadowing angle. 

Magnification used fo r lam ellar thickness measurement ranged from 

35000 to 115000 times depending on the crystal thickness. Crystal 

shrinkage under the electron beam in th is  experiment was corrected 

fo r by carrying out electron microscopy on preparations studied by 

LAXS.
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Low Angle X-ray Scattering (LAXS)

Lamellar thickness measurements by the LAXS method were carried  

out by B. A. Newman, Department o f Mechanics and Material Science 

a t Rutgers University using a Rigaku-Denki small angle goniometer. 

Samples prepared fo r th is  experiment were slowly f ilte re d  and com­

p le te ly  dried. Lamellar thickness was calculated by measuring the 

spacing distance, h, and applying Bragg's equation: 

nX = dsin 26
O

where X -  1.54A, the wave length o f the lig h t  source;

28 3 scattering angle 

= sin_1n /r ;  

r = distance from sample to film ;  

n 3 d iffra c tio n  order and 

d = the lam ellar thickness.

The lam ellar thickness fo r crystals which are too b r i t t le  to form 

orientated dried mats, F3H29, F1H29, and F1T15, were measured by the 

electron microscope as mentioned above.

Density Measurement

The sample density was measured in a density gradient column.

The column was prepared by gradually mixing a heavy liq u id , water, 

and a lig h t liq u id , ethanol, a t various portions so that the density 

in  the column a t constant temperature increases lin e a rly  from the top 

to the bottom. The lin e a r gradient relationship o f the column was 

confirmed by using glass beads of known density which are accurate to
o

± 0.0001 gm/cm a t  25®C. Fig. 3 and Fig. 4 are the column set up and 

a typical ca lib ration  curve fo r the density gradient, respectively.
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Once the gradient Is  established, the column is usable fo r a t least 

two to three days. Samples were pressed a t 3.4 x 107 pa to eliminate 

a ir  then dropped into the column and the flo ata tio n  height measured 

accurately to ± 0.05 cm. A reproduced fo u r-d ig it accuracy of density 

was achieved routinely.

For sample densities greater than one, a flo ata tio n  method 

using ethylene glycol and water was employed. A known volume of water 

was titra te d  with ethylene glycol u n til the polymer sample floated  

fre e ly . The sample density was determined by the densities o f the 

known components o f the solution mixture. Only one crystal prepara­

tion with a density greater than one was found 1n th is  research. 

D iffe re n tia l Scanning Calorimetry (DSC) Measurement

Measurement were made with a Du Pont 990 Thermal Analyzer using 

sample weight o f 2 mg. or less. Most of the scans were run at a 

heating rate of 20 degree per minute. I t  was found that a rate as 

low as I  degree per minute did not cause any appreciable change in 

the four parameters measured -  the apparent transition temperature,

Tt r » the apparent melting temperature, Tm» the enthalpy o f transition

AH. , and the enthalpy o f melting, AH . t r  in
The T*.. and T were read from the intersection o f the base lin e  t r  m

extrapolation and the extrapolation o f the low-temperature side of 

the endotherm, as shown in Fig. 5. The AHt r  and AHm in calorie/gm. 

were calculated from the equation stated in the Instruction Manual:

“ t r  <or AHm> " 1  60

where 60 BEAq is a constant depending on a given set o f DSC conditions 
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0

250 ml
Erlenm eyer f la s k

C a p il la r y  tube

C a lib ra te d  
g lass  bead

L L -G lass rod

Constant . ^  
tem perature T .
HgO

Fig. 3. Mixing Device fo r a Density Column Flask A

contains the heavy liq u id , H^O, which is  con­

tinuously diluted with the lig h t liq u id , C^HgOH, 

from flask B. The s tir r in g  must be rapid enough 

to keep the contents o f flask  A homogenous a t a ll

times. Column (2 x 25 in cm) with constant tempera­

ture H20 thermojacket is used.
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Fig. ,4. Typical C alibration  Curve o f a Density Gradient Column. The marked points are 

the position o f the calibrated  glass beads.



TEMPERATURE °C
20__ 40 60 80

\ T ^ #'C

Fig. 5. D iffe ren tia l Scanning Calorimetry Scans, for D ilute Solution 

Grown Crystals from Three TPBD Fractions: (1) F1H55 (2) F2H36 

(3) F3H29
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in each measurement:

B = Time base setting in min./cm;

E = Cell ca lib ration  coeffic ien t in mw/mv (dimensionless)j

Aq = Y-axis RANGE setting in mv/cmj
2

A = Peak area in cm ;

m a Sample mass accurately weighed to ± 0.01 mg.

The endotherm peak area is measured by cutting out and weighing the 

paper under the peak. This weight is then compared with weight o f a 

standard area o f paper.

Epoxidation Reaction

The quantitative reaction o f the double bonds a t the crystal 

surfaces were carried out using an excess amount'of m-chloroperbenzoic 

acid, MCIPBA, reacted with crystals suspended in 1% toluene solution 

at 6°C:

a/v*CH„ H - Cl * ^ ch2 0 H q

h'  ~~ o S f f l j s  ^  '“ I

C=c' + < o V C Q 0H  ,d-CN + - t  R
7 ^  » 1% polymer ^

To check Stellman's6® *^  and Wichacheewa's^ finding that the reaction 

was completed in 4 to 5 days, the epoxidation o f crystals from one 

p articu lar preparation, UH45, in the presence o f an excess o f MCfPBA 

was carried out to various times. The % epoxidation obtained was 

constant over the reaction time of 5 to 14 days. Therefore, the 

reaction fo r a l l  crystals were stopped a fte r  5 to 10 days and the 

polymer recovered fo r determination o f the extent o f epoxidation.
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In th is recovery the epoxidized samples were washed with enough 

fresh toluene a t 6°C to take out the excess peracid present, as de­

tected by iodometric determination.

A fter freeze drying, this epoxldized sample was dissolved in 

deuterated chloroform, CDCl^, and subjected to *H nmr using a JEOLCO 

JNM MH 100. A typical nmr scan fo r the p a r t ia lly  epoxidized TPBD 

in CDC13 is  shown in Fig. 6. Chemical s h ifts , as found from the 

literature,®®*®9,90 are given in Table 4. The % double bonds ava il­

able fo r the reaction was calculated by d irec t measurement from the 

nmr scan:

  area o f the epoxidized -CH- s h if t  ..
*  epoxidation -  area „ f  'the non-epoxlJIzed - t it -  s h if t  x 100

+ area of the epoxidized -CH-shift

or

*  epoxidation » area o f the epoxldized -C H -s h if t

area o f the non-epoxidized -CH,,- s h ift  

+ area o f the epoxidized -CH^- s h ift

Using UH45, prepared the same as one of the samples studied
74previously by Wichacheewa, two sets o f experiments were carried

out: (a) Epoxidation o f crystals kept in suspension u n til reaction

was completed, (b) Expoxidation of crystals obtained as dry mats and

then resuspended in toluene. In method (a) a known weight o f crystals

grown from heptane was washed and suspended in toluene a t 6°C. In

method (b) a dry mat with a thickness around 30 to 100u was swelled

in toluene a t 6°C. Enough MC£PBA was added to react with 35-40# of
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TABLE 4. CHEMICAL SHIFTS OF POLYBUTADIENE AND EPOXYPOLYBUTADIENE

Type Proton Chemlcal S h ifts , ppm 

6

Solvent Used

trans-HC=CH- 5.3 c c i.

trans-CHgCH^- 2.0 c c i4

trans-HC-CH-
Y

2.65 CDC13

trans-CH«C-CCH0-
1 V  6

1.57 CDC13

cis -HC-CH-
V

2.92 CDC13

c1s _CH2 ^ CH2“ 1.56 CDC13

h2c=ch- 5.52 CCI. 4

- hc=ch2- 4.81 CCI.4

h2c=ch- ch 5.35 CS2

- ch2- 1.28 CS2

In reference 86,89,90
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the double bonds present in  each sample. The results of this

experiment are given in Table 5.

In Table 5 i t  is found that the % epoxidation fo r wet crystals

are comparable with the previous work where an IR method of detec- 
74tion was used. The difference in % epoxidation fo r crystals kept

in suspension vs. those from a resuspended dry mat are within ±2%.

Since th is  difference is re la tiv e ly  small, epoxidation o f d ilu te

solution prepared crystals were carried out using resuspended dry

mats. Epoxidation o f concentrated solution grown crystals was carried

out using crystals kept wet u n til reaction was completed.

A d if f ic u lty  in the epoxidation reaction is that the epoxidized

samples can very easily  Increase in molecular weight probably due to

crosslinking during the drying process. Freeze a ir  drying in the

cold room was carried out as a precaution against crosslinking.
13C nmr Measurements

A method fo r obtaining the number o f monomer units in a chain 
13fold is by using the C nmr spectrum fo r the epoxidized crystals 

dissolved in a suitable solvent. The epoxldized sample is a block 

copolymer o f chain units 0 and D, . .D(D)mD0(0)n0 . . . , where the 

butadiene blocks, Dm+2, correspond to the crys ta llin e  chain traverses 

and the epoxybutadiene blocks, 0n+2» correspond to the chain folds 

in the crysta ls . I t  is not expected that any ...D O D ... sequence w ill 

be present in the sample. I f  the spectra resolution is good enough, 

the carbon atoms in the epoxidized units outside the epoxy sequence 

should have a d iffe re n t position than those inside the epoxy sequence 

and from the re la tiv e  in tensities  o f these, the number of monomer units

35



f

TABLE 5. EPOXIDATION DATA FOR WET AND DRY SINGLE CRYSTALS 

UH45. (Reaction medium: 1% Polymer in Toluene a t 6°C)

Sample Double Bonds

x 103 

Moles

MC£PBA

x 103 

Moles

Mole % 

MGePBA/D.B
% D.B. Reacted 

Calc. From

=ch- / - ch2-

Average

19.389 6.743 35 22.5/21.5

0.797 0.282 35 27.5/27.2

UH45 in 1.227 0.448 36 27.1/23.0
Suspension

3.259 1.144 35 23.5/23.0 24±2

2.058 0.728 35 20.3/22.5

1.014 0.357 35 27.3/26.3

0.711 0.259 36 27.1/23.0

0.779 0.274 35 25.7/22.9
UH45
Dry Mats 1.008 0.354 35 21.1 /21 .2 22.5±2

1.811 0.649 36 19.1/20.1

1.224 0.435 36
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in the epoxy sequence can be calculated.
13Two samples were used in the C nmr experiments, UH45 and 

F1H55. Peak assignments were made from spectra fo r the two 

epoxidized crystal samples and the following four other samples:

(a) 35% solution epoxidized TPBO,

(b) 75% solution epoxidized TPBD,

(c) 50% epoxidized 3,7-decadiene and

(d) 100% epoxidized 3,7-decadiene.

In the preparation o f solution epoxidized TPBD samples around 

0.6 gram of polymer was dissolved in 100 ml chloroform, CHCl^.

Enough MCEPBA to react with the prescribed amount o f double bonds 

was predissolved in 20 ml o f CHCl3 and then th is  solution was added 

to the orig inal polymer solution. The reaction was allowed to 

proceed a t room temperature in the dark fo r over 24 hours. A fter 

the reaction the random epoxidized samples were recovered from ethanol. 

The samples were f ilte re d  and washed several times with methanol/ether 

to wash out the MCEBA residue. A fter freeze drying the samples were re­

dissolved in 17% CDC13 fo r spectral analysis.

The procedures fo r the epoxidation o f 3,7-decadiene was modified
84from the procedures fo r the epoxidation fo squalene and cyclo-

gc
hexene. Around 3 ml o f 3,7-decadiene was diluted with CHCl  ̂ in a 

100 ml round bottom flask . Enough MCEPBA to react with 50%/or 100% 

o f the double bonds of the sample was dissolved in 50 ml o f CHCl^- 

Using a dropping funnel the predissolved MCEPBA solution was added 

dropwise within 20 minutes to the 3,7-decadiene solution. The reac­

tion flask was s tirred  a t room temperature overnight. A fter reaction
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the solution was extracted with 50 ml o f 5% NaOH solution several

times u n til the solution became basic. About 4 to 5 grams of

anhydrous sodium sulfate was added to the flask and the solution was

swirled occasionally u n til dry and clear. The CHCl  ̂ solvent was

removed using vacuum d is t i l la t io n  a t room temperature. This epoxidized
13sample was then diluted with CDC13 and subjected to C nmr analysis

13using a Varian XL-200. The C nmr spectra and the detailed spectrum 

analysis and peak assignment was carried out by F. C. Schilling and 

F. A. Bovey a t Bell Telephone Laboratories.
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RESULTS

Eight d ilu te  solution preparations (0.0156 and 0 .0256) and ten 

concentrated solution preparations (1%, 5% and 102) of crystals were 

studied. The crystal preparation conditions are given in Table 6.

The sample designation used indicates the parent polymer, W, V, U or 

fractions , F I, F2, F3, Fib, F2b, F3b; the solvent, H (heptane),

T (toluene); and the c rys ta lliza tio n  temperature, T . Holding the 

degree o f undercooling, T^-Tc , constant, generally necessitates the 

use of a c rys ta lliza tio n  temperature which decreases with e ither de­

creasing Rn or decreasing concentration. The minimum dissolution 

temperature, T j, increases with both molecular weight and concentration. 

Gel Permeation Chromatography

The molecular weight d istribu tion  curves from GPC fo r a l l  samples

used are given in Fig. 7 and Fig. 8. Fractions F I, F2 and F3 obtained

from the U-polymer, are precursors fo r four d ilu te  solution crystal

preparations -  F1T15, F1H29, F2H36 and F3H29. When the F1H55 crystals

are obtained from FI further fractionation takes place as suggested by

the smaller R /R value found from curve number 5 as compared to number 
w  n

1 o f Figure 7. Although the percentage recovery as given in Table 6, 

shows that appreciable amounts of material were washed out, there is no 

further fractionation taking place in the crystal preparation of 5% 

FlbH60, 556 FlbH55 and 156 FlbH55. I t  can be seen that the sample with 

the highest molecular weight, WH62, has the broadest d is trib u tio n . 

Comparison of the d istribution  curves fo r F I, F2, and F3 given in 

Fig. 7 with those fo r Fib, F2b, and F3b as shown in Fig. 8, indicates 

that the la t te r  give the higher number average molecular weights and
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TABLE 6. PREPARATION OF TPBD CRYSTALS

Sampl e 

Design.
"n Mw/Mn w n Cone.

(w/v)
Td Tc %

Recovd,

WH62 12 x 104 2.7 0.01 74 62 60±5
VH53 6.9 x 104 1.4 0.01 65 53 10±5

F1H55 4.4 x 104 1.5 0.01 67 53 35
F1H29 2.7 x I * 4 1.6 0.01 67 29 (100)

F1T15 2.7 x 104 1.6 0.02 27 15 (100)
UH45 1.7 x 104 1.7 0.01 55 45 45±5

F2H26 1.2 x 104 1.4 0.01 48 36 (100)
F3H29 0.47 x 104 1.3 0.01 41 29 (100)

FlbH55 2.8 x 104 1.9 1 70 55 61
FlbH60 2.8 x 104 1.9 5 72 60 70±10
FIbH55 2.8 x 104 1.9 5 72 55 88
FlbH29 2.8 x 104 1.9 5 72 29 (100)
F2bH42 1.7 x 104 1.8 5 54 42 (100)

FlbH36 1.7 x 104 1.8 5 54 36 (100)
F3bH40 0.59 x 104 1.6 5 52 40 (100)

F3bH29 0.59 x 104 1.6 5 52 29 (100)

F3bH42 0.59 x 104 1.6 10 54 42 (100)
F3bH29 0.59 x 104 1.6 10 54 29 (100)
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Fig. 7. Gel Permeation Chromatograms for.TPBD. Fractions: (1 ) F I;

(2) F2; (3) F3; (4) UH45; (5) F1H55; (6) VH53; (7 ) WH62.
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Fig. 8. Gel Permeation Chromatograms for TPBD Fractions: (1) Fib; 

(2) F2b; (3) F3b.
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larger Mw/Mn values. A comparison of the number average molecular

weight and R /f l  values of the crystal preparations UH45, VH53 and w n
WH62 given 1n Table 6 with prepurified non-fractionated U, V and W 

polymers as given in Table 3 indicates that fractionation is  taking 

place during the c rys ta lliza tio n  process o f d ilu te  solution grown 

crystals a t re la tiv e ly  high temperatures.

Photomicroscope and Electron Microscope Observation

Fig. 9 through Fig. .16 are representative transmission electron 

micrographs fo r each fraction o f TPBD crystals grown from d ilu te  

solution by self-seeding using the minimum dissolution temperature 

technique. As can be seen, th is  growth technique produces a lam ellar 

habit with some screw dislocation overgrowths. The crystal shape 

changes from elongated hexagonal to rounded hexagonal as the crysta l­

liza tio n  temperature changes from 29°C to 62°C in heptane solvent.

As mentioned before, the c rys ta lliza tio n  temperature and the molecular 

weight are in terre lated  when T j-T  » the degree o f undercooling, is 

fixed . The crystal dimensions vary by 1 to 5p. An exception is  WH62 

where the crystal dimension is in the range of 30 to 40p, around 100 

times larger in size than the other crystals .

The lam ellar thickness, L in nm, determined from the distance of 

the crystal shadow in the electron micrograph, and from small angle 

X-ray scattering , are given in the next to la s t column of Table 7.

Fig. 17, showing a group of lam ellae, is an optical micrograph of 

555 FlbH60. Optical microscope investigation o f Fib crystals grown at 

55°C and 60°C a t high concentration was found to contain single lamellas 

with and without screw dislocation overgrowth, as well as

43



Fig. 9. Electron Micrograph o f TPBD Crystals, F3H29.

(Mag. 1.8 x 1.4 x 6000)
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F ig . 10. E lectron Micrograph o f TPBD C rys ta ls , F2H36

(Mag. 1 .8  x 1.4 x 18000)
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Fig . 11. Electron Micrograph o f  TPBD C ry s ta ls , F1H55

(Mag. 1 .8 x 1.14 x 22000)
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i LA
Fig. 12. Electron Micrograph o f TPBD Crystals, VH53.

(Mag. 1.8 x 1.14 x 18000)
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F ig . 13. E lectron Micrograph o f TPBD C rys ta ls , WH62

(Mag. 1 .8  x 1.14 x 2800)
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Fig . 14. E lectron Micrograph o f TPBD C ry s ta ls , F1H29.

(Mag. 1.8 x 1.14 x 14000)
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Fig. 15. Electron Micrograph o f TPBD Crystals, F1T15. 

(Mag. 1.8 x 1.14 x 11000)
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Fig. 16. Electron Micrograph o f TPBD Crystals, UH45. 

(Mag. 1.8 x 1.14 x 14000) •
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TABLE 7. CALORIMETRIC, DENSITY EPOXIDATION AND LAMELLAR THICKNESS 

RESULTS FOR DILUTE SOLUTION-GROWN TPBD CRYSTALS

Sample Rn x 10~4 R, /Bw/ n Tt r
C

AHt r
cal/m ol.

Tm AHmm
cal/mol

P
g/cm3

Fs L
nm

Lc
nm

WH62 12 2.7 74 30.1 142 19.9 0.998 .20 .14 27 23

VH53 6.9 1.4 72 23.9 129 14.2 0.996 .2 1 .19 1 1 .8 9.2

F1H55 4.4 1.5 72 26.1 133 15.1 1.005 .16 .15 24 19.5

F1H29 2.7 1 .6 54 18.6 136 15.9 0.986 .27 .24 8.3 6 .0

F1T15 ' 2.7 1 .6 54 19.1 135 15.9 0.988 .26 .22 9.0 6 .8

UH45 1.7 1.7 60 19.5 132 14.6 0.987 ■ .26 .24 11.0 8 .0

F2H36 1 .2 1.4 56 18.6 - 13.7 0.984 .28 .26 10.3 7.3

• (25 .8 )

F3H29 0.47 1.3 54 17.7 - 1 1 .1 0.984 .28 .27 9.1 6.3

t
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Fig. 17. Photomicrograph o f TPBD C rystal, 5% FlbH60.

(Mig. 6.3 x 40 x 2 x 3 .2)
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multi lam ellar objects. Since the m ultilam ellar objects fo r these pre­

parations vary considerably in thickness, i t  is  possible to obtain 

electron micrographs o f some o f the thinner ones. Fig. 18 is a picture 

of the thinner part o f the m ultilam ellar objects fo r 5% FlbH60 

observed by electron microscopy. For the other preparations, F2b and 

F3b, the crystal dimensions are too small to allow observation with 

the optical microscope. Under the electron microscope thick m ulti- 

lam ellar objects were observed for these prepartions.

D iffe re n tia l Scanning Calorimetry

DSC results fo r three o f the eight TPBD crystal samples prepared 

from d ilu te  solution are given in Fig. 5. All eight samples show only 

one endotherm in the crysta l-crysta l trans ition  region and the 

trans ition  temperature varies from 54°C to 74°C. I t  was found that 

the presence of small amounts o f water in the DSC pan along with a TPBD 

sample would cause the appearance of a second smaller endotherm on the 

low temperature side o f the tran s itio n . The melting endotherm, as can 

be seen in Fig. 5, broadens and displays more than one component as the 

molecular weight is decreased. The results o f the calorim etric meas­

urement fo r d ilu te  solution grown crystals are given in Table 7 in

terms o f T. , T and AH . Melting temperature are not listed  fort r  t r  m m
F2H36 and F3H29 due to the presence of broadened m ultiple endotherms. 

The values given in Table 7 are averages of three to six determinations

for T* and T ; a variation o f ±2 cal./gm . fo r aH. and aH was found.t r  m t r  m
The Tt r  and AHt r  values show a more regular relationship to Tc 

than to molecular weight. The enthalpy of tran s itio n , AHt r , is found 

to be proportional to the specific  volume, as shown in Fig. 19, with
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Fig . 18. E lectron Micrograph o f TPJ3D C rys ta ls , 5% FlbH60.

{Mig. 1 .8  x 1.14 x 3300)
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Fig. 19. Enthalpy o f C rysta l-C rysta l T ransition  vs. Specific  Volume

fo r  D ilu te  Solution-Grown TPBD C rystals .
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only one sample (WH62) having a substantial deviation. Extrapolation 

of the stra ight lin e  in Fig. 19 to a v value corresponding to 100%
go

c ry s ta ll in ity  yields a AHt r  of 36.2 cal./gm . A lite ra tu re  value fo r  

this quantity is 34.6 cal./gm.

DSC scans fo r concentrated solution grown crystals are given in 

Fig. 20. In the crysta l-crysta l trans ition  region (54°C-74°C) the pre­

parations from F2b and F3b show one endotherm at the temperature position 

sim ilar to the preparation of d ilu te  solution grown crystals. For Fib, 

on the other hand, an additional one or two endotherms are apparent.

For Fib c rys ta llized  a t 60°C, 5% FlbH60, the small low temperature 

endotherm is only about 2% o f the to ta l. For Fib crysta llized  at 55°C,

5% FlbH55 and 1% FlbH55, the additional endotherm varies in size re la ­

tiv e  to the principal one. In two repeated preparations o f 5% FlbH55 

the endotherm peak height ra tio  were 1:2 .4  fo r one preparation and 

1:6.4 fo r the other. In the case o f Fib c rys ta llized  a t 29°C, 5%

FlbH29, the secondary endotherm is a t a higher temperature than the 

primary one. And again, the re la tiv e  size of th is  additional endotherm 

to the principal one is not reproducible; the peak height ra tio  being 

1:4.7 and 1:2.3 fo r two repeated preparations.

For DSC time base scans the enthalpy o f crysta l-crysta l tran s ition , 

A H ^  taking a ll  pertinent endotherms into account were obtained as 

given in Table 8 . For duplicate preparations, AHtri showed a maximum 

average deviation o f ±2 cal/gm and the T^r was reproduced, the same 

reproducib ility  as gotten from the d ilu te  solution grown crystals. 

Comparison of the AHt r  data fo r concentrated solution grown crystals 

with that obtained for d ilu te  solution grown crystals under sim ilar 

conditions, i t  shows a decrease in AHt r  with an increase



T E M P E R A T U R E  “ °C

40 6020

Fig. 20 DSC Scans fo r TPBD Crystals Grown from Concentrated Solution:

(a) 5% FlbHBOj (b) 5% FlbH55; (c) 1% FlbH55; (d) 5% FlbH29; 

(e) 5% F2bH36; ( f )  5% F2bH42; (g) 5% F3bH29; (h) 5% F3bH40;

( i )  10% F3bH29
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TABLE 8 . THE TRANSITION TEMPERATURE HEAT OF TRANSITION AND 

THE NON-CRYSTALLINE FRACTION FOR TPBD GROWN FROM 

SOLUTION AT VARIOUS CONCENTRATION

Sample flnx l0“4 Cone.

%{w/v)
Tt r * Ht r

(cal/gm)

l-wc Fs

F1H55 4.4 0.01 72 26.1 1.005 .16 .15
★

.12

FlbH55 2 .8 1
* *

74/60 23.0 0.995 .22 .21

5 74/60** 24.0 0.994 .22 .19

FlbH60 2 .8 5 74/60** 25.7 0.995 .22 .24

F1H29 2.7 0 .01 54 18.6 0.986 .27 .24

FlbH29 2 .8 5 56/72** 16.8 0.984 .28 .26

F2H36 1.2 0 .01 56 18.6 0.984 .28 .26

F3bH36 1.7 5 57 15.9 0.985 .27 .29

F2bH42 1.7 5 58 15.9 0.986 .27 .29

F3H29 0.47 0.01 54 17.7 0.984 .28 .27

F3bH29 0.59 5 54 16.4 0.980 .30 .29

F3bH40 0.59 5 55 15.5 0.982 .29 .30

F3bH29 0.59 10 54 15.9 0.983 .29 .29

F3bH42 0.59 10 58 16.4 0.984 .28 .26

*Data from 13C NMR.

* *  Secondary Endotherm From DSC
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in  concentration.

Density Measurement

The density, p , o f each sample is  given in the eighth column 

in Table 7 and f i f t h  column in Table 8 . From the measured density, 

p, assuming a two phase system the weight fraction c rys ta l1 in ity ,  

w£, fo r each crystal was calculated:

where v = volume fraction  c ry s ta ll in ity ;U
p = density fo r 100% amorphous TPBD®0’9*d

3
= 0.874 gm/cm and 

Pc *  density fo r  100% c ry s ta ll in ity  TPBD̂ ®*80 

= 1.03 gm/cc a t 25°C 

The value o f l-wc o f each sample as obtained from density are also 

given in Table 7 and 8 . The quantity 1-w is the to ta l noncrystalline 

portion o f each sample. This value w ill be used to compare with Fg, 

the noncrystalline portion in each sample available by an epoxidation 

reaction. The precision o f the 1-w values is  ±0.01.

Epoxidation Reaction

The fraction  o f monomer units a t the crystal surfaces, Fs» as 

determined by epoxidation o f crystals with HC£PBA in toluene suspen­

sion a t  6°C are given in the th ird  from the la s t and the la s t column 

o f Table 7 and 8 , respectively. These values are obtained from 

averages o f areas under -CH- and -C itj- *H nmr peaks. Other than UH45, 

the results given are fo r  duplicate preparations with a maximwi
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average deviation o f ±0.03.

Comparison o f each Fg value with the corresponding value of l-wc

from density shows the la t te r  to be consistently larger. However,

the difference between l-w„ and F is only 2 to 4% which is  withinc s
the experimental precision, except fo r the sample with the highest mole­

cular weight, WH62. For th is  sample, use o f a higher epoxidation 

temperature, 12°C led to no s ig n ifican t change in the double bonds 

epoxidized.

Low Angle X-Ray Scattering

As mentioned before, experimental values fo r the lam ellar 

thickness, L, gotten from LAXS and electron microscopy fo r d ilu te  

solution grown crystals are given in the next to las t column of 

Table 7. Values of L fo r F2H36, UH45, VH53, F1H55 and WH62 were 

obtained from LAXS. Two L values are lis te d  fo r F2H36, the larger 

one having a much lower X-ray in ten s ity . This sample showed two 

order o f re flectio n  fo r the more prominent lin e . The LAXS pattern 

fo r UH45, VH53, F1H55 and WH62 exhibited one, one, two and four 

order of re fle c tio n , respectively. The lam ellar thickness of F1H29, 

F1T15 and F3H29 were measured from electron microscopy using the 

LAXS spacing fo r F2H36 to correct fo r sample shrinkage or inaccu­

racies in the shadowing procedure.

In order to calculate the average number o f monomer units per 

chain fo ld , the values fo r the crys ta llin e  thickness, L , are 

necessary. The crys ta llin e  thickness along the chain d irection , Lc , 

was calculated from L assuming that the c rys ta llin e  part o f the 

lamella is  sandwiched between two noncrystalline portions with total
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thickness L-Lc as shown in Fig. 21. Therefore, Lc is d ire c tly  

proportional to the fraction o f c rys ta llin e  material present 

(F = 1 -  F ) and inversely proportional to p :
C j  c

A (s u rfa c e  a rea }

(L-Lc)/2 (amorphous region)

-Lc ( c r y s ta l l in e  re g io n )

J(L-Lc)/2 (amorphous region)

Fig, 21 Schematic Representation of C rystalline and Associated 

Noncrystalline Region.

And L-L is d ire c tly  proportional to F and inversely proportionalL 9



where L 3 the lam ellar thickness’;

L = the c rys ta llin e  thickness;

F = the fraction  of c rys ta llin e  m ateria l,c

F 3 the fraction  of noncrystalline m aterial,

= the % epoxidation; 

pc = c rys ta llin e  density;

P = amorphous density;
a

A = the surface area o f one crystal and 

m = the to ta l mass of one crys ta l.

Combination o f equation (2) and equation (3) with elim ination of A 

and m y ie ld :

(1 -  F jo .L

Lc = PaU  -  % ) + Pc% l4 )

The values o f L given in Table 7 and Table 8 were calculated from c
the above equation 
13C nmr Measurement

1 O
The C nmr spectra fo r TPBD crystals epoxidized in suspension, 

fo r TPBD epoxidized in solution and fo r the epoxidized model com­

pound, 3,7-decadiene as obtained by F. A. Bovey and F. C. Schilling  

are given in Appendix I .  Detailed peak assignments fo r the four 

model samples and the two crystal epoxidized samples are also given 

in Appendix I .  I t  was found that the resolution fo r the solution

epoxidized TPBD was much higher than that previously reported for
86

p a rt ia lly  epoxidized TPBD in solution by Golub et a l .  and Hayashi,
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8 7Takahashl, Kurlhara and Ueno; d if f ic u lt ie s  of the peak assignment 

were solved by analyzing the epoxidized small molecule, 3,7-decadiene.
lO

C nmr showed that rather than 100% pure trans.trans,3,7-decadiene, 

the small molecule sample contains small amount of c is ,tra n s ,3 ,7 -  

decadiene. I t  was found that due to the presence of the d,£isomers
A

of the asymetric group, -HC-CH-, a further s p littin g  1n several 

regions o f the spectrum was obtained.
13The F values obtained from the C nmr measurements on UH4-5 and s

F1H55 are compared in Table 9 with *H nmr obtained at both 100 and

200 MHz in the f i r s t  case and 100 MHz fo r the second. The F$ values
13 1from C nmr a t least in one case are lower than the H nmr resu lt.

The values given fo r Fg in Table 7 and 8 may be somewhat high,

although the general trends are believed to be cbrrect.
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TABLE 9. NMR Measurement fo r Epoxidized 

TPBD Crystals

Sampl e % Epoxidation

Epoxidized 16.2

UH45 19*

22* *

Epoxidized 12

F1H55 15**

*% epoxidation obtained from *H nmr VXL-200. 

**% epoxidation obtained from *H nmr JE0L-100.
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DISCUSSION 

Temperature Gradient Fractionation

I t  was found in th is  investigation that the temperature gradient
■a c

fractionation method fo r TPBD in the 5 x 10 to 10 molecular weight

range is a temperature, concentration and molecular weight dependent

technique. I t  was found to be less e ffec tive  fo r high molecular

weight fractions. Presumably fo r extremely high molecular weight

polymer, most o f the material w ill p recip itate  out and very l i t t l e

fractionation w ill take place. I t  was also shown that the more

concentrated the solution the less e ffec tive  the fractionation .

However, fo r extremely d ilu te  solutions, the R../M„ reached a lim it -w n
ing value. A principal lim ita tio n  of this method is the time 

necessary to carry i t  out on a practical scale. In order to obtain 

around 10 grams of each fraction  fo r carrying out th is research, i t  

is  necessary to fractionate around 250 grams of the orig inal polymer. 

Thus, using a 6 l i t e r  flask and 6 grams o f orig inal polymer (starting  

with 0 . 1% solution) each time, the separation process must be 

repeated approximately 40 times.

I t  was also found that the preparation o f crystals from 0.01% 

heptane solution leads to considerable narrowing of the molecular 

weight d is tr ib u tio n , depending on the degree o f undercooling used.

In fa c t, fractionation was found to occur in d ilu te  solution for

samples UH45, VH53, F1H55 and WH62. In the case o f F1H55, crysta l-
_ 4 4

liz a tlo n  a t 0.01% led to a change of Rn from 2.7 x 10 to 4.4 x 10

and of Mw/Mn from 1.6 to 1.5. Therefore, unless the degree o f under­

cooling and molecular weight are large, in the preparation o f d ilu te
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solution grown crystals of TPBD, a considerable fraction  o f the 

lower molecular weight components remains 1n the solution portion.

In d ilu te  solution grown TPBD crystals the to ta l noncrystalline 

fraction as calculated from density measurement, 1-w , is larger
w

than the fraction  available fo r epoxidation a t the crystal surfaces,

Fs> Sim ilar results were also observed fo r concentrated solution

grown TPBD crysta ls . Considering the differences to be precise,

one possible explanation fo r the results are that some of the double

bonds present in the amorphous region are not reached by the peracid

penetrants. This unreactive amorphous component could possibly be

due to hidden folds or other in te r io r  crystal defects as suggested

by K e lle r / 4 Wunderlich100 and Wichacfteewa and Woodward/ 4 Keller

suggested a model o f crystal lamella based on an adjacent reentry

fold which includes hidden fo lds, as illu s tra te d  in Fig. 22a.

Other possible crystal defects suggested as shown in Fig. 22b, c,d;

1t  is not expected that any of these crystal imperfections could

be detected by a chemical reagent.

C rys ta l!in ity  and Crystal Defects
88Hoffman and Davis proposed a model o f adjacent reentry folding  

with an amorphous phase that consists of polymer molecules that are 

physically adsorbed on the fold surface as shown in Fig. 23. I t  is 

conceivable that the amorphous layer on the fold surface could be 

further c rys ta llized  under appropriate conditions, could be removed 

by long extraction in a proper solvent or could be subjected to 

chemical attack such as by an epoxidation reaction.

Another possible reason for a difference in 1-w and F is that
V V
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(a) (b)

( / /  C*J/

(c ) ( d )

Fig. 22, D ifferent Kinds of Defects in the Crystalline Region, 

(a) fold buried deep inside the crys ta l, (b) chain ends 

inside the c rys ta l, (c) kink chain defect, (d) mosaic 

block
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physically adsorbed macromolecules

Fig. 23 Proposed model o f adjacent reentry fo ld  with an amorphous

phase that consists o f polymer molecules that are physically 

adsorbed on the fo ld  surface. (Taken from reference 88) .

observed from the polymer m elt. In order to give a smaller value 

of 1-w , pa would have to be smaller than that used. I f  the
C a

c ry s ta ll in ity , w . is given by 1-F . Pa values fo r d ilu te  solution
C S a

grown crystals are calculated as follows:

Sample WH62 VH53 F1H55 F1H29 FIT15 UH45 F2H36 F3H29

(0 .85) (0 .81)

Pa g/cc3 0.84 0.87 0.88 0.87 0.86 0.86 0.87 0.88
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where the two numbers in the brackets fo r F1H55 and UH45 are ca lcu lat-
13 13ed using the F values obtained from C nmr measurement. Since C s

nmr has better resolution than nmr, the P. values calculated froma
nmr results fo r F1H55 and UH45 are believed to be more accurate 

than those calculated from 1H nmr resu lts . In general, the p, values
a

given above are smaller than the density extrapolated from that fo r
3

the polymer m elt, 0.874 g/cc ; the lowest P value is calculated to
a

3
be 0.81 g/cc . A value o f pa lower than that extrapolated from the

a

melt is in agreement with the calculation o f the density fo r thefold
fir

region in polyethylene as given by Harrison and Ouska. Assuming a

tig h t adjacent reentry fo ld , the calculations made on space-filling

models indicated that the density a t the polyethylene fold surface

is on the order o f 0.75 g/cc as compared to an extrapolated melt
3density of 0.86 g/cc . However, the difference between 1-w and Fc s

given in Table 7 and 8 can be as small as 1 to 3% which is  within  

the experimental precision. Three fractions , F1T15, WH62 and UH45 

( 13C nmr) show an absolute deviation o f 4% or larger (around 15 to 

30% on a re la tiv e  scale).

Sample F1T15 is the only preparation o f crystals grown from 

toluene solvent. Assuming that the p , used is  correct, the re la tiv e -
a

ly  large deviation between 1-w and F confirms the e a r lie r  suggestion 

that c rys ta llin e  defects ex ist in crystals grown from a better solvent.

In a study of the dynamic behavior o f TPBD crystal mats Tatsumi^  

postulated that crystals from a "good" solvent, such as benzene, should 

have looser folds than crystals from a "poor" solvent, such as n-heptane-. 

A "good" solvent was defined as one in which the particu lar polymer
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dissolves at a re la tiv e ly  low temperature. An estimate o f the 

number o f monomer units in a chain fold in TPBD crystals grown from 

various solvents, heptane, toluene and benzene was reported by 

Stellman.®^*6® From results of epoxidation and low angle X-ray 

d iffra c tio n , i t  was concluded that crystals grown from the better 

solvent had a higher % epoxidation and larger number o f monomer 

units per chain fo ld . In a k inetic  study o f crystal epoxidation 

Wichacheewa^ reported an increase of % epoxidation with temperature

in the range of 6 -  21°C fo r TPBD toluene grown crystals. This tern-
*

perature dependence of % epoxidation was not found for heptane-grown 

crystals . I t  was concluded that fo r toluene grown crysta ls , a t lower 

temperature some of the double bond in amorphous parts o f the lamellar 

are completely excluded from reaction with epoxidizing reagent. The 

postulated models of regular folds and irregu lar folds (combination 

of loose folds and tig h t folds) fo r crystals grown from heptane and 

toluene, as given by Wichacheewa^* as shown in Fig. 24.

Sample WH62 shows a s ign ifican t positive deviation from the

s tra ig h t-lin e  p lot of the enthalpy of transition  vs. specific volume

given in Fig. 19. The extensive data fo r the change of the heat of
42 52-54fusion of polyethylene as a function o f specific volume 

leads to the conclusion that the heat o f fusion 1s not proportional 

to % c ry s ta ll in ity . Using the heat of fusion, d if f ic u lt ie s  in 

finding the % c ry s ta llin ity  arise when (1) the crystal perfection, 

as roughly indicated by the c ry s ta llin ity  or specific volume and 

the effects o f surface are varied separately; (2) the separation 

of the heat capacity o f the sample from the heat of fusion -  the
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O a  o /> PTGD-K
H e p ta n e

G ro w n

C r y s t a l s

P T B D - K

To lu e n e

Grown

C r y s t a l s

Fig. 24. Models o f the fold region for TPBD crystals grown from 

two d iffe re n t preparations, (a) heptane grown crystals  

(b) toluene grown crystals (taken from reference 101).
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baseline problem and (3) the amorphous portion of the sample is 

strained which usually happens in melt-grown crystals where the 

stress r e l ie f  in the amorphous polymer may cause an exothermic 

contribution.

The WH62 fraction  has the highest molecular weight and the high­

est molecular weight d is trib u tio n . These crystals gave the highest 

transition  temperature from the DSC scan. They also had the largest 

la te ra l dimensions, being approximately 100 times larger than crystals  

from the other preparations, the largest crystal thickness and few 

screw dislocation growths. I t  is  expected that the DSC measurement 

o f the enthalpy o f trans ition  w ill take the crystal perfection as 

well as crystal size into account. Apparently, fo r th is  preparation 

crystal perfection is the dominating factor and results in the higher 

value of AHt r  from the DSC measurement. Besides, the larger 

dimensions fo r the crystals from WH62 could lead to the absorption 

of polymer molecules a t the crystal surfaces. The large deviation 

of % c ry s ta llin ity  as measured from the density method and by the 

chemical assay (epoxidation) method could be possible i f  desorption 

o f the absorbed layer happened during epoxidation in toluene.

M ultiple Endotherms in the Crystal-Crystal Transition Region

For the d ilu te  solution-grown crystals single crysta l-crysta l

transition  endotherms were observed. The crysta l-crysta l transition

position shifted to lower temperature with decreasing c rys ta lliza tio n

temperature, T . For crystals grown from concentrated solution

using fractions with R 's of 1.7 x 10  ̂ and 5900, one transitionn
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endotherm was observed a t about the same temperature position as fo r  

crystals from d ilu te  solutions a t the same T . However, multiple
v

peaks in the crysta l-crysta l trans ition  region were observed for a 

fraction with Rn = 2 .8  x 10 c rysta llized  a t high concentration.

The major endotherm was found in the same temperature region as fo r 

lamellas grown from d ilu te  solution a t a s im ilar temperature. There­

fore , the crystal-crysta l transition  endotherm behavior fo r TPBD 

crysta llized  from solution 1s dependent on molecular weight and 

polymer concentration as well as on c rys ta lliza tio n  temperature.

M ultiple endotherms in the trans ition  region werqalso reported
Qi op QO

by Marchetti and Martuscelli * and recently by Finter and Wegner

in th e ir  studies of d ilu te  solution grown TPBD crystals. Using the
81self-seeding technique, Marchetti and Martuscelli varied the 

c rys ta lliza tio n  temperature, T , (from 16°C -  64°C in 0.1% heptane) 

and observed a large and increasing lam ellar thickness from SAXS
O

(from 200 to 480A) with an Increase in c rys ta lliza tio n  temperature.

Bromination o f these crystals showed that as the thickness of the

single crystals was increased, a larger number o f repeat units be- 
81come accessible. However, regardless o f the c rys ta lliza tio n  

temperature d ifference, DSC thermograms showed two endothermic peaks

in the crystal-crystal tran s ition  region. Using wide-angle X-ray
82d iffrac tio n  measurement Marchetti and Martuscelli attributed the 

two so lid -so lid  transitions to the presence of "crysta lline  blocks" 

in the single crystals with the crystallographic structure of form I 

but with d iffe re n t thermodynamic s ta b il i ty .

In contrast to the large long spacing observed by Marchetti and
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8 3M artuscelli, F inter and Wegner observed the lam ellar thickness in 

the two regimes of c rys ta lliza tio n  behavior depending on the degree

of undercooling (namely, aT >27°C and aT <27°C). The lam ellar th ick-
0 0 o

ness fo r regime I  varied from 83A to 102A and fo r regime I I  from 204A
O

to 293A. In both regimes a decrease o f the long spacing with increasing

AT, the degree o f undercooling, was observed. There was, however, a

sudden jump of lam ellar thickness between regimes I and I I .  Crystals

obtained in regime I I  showed a p a rticu la rly  simple DSC behavior, and

crystals obtained in regime I showed two endotherms 1n the phase
83transition  region. Finter and Wegner believed that the two peaks 

in the crysta l-crysta l tran s ition  region are not due to the presence 

of d iffe re n t modifications but due to the precip itation of crystals 

of d iffe re n t c ry s ta llite  thickness fo r the following three reasons:

(1) All samples showed the same wide-angle X-ray d iffrac tio n  

pattern a t room temperature independent o f the growth 

history.

(2) DSC scans of two mixed samples of crystals from regime I I  

with d iffe ren t lam ellar thickness also showed two crysta l- 

crystal transition  peaks.

(3) The re la tiv e  enthalpies of the two transition peaks depend 

on the polymer concentration in the c rys ta lliza tio n  process.

The larger portion o f the higher temperature endotherm was found in 

the more concentrated solution (0.05% vs. 0.01% in heptane solu tion). 

The th ird  reason implies that the larger lam ellar thickness is 

produced by nonisothermal crystal growth in the c rys ta lliza tio n  

process.
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A comparison o f the lamellar* thicknesses observed by Marchetti 

and M artuscelli,®1 *®2 Woodward and coworkers^”®9 * ^  and Finter and 

Wegner, was given by the la t te r  authors; only part o f the data of 

Marchetti and M artuscelli, that fo r samples crysta llized  at re la ­

t iv e ly  high T , f i t  approximately the extrapolation o f F inter and 

Wegner's curve describing the c rys ta lliza tio n  behavior in regime I I ;  

the lam ellar thickness fo r crystals obtained a t Tc 's in regime I  are 

too large. The data observed previously by Woodward and coworkers 

f i t  F inter and Wegner's curve in regime I .  The results obtained in

the present work f a l l  in both regime I and regime I I  depending on
83T as described by F inter and Wegner, The large difference in the 

0
81results as observed by Marchetti and Martuscelli and Finter and

OO
Wegner fo r  samples crys ta llized  a t large aT (low T ) are believed 

to be caused by nonisothermal c rys ta lliza tio n  taking place in the 

former study. Nonisothermal c rys ta lliza tio n  also occurs to a small 

extent in the present study on d ilu te  solution grown crystals ( 0 .01%) 

when preparing them in large quantity. When the container is quick­

ly  removed from temperature T  ̂ to the constant temperature bath a t

T , the system takes a re la tiv e ly  long time to reach the Isothermal c
c rys ta lliza tio n  temperature, T , due to the large volume, and

c rys ta lliza tio n  could s ta rt before the whole system is equilibrated.

The sample F2H36 (d ilu te  solution grown crystals) prepared fo r SAXS

shows two p erio d ic ities ; the one corresponding to a large lamellar

thickness has a much lower in ten sity . This is evidence of noniso-

termal crystal growth, in agreement with the assignment by Finter 

83and Wegner.
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Since the crysta l-crysta l transition  temperature is related to 

the lam ellar thickness, the presence of a s ign ifican t secondary 

endotherm in the trans ition  region fo r 535 FlbH29, for 535 and 135 

FlbH55, and fo r 535 FlbH60 is evidence that the fin a l dried products 

of these samples contain c rys ta llin e  components with more than one 

lam ellar thickness; however, the secondary components might appear 

e ith e r during the c rys ta lliza tio n  process by nonisothermal means or 

during the recovery o f the principal component.

In the case o f FlbH29, i t  is  reasonable to a ttrib u te  the second­

ary endotherm to the occurrence of some nonisothermal c rys ta lliza tio n  

a t a temperature higher than T . Because o f the high concentration 

and re la tiv e ly  low c rys ta lliza tio n  temperature, crystal growth starts  

e a r lie r  before the whole system reaches the isothermal c rys ta lliza tio n  

temperature, T . Some of the material nucleates and crysta llizes  a t  

a higher temperature with a larger lam ellar thickness and therefore, 

contributes a higher temperature seondary endotherm in the DSC scan.

In the case of 535 FlbH55, 5% FlbH60 and 1% FlbH55, the second­

ary endotherms occur a t temperatures expected fo r samples c ry s ta lliz ­

ing near to or somewhat above room temperature. As mentioned e a r lie r ,  

these three preparations have a considerable fraction of soluble 

material remaining in solution a fte r  c rys ta lliza tio n  is completed. 

Therefore, a possible explanation for the presence of the secondary 

endotherm in these preparations is that part o f the noncrystalline  

material is adsorbed on the crystal surfaces and i t  is not e n tire ly  

desorbed upon washing. However, upon cooling from T to room tern- 

perature, these adsorbed polymer molecules c ry s ta llize  to form
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thinner lamellas, thereby, contributing a lower transition tempera­

ture endotherm. I t  is expected that a more rapid desorption occurs 

during the washing process a t higher temperature due to the increased 

solvent power; therefore, the second component in FlbH60 is almost 

neg lig ib le . Since these adsorbed polymer molecules have already 

crys ta llized , removal o f the adsorbed layer would not happen during 

epoxidation in toluene solution. The data obtained from epoxida­

tion and density measurement on these samples are consistent with 

th is explanation.

Chain Folding

(A) Calculation o f the Monomer Units Per Chain Fold and Chain End 

For d ilu te  solution grown crystals the surface fractions, Fs>
fi 7

w ill consist of three components, one due to the fo lds, another 

due to the noncrystallizing chain ends, and the th ird  due to the 

la te ra l crystal surfaces. For the crystals investigated the la te ra l 

surface area did not exceed 4% of the to ta l surface area, so that 

only the f i r s t  two components are considered. As shown in Fig. 25, 

each chain o f degree o f polymerization, N, w ill  have FgN monomer 

units at the two surfaces. This can be w ritten in terms o f the number 

of monomer units per fo ld , U, the number o f folds in each chain, F, 

and the number o f monomer units in two noncrystalline chain ends, c. 

For a polydisperse system i t  can be shown that the number average 

degree o f polymerization, Nn» should be used (see Appendix C). The 

to ta l number of monomer units in the noncrystalline region per chain 

equals the to ta l in the chain folds plus the to ta l in the two chain
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ends per chain:

R F s finFs/M0 = UF + c (5)

c/ 2

c/ 2

Fig. 25 Schematic representation of chain fo lds, chain ends and 

crystal stems of a polymer molecule.

where is the number average molecular weight o f the polymer, and

Mc is  the molecular weight of a monomer un it in the chain, 54 gm/mole.

I t  is  assumed that the remaining monomer units in the chain,

M (1 -  F ) are in the c rys ta llin e  core, the following equation 
n s

relates the to ta l number o f monomer units in the c rys ta llin e  regions 

to  the c rys ta llin e  thickness and the number o f c rys ta llin e  traverses
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as well as the repeat distance per chain un it along the chain 

d irection , R, as follows:

Rn(1 " Fs> = Lc(F + 1)/R (6 )

where L is the c rys ta llin e  thickness, R is the repeat distance
V O

o f the monomer un it in the chain d irec tion , 4.83A, and F + 1 is  

the number o f chain traverses per chain. Combination o f equation

(5 ) and ( 6 ) with elim ination o f F y ie ld s : 102

c
L / F M  ̂ f t  M (1 -  F J  L_ \

■ -  r j  <7 >
(see Appendix C)

For large Rn» chain ends can be neglected, and equation (7) becomes: 

u = (8 )

When the part o f the polymer chain next to the end group is not 

long enough to traverse the crystal lam ella, i t  should remain out­

side of the c ry s ta ll ite . I t  is  therefore, reasonable to assume 

that the number o f monomer units associated with a chain end, c, is  

a function of lam ellar thickness, L/R without specifying the pro­

p o rtio n a lity  constant. Therefore, c can be given by aL/R. Sub-
102s titu tio n  fo r c in equation (7) and rearranging y ie ld s:



An equation s im ilar to equation (7) was given e a r lie r  by 

Wichacheewa and Woodward.^ I t  was assumed in previous work on TPBD 

that the average length o f a chain end is  h a lf of the lam ellar th ick­

ness, L, and therefore was given by L/R. Equation (7) is thought to 

be more exact than the equation given e a r lie r . Nevertheless, i t  leads 

to s im ilar resu lts . I f  U and a are independent o f molecular weight 

and other parameters such as the c rys ta lliza tio n  temperature, T , the 

degree of undercooling, T^-T , and the c rys ta lliza tio n  solvent, a plot 

o f the above equation o f FsRnR/LM0 vs. (R/L) [RMn( l -F s)/L cM0- l ]  should 

y ie ld  a stra ight lin e  with the slope equal to U and an intercept equal 

to a.

A plot of the results fo r the d ilu te  solution grown crystals is  

given in Fig. 26 using the F and L values found in Table 7. With
9  v

the exception of WH62, the points define a stra ight lin e  within a ±I0S£ 

error lim it  with an intercept o f 0.79 and a slope o f 3 .8 , i . e .  U = 3.8 

monomer units per fold and c = 0.79 L/R. The two numbers obtained 

from Fig. 26 suggest that chain folding in the crystals is independ­

ent o f many other factors. However, taking c = 0.79 L/R and calcu­

la tin g  the value o f U fo r each crystal preparation using equation (7) 

yields a number of monomer units per fo ld  chaning from 2*s to 6*s, as 

follows:

Sample F3H29 F2H36 UH45 F1T15 F1H29 F1H55 VH53 WH62

U 2*s 4 4 3*s 3*5 5 4 6*5

13Independent studies o f U for sample UH45 and F1H55 using G nmr
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o f Monomer Units Per Chain End for D ilu te  Solution-Grown TPBD Crystals: (1 ) WH62;
(2 ) VH53; (3 ) F1K55; (4 ) F1H29; (5 ) F1T15; (6) UH45; (7) F2H36; (8) F3H29.



spectrum analysis, which w ill  be. discussed in the la s t section,

give 7h and 3. The U and c from the present study are dependent

upon the determination o f a number of parameters: F , M L, P ,s n 9 d
the amorphous density and P , the c rys ta llin e  density and there- 

fore only approximate agreement between the two methods is found.

Using equation (7 ) and doing the same calculation fo r concen­

trated solution grown crystals yields the results given in Table 10. 

Values fo r lam ellar thickness, L, and the number o f monomer units per 

fo ld , U, fo r  d ilu te  solution grown crystals (0.01%), as presented 

above, are given in Table 10 fo r comparison. For concentrated 

solution grown crystals L is  calculated by assuming a lin e a r re la tio n  

ship vs. Tc between any two measured L values obtained for d ilu te

solution grown crys ta ls . The c values in Table 10 are calculated

using the relationship found in Fig. 26, 0.79 L/R; L values arec
calculated with equation (4 ) .

In th is  calculations the L„ values used were not corrected fo rc
78chain t i l t ,  in the c rys ta ls . Since the angle is given as 114° fo r  

TPBD crys ta ls , the correction o f chain t i l t  would lead to about 10% 

increase in U (see Appendix B). In analyzing the changes taking 

place in U fo r the series o f samples studied, one needs to consider 

two e ffec ts : that caused by changing molecular weight and that 

caused by changing c ry s ta lliz a tio n  temperature. Comparison o f the 

results fo r F1H29 and F3H29 shows a decrease in U with decreasing 

molecular weight a t the same T . Although the amount o f th is changeI*
m

is small, i t  is  obvious th a t U is  molecular weight dependent. The 

low molecular weight frac tio n  does not c ry s ta llize  a t high



TABLE 10. CALCULATION OF NUMBER OF MONOMER UNITS PER FOLD FOR

TPBD CRYSTALS

Sample Cone, (w/v) L(nm) c Lc(nm) U

F1H55 0 .01% 24 39 20 5

FlbH60 5% 26 43 20 6

F2H36 0 .01% 10 17 7.3 4

F2bH36 5% 10 17 7.0 5

F2bH42 5% 11 IB 7.3 5.5

F3H29
rHo

9 9.1 15 6.3 2.5

F3bH29 5% 9.1 15 6.1 3.5

F3bH40 5% 11 18 7.3 3.5

F3bH29 10% 9.1 15 6.1 3.5

F3bH42 10% 11 18 7.6 2.5

84



temperature. When crysta llized  a t high temperature the high 

molecular weight fraction  undergoes further fractionation and 

a smaller ^W/Mn value is observed. Apparently U is  also crystal­

liza tio n  temperature dependent in ^hich a decrease of U accompanies 

the decrease o f T , e .g . compare FlbH60 and F1H29. This result is

in agreement with the e a r lie r  study reported by Marchetti and
81M artuscelli using the chemical assay brominatlon method.

In addition to chain folds and chain ends, the multi lamellar

structures crys ta llized  from concentrated solution might contain

an interzonal component linking the lamellas. As increase 1n U,

the average of the various fold and in terlam ellar chain lengths,

with a change in concentration from 0.01% to 5% is seen in Table 10

fo r F2H36 and F3H29. However, th is  e ffec t 1s not large suggesting

that only a small number o f traverses from one lamella to others

are present. The increase in U with an increase in Tc and as

obtained from d ilu te  solution grown crysta ls , also occurs fo r crystals

grown from concentrated solution.

In Table 11 is given a collection o f data fo r the disordered
67 69

fraction  reported previously by Woodward and coworkers: Stellman * 

Hendrix and Whiting,®® Eng^* and Wichacheewa.^ The results fo r  

sample F1H55, F1H29, FlT15and UH45 prepared in th is study are also 

lis te d  fo r comparison. U values were calculated from the % epoxida­

tion data using equation (7) from th is  study.

The TPBD-K heptane grown crystals has s im ilar F and M values# II
13

to F1H55. However, its  U value is smaller than the C nmr derived 

U value for F1H55 due mainly to about a two fold difference in
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TABLE 11. DISORDERED FRACTION AND U VALUES FOR TPBD CRYSTALS

Sample Solvent Td Tc % Epoxidation % Brominationd IRb NMRC U

F1H55 67 55 15 5

12h 3%

F1H29 67 29 25 3*5

TPBD-K Heptane 78 63.5 14a 13 14 13 2h

TPBD-K Toluene 50 23 18a 19 23 3

F1T15 27 15 22 3%

TPBD-K Toluene 45 23 14-29d 21 2*£-5

TPBD-U Heptane 55 45 27d 5

UH45 55 45 22e 4

19f 3

16.2h 17^ 2*5

a. See Refs. 67,69; Mn of Toluene Grown K-Crystals Taken as Same as Heptane Grown (36000).
b. See Ref. 6 8 . c. See Ref. 71. d. See Ref. 74; Rn Taken as 1.7 x 104 and L as 11.0 
nm as Obtained in This work. e. Obtained From *H NMR JE0L0C0-100. f .  Obtained From 

HNMR Varian-200. g. From Solid State 13C NMR By F. A. Bovey and F. C. S ch illing ,
h. Obtained From * 3C NMR in C0C13 Solution by F. A. Bovey and F. C. S ch illing .



lam ellar thickness, L. The F1H29 preparation has a lam ellar thick­

ness s im ilar to K-H but aT is larger.

Comparison o f the calculated U values fo r TPBD-K toluene grown 

crystals with that fo r F1T15, shows close agreement. However, the 

solvent e ffe c t noted e a r lie r  - 69»74 an increase in U as crysta l­

liza tio n  solvent i i  changed from heptane to toluene -  is  not found 

in the present work when AT was held constant.

The U values fo r UH45 are smaller than those calculated for  

TPBD-U crysta ls . This is due to the lower F$ values obtained for 

UH45, the larger Fs value for TPBD-U could have been due to the 

in d irect method of assaying i t  in the e a r lie r  work.7'*

For heptane grown crysta ls , K crystals and UH45, the disordered 

fraction found by other methods: bromination, IR and nmr, are in 

good agreement with the disordered fraction found by epoxidation. 

These results suggest that fo r crystals prepared under these condi­

tions disorered fraction/m obile fraction is present on the crystal 

surfaces.

For K crystals grown from toluene solution, the disordered 

fraction  shows a lack o f agreement between the three surface pene­

tra tio n  methods, epoxidation, bromination and nmr. Woodward and 

Wichicheewa74 explained th is discrepancy and the temperature depend­

ence of the % epoxidation fo r K-toluene crystals as due to the size 

o f the penetrant molecules as well as the temperature. Smaller size 

molecules such as CSg and Br,, can penetrate to a greater degree at 

lower temperature than MC£PBA. \
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(B) Independent Calculations of The Monomer Units Per Chain Fold 

13From C nmr Spectrum 
13In analyzing the C nmr spectrum fo r -CHg- or -CH- on 

epoxidized butadiene units in a p a r tia lly  reacted polymer, Bovey 

and Schilling have found (see Appendix A) that there are two types of 

carbons which show d iffe ren t chemical s h ifts . One is  inside the 

epoxidized sequence and one is outside the epoxidized sequence, shown 

as follows:

-CHg region:

J

-CH- region:

/ v v ^ y ' v f i / v t y 1
j  j

where carbon i and j  with spectrum in ten sity  A are inside the 

epoxidized sequence and carbon h with spectrum intensity B are out­

side the sequence. A d irect measurement of the number o f monomer 

u lts  per chain fo ld , Uuncor , can be obtained from the spectrum 

in tensity:

2^uncor. “ 1 ) A ( 10 )
2 = B

13At the degree of resolution obtained to date, C nmr can not d is­

tinguish a difference in an epoxidation sequence fo r a chain fold
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versus that fo r a chain end. Therefore, the value obtained from 

equation ( 10) is uncorrected fo r chain ends, and is related to the 

actual U by the equation:

u„ncor. ’  <UF + C' Z>'<F *  D  <“ >

where F is the number of folds per chain gotten from equation ( 6 )

and the number of monomer units per two chain ends in each molecule,

c, is taken as 0.79 L/R. The results o f th is  d irec t analysis using

13C nmr to obtained U fo r UH45 and F1H55 are given in Table 12.

In Table 12, three U values are given fo r each sample; two of

these are calculated from equation (7 ) with F$ values measured by 
1 13H nmr (JE0LC0-100) and C nmr and the th ird  was obtained from

78application of equations (10) and (11 ). I t  was estimated e a rlie r  

that the tig h test reentry fo ld  possible from the TPBD crystal struc­

ture contained from 1.5 to 2 monomer un its . The re la tiv e ly  small U
13values obtained from C nmr leads to two p o ss ib ilitie s :

( i )  essentia lly  reentry chain folding occurs fo r TPBD d ilu te  

solution grown crystals using re la tiv e ly  low molecular 

weight polymer;

( i i )  or incomplete epoxidation o f the surface double bonds is  

taking place.

However, the la t te r  explanation is not supported by the results from 

spectroscopy on unreacted crystals (see Table 11 ) .  The tightness of 

the chain fold in TPBD crystals is apparently affected by molecular 

weight and/or c rys ta lliza tio n  temperature.
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TABLE 12. 13C NMR MEASUREMENT FOR EPOXIDIZED TPBD CRYSTALS

Sample % Epoxidation U

*H nmr * 3C nmr nmr) Fs( 13C nmr)
13

Direct( C nmr)

UH45 22 16 4 2h Zh

F1H55 15 12 5 3H 3
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CONCLUSIONS

The following conclusions can be drawn from this investigation:

(1) For TPBD crystals grown from heptane and toluene solution, the 

noncrystalline fraction as obtained from density measurement is 

found to be larger than the fraction  a t the crystal surfaces 

available fo r a chemical reaction.

(2) The change o f heat o f transition  o f TPBD single crystals measured 

from DSC is proportional to the specific  volume a t room temperature, 

as long as the crystal s ize /fo ld  length are s im ilar.

(3) A more complicated multi lam ellar morphorlogy fo r TPBD crystals  

was obtained in concentrated heptane solution as compared with 

d ilu te  solution grown lamellas.

(4) Two lam ellar components were found in crystals grown a t small 

undercoolings from concentrated solutions indicating that an 

adsorbed layer can ex is t a t high growth temperatures.

(5) The number average monomer units per chain fo ld , U, is mole­

cular weight and c rys ta lliza tio n  temperature dependent, with U 

increasing with an increase of molecular weight and T . At low 

molecular weight (<2 x 10^) a t ig h t reentrant fold apparently 

occurs.

( 6 ) The number o f monomer units per noncrystallizing chain end is  

proportional to the lam ellar thickness, L, and is  given by 

0.4 L/R where R is the crystal repeat distance.

(7) Any interzonal component linking the lamellas is considered to 

be made up of re la tiv e ly  short t ie  chains in TPBD m ultilam ellar
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crystals prepared from concentrated solution.

Suggestions For Further Work

The following projects are extensions o f the present work:

(1 ) A study of the nature o f chain folding fo r TPBD fractions
5

with number average molecular weights greater than 1.2  x 10 , 

the highest molecular weight fraction studied in this re­

search.
13(2) An examination of the C nmr spectra fo r a series of epoxi­

dized TPBD crystals over a wide range of molecular weight and 

c ry s ta lliza tio n  conditions.

(3) Measurement of the mobile and rig id  fraction  in TPBD crystals
13and epoxidized TPBD crystals using solid state C nmr.

(4 ) Study o f solution grown TPBD crystals using various crystal

growth techniques such as growing the crystals at large

degrees o f undercooling, i . e . ,  quenching the solution to

low T . c
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APPENDIX A

13C nm Spectroscopic Study o f Epoxidized TPBD Crystals and Model 

Compounds

n
The C nmr spectrum in solution o f TPBD crystals epoxidized 

1n suspension, UH45 and F1H55, are shown in Fig. A1 and A2. Spectra 

fo r TPBD epoxidized in solution to 352 and 75% are shown in Fig. A3 

and A4. Resonances corresponding to solvents toluene, methanol and 

ether which remain in the samples a fte r  epoxidation and washing also 

appear. A t r ip le t  weak resonance is  also found fo r the solvent CDCl^

used fo r the nmr sample preparation.
13From the C nmr peak in ten s ities  fo r the carbon atoms in the 

o le fin ic  CH and CH2 and the epoxidized o le fin ic  CH and CH2 groups, 

the % epoxidation fo r these four samples are found to be 16.28, 12%, 

30% and 78% in d iv id ua lly .

A spectrum fo r the model compound, 3,7-decadiene, is given in 

Fig. A5. I t  is  found that th is  sample contains the trans-trans and 

small amount o f the trans-cis 3,7-decadiene isomers. The spectrum 

of 50% epoxidized 3,7-decadiene is given in Fig. A6 ; th is  spectrum 

is  f a ir ly  complicated due to the presence of seven possible mole­

cular structures. Fig. A7 is the spectrum for 100% epoxidized 3 ,7- 

decadiene where t  and c correspond to the epoxy group of the trans 

and cis double bond a fte r  epoxidation. From Fig. A7 i t  is  shown 

that in addition to the e ffec t o f the geometric isomers, t  & c on 

the resonances fo r Cj, C^t and C3, the resonances o f carbon C4 and 

Cc are sensitive to the stereoisomers o f the d and 1 epoxy group.
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The s e n s itiv ity  of resonances to the d Z  isomers w ill be seen more 

c learly  below where the scale is expanded.

The seven possible molecular structures fo r the model compound 

are given in Fig. A8 where E and Z correspond to the geometric isomers, 

trans and cis o f the carbon-carbon double bond, and D & 0 correspond 

to the double bond and the epoxy cyclic  ring . For convenience the 

ten carbons in the fiv e  molecular structures, DD-ZE, OD-tE, OD-tZ,

OD-cE and 0 0 -c t, are labeled with le tte rs  a-K, while the molecular 

structures of DD-EE and 0 0 -tt  composed of fiv e  equivalent carbon 

pairs are labeled with le tte rs  a-e.

The -CHg- and -CH  ̂ region spectrum on an expanded scale is given 

in Fig. 9 with the detailed spectrum assignment shown in Table Al.

F1g. A10 and A ll and Table A2 and A3 give the expanded scale spectrum 

fo r the -CH=CH- and region and th e ir  detailed peak assignments

respectively. As can be seen from these spectrum, some carbons in the 

molecular structures are sensitive to the stereoisomers d d / lZ  and dZ/Zd. 

In the trans double bond molecular structures are sensitive to the 

stereoisomers dd/ZZ  and dZ/Zd. In the trans double bond molecules the 

possible stereoisomers a fte r  the epoxidation are RR and SS, shown as 

follows:

While the cis double bond molecules may produce RS and SR isomers 

a fte r  epoxidation, shown as follows:

Epoxidation +
H 0

(enantiomer)

SS RR
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TABLE A1
SPECTRUM ASSIGNMENT FOR FIG. A9

Peak
leslgnatlon Assignment

Chemical
S h ift

Peak
Designation Assignment

Chemical
S h ift

1 . 00 . t t - a 9.97 17. OD.cE-e 23.88
OO.ct-K 9.97 1 8 .* OO.ct- 6 24.44

2 . OO.ct-a 10 .68 24.83
3 .* OO.ct- 0 21.18 19. OO.tt-0 25.27

21.21 OO.ct-L 25.27
4 .* OO.ct-e 24:37 2 0 . OD.tE-0 25.36

24,75 OD.tZ-0 25.36
5. OO.tt- 0 25.20 2 1 . OD.tE-L 25.72

OO.ct-L 25.20 OD.cE-L 25.72
6 . * O O .tt-e 28.67 2 2 . DD.EE-3 25.77

29.11 DD.ZE-L 25.77
7 .* OO.ct-J 29.27 23. DD.ZE-e 27.45

29.64 24. OD.tZ-JT 27.99
a. OD.tE-a 10.00 2 5 .* OO.tt-e 28.70

OD.tZ-a 10.00 29.21
O O .tt-a 10 .00 26. OD.tE-e 29.28
OO.ct-K 10 .00

*•CM oo.ct-,y 29.38
9. OD.cE-a 10.71 29.81

OO.ct-a 10.71 28. OD.tZ-e 29.81
10 . QD.tE-K 13.98 29. OD.tE-y 32.37

OD.cE-K 13.98 30. OD.cE-^ 32.47

DD.ZE-K 13.98 31. DD.EE-e 32.91

11 . DD.EE-a 14.10 DD.ZE-J' 32.91
12 . OD.tz-K 14.46 32. DD.ZE-K 14.05

DD.ZE-a 14.46 33. DD.EE-a 14.11
13. OD.tZ-L 20.66 34. DD.ZE-a 14.44
14. DD.ZE-0 20.70 35. DD.ZE-0 20.74
15. OD.cE-0 21.25 36. DD.EE-0 25.82
1 6 .* OO.ct-0 21.35 DD.ZE-L 25.82
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TABLE A1 (Continued)

Peak Chemical Peak Chemical
Designation Assignment S h ift Designation Assignment S h ift

37. DD.ZE-e 27.51
38. DD.ZE-tf 32.93
39. DD.EE-e 32.95

*Diastereoisomer1c Sequences
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0 >) 5x>%

13
Fig. A10. The -HC=CH- Region of Proton Noise Decoupled C NMR Spectrum 

a t 50 MHz of (a) 3,7-Decadiene and (b) 50% Epoxidized 

3,7-Decadiene.
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TABLE A2

SPECTRUM ASSIGNMENT FOR FIG. AlO

Peak Designation Assignment Chemical S h ift

1 . OD.cE-n 127.99

2 . OD.tE-n . 128.15

3. DD.ZE-6 128.66

4. DD.EE-6 128.84

5. DD.ZE-T) 128.98

6 . OD.tZ-n 129.86

7. DD.ZE-y 131.83

8 . dd. ee-y  . 132.27

9. DD.ZE-6 132.36

10 . oo.tz-e 132.51

11 . OD.tE-0 132.87

12 . OD.cE-0 132.95

13. DD.ZE-6 128.70

14. DD.ZE-n 128.86

15. DD.EE-6 128.89

16. DD.ZE-y 131.89

17. DD.EE-Y 132.33

18. DD.ZE-6 132.41
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t 1

/  '  1 3
Fig. A ll .  The -HC-CH- Region of Proton Noise Decoupled C NMR Spectrum

at 50 MHz of (a) 50% and (b) 100% Epoxidized 3,7-Decadiene.
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TABLE A3

SPECTRUM ASSIGNMENT FOR FIG. A ll

Peak Designation Assignment Chemical Shift

1 . * OO.ct-6 56.49

56.78

2 . OD.cE-6 56.78

3 .* OO.tt-S 57.71

OO.ct-n 58.00

4. OD.tE-6 58.08

0D.tZ-6 58.08

5. OD.cE-y 58.33

6 .* OO.ct-Y 58.28

58.41

7 * OO.tt-Y 59.87

59.92

8 * OO.ct-0 59.92

60.04

9. OD.tE-Y 59.99

OD.tZ-Y 59.99

*Diastereoisomeric Sequences
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H H H H H Q H

. [ . J — Epoxldjtlon—  ̂ k ^ l  + . | /  \ |  (enantiomers)

RS SR

The resonance from carbon 0-0 are the same for the two stereoisomers 

fo r a single epoxy group. However, the spectra fo r these carbons 

show a s p littin g  when the two epoxy groups are present.

The spectrum s p littin g  caused by the diastereomers is  as follows: 

Molecular structure: 00 -t t

Carbon Designation____ y_______6_______g__

Appm 0.05 0.29 0.44

0.51

° \
where the s p littin g  in carbon y  and 6 on the -£-C- group are re la tiv e ­

ly  small and carbon e, the -CHg- group inside the two epoxies shows a 

larger s p litt in g  which helps greatly  in the peak assignment fo r 

epoxidized TPBD samples. The spectrum s p litt in g  caused by the en­

antiomers is  more sensitive than that due to diastereoisomers and is  

as follows:

Molecular structure: 00-ct

Carbon Designation B______y______6______e____________q______6

Appm 0.03 0.13 0.29 0.38 0.37 0.29 0.12

0.10 0.39 0.43

Since the 00-ct molecular sequence does not ex ist in the epoxidized 

TPBD samples, the spectrum s p litt in g  caused by enantiomers are not
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13important in th is  research. However, i t  is new information from C 

nmr spectrum analysis.

Based on the assignments fo r the model compound, 3,7-decadiene, 

and a comparison with the spectra fo r the two solution epoxidized 

samples, assignment fo r the resonances found fo r TPBD crystals epoxidized 

in suspension were made. Some possible structures o f use in this  

analysis are given in Table A4. The spectra on an expanded scale fo r  

the D-CH-, the 0-CH-, the D-CH,,- and the O-CHg- regions fo r the two 

solution epoxidized (30% and 78%) and one of the crystal epoxidized 

sample (UH45) are given in Figs. A12, 13,14,and 15 respectively. The 

detailed spectral assignments are given in Table A5, 6 , 7, and 8 * 

respectively. F ina lly  the expanded spectra fo r the epoxidized -CHg- 

and -H(S-fcH- regions for crystal preparation F1H55 are given in Figs.

A16 and A17. As can be seen from Fig. A12 and Table A5, certain  

sequences such as DDDOD, D0D0D and 00D0D are only detectable for the 

solution epoxidized polymer. In the 30% solution epoxidized sample 

the peak in tensities  of the pentad sequences such as ODDOO, 00D00 and 

00D0D are too small to be observed; th is is  also the case for the peak 

in tensities  o f sequences DDDDD, DDDDO, DDDOD and DDDOO found in 78% 

solution epoxidized sample.

As can be seen in Table A8 , the CH2 's on the epoxidized units 

are only distinguishable i f  they are outside an epoxidized run (carbon 

h) versus being inside the run (carbon i and j )  where the diastereo- 

isomerism causes a s p litt in g . The degree o f resolution obtained to 

date does not distinguish CHg's in the epoxidized runs above a diad.

In these epoxidized TPBD spectra the resolution fo r the solution
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TA8LE A4

SEQUENCES OF INTEREST FOR ANALYSIS OF PROTON NOISE 

DECOUPLED 13C NMR SPECTRUM (XL-200) AT 50 MHz FOR EPOXIDIZED

TPBD POLYMERS 

Designation Resolution Example

a b 
-HC-CH-

pentad

DDDDD

DDDDO

OODDO a

DDDOD

ODDOO

ODOOO

OODOO a b

« ™ » A A / V \ A A A A 4
ooooo b

c d 
-C-C 

0

tr ia d
DOD
000

000

A A & / W

-CH2-

e .f .g

tetrad

DDDD

DODO I  A A A A 4 y \ y

OODO

I  / V W V V v k /

Epoxidlzed tetrad

DOOD
Z  / W > A $ v \ ! s /
ODOD h

- ch2-

h»1,j

DOOO

0000
: :
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(a )

E poxid ized  
UH 45

30?5 S o lu tio n  
epoxid ized

129 . 5  " r

(c )

; 78% S o lu tio n  
epoxid ized

Fig. A12. The -HOCH- Region of Proton Noise Decoupled 13C NMR Spectrum 

a t 50 MHz of P a rtia lly  Epoxidized TPBD Polymer Samples.
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4

TABLE A5

SPECTRUM ASSIGNMENT FOR FIG. A12 

Peak Designation Assignment Chemical S h ift

1. Toluene solvent 128.21

2 .
«

Toluene solvent 129.02

3. DDDOO-b 129.34

4. DDDDO-a or b 129.90

5. DDDDO-a + b 130.06

6 . DDDDO-a or b 130.20

7. DDDOO-a 130.68

8 . DDDOD-b 129.34

9. DDDOO-b 129.46

10. DDDDO-a or b 129.92

DODOD-a + b 129.92

11. DDDDD-a + b 130.05

12 . DDDDO-a or b 130.18

13. DDDOO-a 130.54

14. DDDOD-a 130.67

15 ODDOO-b 129.43

16. OODOO-a + b 129.99

OODOD-a + g . 130.04

17. ODDOO-a 130.65
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(a )

Epoxid ized
UH45

(Id)

30# S o lu tio n  
ep oxid ized

(c )

S o lu tio n  
epoxid ized

Fig. A13. The -H(^fcH- Region of Proton Noise Decoupled 13C NMR

Spectrum at 50 MHz of P a rtia lly  Epoxidized TPBD Polymer 

Samples.
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TABLE A6

SPECTRUM ASSIGNMENT FOR FIG. A13

Peak Designation Assignment Chen.,*;al S h ift

1. OOO- c + d* 57.90, 58.22

DOO- d** 58.22, 57.90

2. DOO- c 58.22

3. DOO- d** 58.04, 58.34

000- c + d* 58.34, 58.04

4. DOO- c 58.34

DOD- c + d 58.34

5. 000- c + d 58.05, 58.33
itit

DOO- d 57.98, 58.28

6 . DOO- c 58.33

7. DOD- c + d 58.34

*
Diastereoismer Triads

* *  . . » . Diastereoisomer Pairs
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Epoxidized
UH45

(b )

30JS Solution 
epoxidized

78JS Solution 
epoxidized

Fig. A14, The -CHg- Region of Proton Noise Decoupled iJ C NMR Spectrum 

a t 50 MHz of P a rtia lly  Epoxidized TPBD Polymer Samples.



TABLE A7

SPECTRUM ASSIGNMENT FOR FIG. A14

Peak Designation Assignment Chemical S h ift

1. DDOO- e 32.21

2 . DDDO- f  + g 32.79

DDDD- f  + g 32.79

3. ODOO- e 32.07

4. DDOO- e 32.15

ODOD- e 32.15

5. DDOD- e 32.24

6 . ODDO- f  + g 32.61

7. DDDO- g 32.71

8 . DDDO- f 32.66

9. DDDO- f  + g 32.76

10. ODOO- e 32.34

11. DDOO- e 32.42

12 . ODDO- f  + g 32.94

118



Epoxidized
U H 4 5

(b)
30?S Solution epoxidized

78% Solution 
epoxidized

Fig. A15. The Epoxidized -CH2- Region of Proton Noise Decoupled C 

NMR Spectrum at 50 MHz of Partially Epoxidized TPBD Polymer50atSpectrum

Samples.



TABLE A8

SPECTRUM ASSIGNMENT FOR FIG. A15

Peak Designation Assignment Chemical S h ift

1 . 0000- 1 + j 28.47, 28.94

D000- 1 + J 28.94, 28.47

2 . DD00- h 29.12
*

3. 0000- i + j 28.56

DOOO- i + j 29.00

DOOD- 1 + J 29.00

4. DDOD- h 29.11

DDOO- h 29.11

ODOO- h 29.11
*

5. . 0000- 1 + J 28.46, 28.90

DOOO- j 28.46, 28.90
★

6 . DOOO- i 28.50, 28.95

DOOD- i + j 28.50, 28.95

7. ODOO- h

DDOO- h 29.07

DDOD- h

*
Diastereoismer Pairs
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)
10 CJO m

' • / W W / y M >
1 —h

DDOO- h

F ig . A16. The Epoxidized -CH2~ Region o f Proton Noise Decoupled C NMR Spectrum a t  50 MHz o f

Epoxidized TPBD Crystals F1H55. (*D iastereoisom er Pairs)
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10 0 30  H i

i
5 100

7 c  : o

D O O -c

300 PFW
»b

F ig . A17. The Epoxidized -CH- Region o f Proton Noise Decoupled * 3C NMR Spectrum a t  50 MHz o f Epoxidized

TPD C rystals F1H55, *Diastereo1somer T riad s , * *  Diastereoisomer P a irs .



epoxidized samples is  higher than-the crystal epoxidized samples.

This could be due to one of the following two reasons: (1) The

microdomains of the solution epoxidized samples are homogeneous, and 

the contribution o f the magnetic f ie ld  homogenity is re la tiv e ly  good 

fo r solution epoxidized samples, or (2 ) a small amount o f crosslink­

ing is present in the crystal epoxidized samples. The re la tive ly  high

viscosity fo r crystal epoxidized samples (as was found fo r F1H55)

decreases the degree of m obility of the epoxidized polymer molecules 

in CDC1g solution.

Calculation of U , the uncorrected average number of monomer uncor. 3

units per fo ld , using equation ( 10 ) is carried out from the values of 

the areas under the three peaks fo r the CHg parts o f the epoxidized 

units given fo r UH45 in Fig. A15 and fo r F1H55 in Fig. A16. The area

A in equation (10) is  that under the two peaks at 28.47 and 28.94 ppm

and B is  that under the peak a t 29.12 ppm.
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APPENDIX B

The chain t i l t  correction in the calculation of U values from 

equation (7 ).

In the calculation o f the number o f monomer un it per chain fo ld , 

U, from equation (7 ):

where Lc is the c rys ta llin e  thickness assuming that the c-axis is 

perpendicular to the lamella as shown in Fig. 21.

In monoclinic TPBD from I  crystals the angle is 114°. As shown

in Fig. B1 the c-axis is not exactly perpendicular to the lam ella. Taking

this chain t i l t  into account in the calculation o f U value,

I
L = L /s in  = 1.1 L and therefore  c c c

L f  F M \ /  M (1 -  F J  L \

u ■ ^  t {-fe2—  «j / { h. - in }

i . e . ,  i t  leads to about 10% increase in the calculation o f the U value.
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Fig. Bl. Chain T i l t  in  TPBD Form I  Crystals

125



APPENDIX C

Solution o f equation (7)

For a polydisperse system

N N
F Z N. = U I  F. + NC ------------  (B l)s i l i

and
N Lc N

From (B l) J -
N

Ps j  N. /N = u - L L  + C 

1 N
ZF 

± _
s n " nFA  = U 4 r “  + C ------------  (B3)

From (B2)

N N
ZN . . ZF

(1-F ) 1 i  =___9_ +  £_ * 1
U  s ”  R “  N

N
ZF

Lc . Lc 1 1
d -F s)Nn R + R N (B4)
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From (B3) „

- a -  h
U N

substitute into (B4)

L. ; L„ F N -  C
/  ^  r *  \  «l|  c ■ c s n
(1- Fs)Nn = ”  + ~

M
NI -  "

U

n Mo

“n uc .  uc rs M

Mn
M. L_ L F„ tA  -  C

(1 -F Js7 Mo R R U
SL.
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