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ABSTRACT

EPOXIDATION OF TRANS-1,4-POLYISOPRENE

LAMELLAS CRYSTALLIZED " FROM SOLUTION
by

Abraham Elkayam

Advisor: Professor Arthur E. Woodward

Selective epoxidation of double bonds in combination with
C-13 NMR spectroscopy has been employed to explore the
morphology of trans-poly-1,4 isoprene (TPI) folded chain
lamellas from a hexane soclution. The folded chain lamellas
were suspended in 2-ethoxy ethanol (cellosolve) and reacted
with m-chloroperbenzoic acid [MCPBAJ], a mild, gquantitative,
but highly selective reagent at O C, wuntil the rate of
reaction diminizhed tc zerc and 1leveled off. The reacted
crystals were dissolved in CDCl3 and the C-13 NMR
spectra observed at 50.32 MHZ. It was expected that the
surface folds would react completely and that the
crystal stems would not react leading to a block structure.
The fraction epoxidized, Fe, the average number of monomer
units in the reacted blocks, «Bs, and the average number of
monomer units in the unreacted blocks, «A>, were obtained.
The effect of molecular weight and crystallization
temperature on the epoxidized fraction and the average

block 1lengths for TPI lamellas was also studied. An

iv




increase 1in the averages of <B> and Fe with decreasing
molecular weight commences at an Mv value between 22,000
and 67,000 and is attributed to the importance of
noncrystallizing chain ends at the lower molecular weights.
The discrepancy between values of monomer units in the
reacted blocks, ¢By>, for the noncrystalline fraction from
density measurements on dry samples and from chemical
reactions on lamellas kept in suspension, 1is found to
decrease at low molecular weights. The average number of
monomer units per fold for lamellas from hexane, as
obtained from <«B»> at large molecular weights, 1is five,
which i= evidence for a predominance of adjacent reentry
folding. From the molecular weight dependence of <B»> and Fe
the number of monomer units in the two nonqrystallizing

chain ends was calculated.




ACKNOWLEDGEMENT

I wish to warmly thank my advisor, Professor A.E.Woodward,
for his excellent leadership, guidance and support during
my graduate work.

I also want to thank the members of my advisory committee,
Professors Rosano and Baker for their helpful suggestions
and discussions.

Special thanks go to Professor M.Weiner, for letting me use
his lab at the time I needed it the most. His stimulating
conversations, keen knowledge and precise 1logic were
invaluable to my work. o

Thanks are extended to the faculty, staff and technicians
of the Chemistry Department for being cooperative and
considerate and for helping to create an enjoyable working
atmosphere.

This brings me to my family. I never really knew how to
show my appreciation for my father, mother, sisters and
brother. I would have never achieved what I have without
their encouragement and support. Their best reward is in my
accomplishments. THIS WORK IS DEDICATED TO THEM.

My sincere gratitude is given to my daughter, 1Ingrid, for
trying to be quiet at the time of study and to my dearest
wife, Dr. Irene Bernard, whose love, understanding and
encouragement sustained me through the dark days of self
doubt.

There are two words, inadequate as they may be -THANK YOU.




I.

IT.

weNOTLEELONR

(W W WY
S WONRO

IIT.

-

(5

12,

13.

CVvHNOOUBEWN

TABLE OF CONTENTS

Page
INTRODUCTION . .« . ittt e ettt e ee s et e annenen -1
The objective of the proposed research........... 28
EXPERIMENTAL. . ... ittt ittt ettt ettt et e ae e 29
Preparation of samples........ ... .. .¢.i ... 29
Fractionation. .. .. ... .. ... i et 29
Molecular weight determination................... 30
Crystal growth techniques..................... ... 31
Redissolution temperature measurements........... 33
Growth of form. .. ... . . e e 33
Density. - o i i it e e e e e e e e e e e e e e e 34
Optical MiCrOSCOPY . . - ittt ittt ittt ee e ee e et aan~- 37
Electron MicCroSCoOPY. . i it it it it ittt ettt eeeaneann 38
Wide angle X-Ray diffraction................c....- 39
Differential scanning calorimetry (DSC).......... 40
gpoxidation ...................................... 40
H NMR . .. ittt ittt it ettt eesaeeeeeeaennns 42
C-13 NMR. ..ttt ittt ettt ittt e eeeneaaennenns 42
23081 ) s T 44
Molecular weight determination (viscogity
measuUrementsS) . .. ... . i e e e e e e e e e 44
Growth of crystal forms.......... ... 44
Lamellar thickness measurements ...........cco00.- - 49
Differential scanning calorimetry (DSC).......... 56
X-Ray diffraction measurements of TPI............ 57
DEansS ity . . i it e e e e et e e e e 62
poxidation of lamellas........... oo ieaunnnn. 65
NMR SpeCtroOSCOPY. ..t i it ittt i it et et e e s e 68
C-13 NMR SpectroSCoOPY .-« it it it i it it e tn et e aeaanans 72
Calculation of fold 1length, stem length and
epoxidation level. ... ... .. . i e e 77
Effect of suspending liquid on surface reactions
Of Crystals. . . i ittt e e e, 86
Effect of epoxidation on time & reactant
concentration .. .... .t ittt e e e e 88
Effect of molecular weight and crystallization
temperature on <A» and <B> values................ a3

vii




IvV.

VI.

VII.

DISCUSSION. L.ttt it et i et e i et e e et e 133

CONCLUSIONS . « + v v e e e e e e e e e e e e e 150
APPENDICES. © o oot e e e e e S 151
REFERENCES . « o o v v oo e e e e e e e e e 155

viii




Table #
I.

II.

IIT.

Iv.

VI.

VITI.

VIII.

IX.

XI.

XIT.

LIST OF TABLES

Caption Page
Values of vaios of TPI fractions.......... 47
Weight averages as determined from
solution viscosity for TPI grown at various
crystallization temperatures................ 48
Lamellar thickness of -TPI crystals grown

from dilute hexane solutions; obtained by
electron microscopy and C-13 NMR for
MV=2.3x10 ................................. 55

Comparison of observed d - spacings with
literature values for forms............ 61

Densities of TPI crystals grown from a dilute

hexane solution (Tr=34 3 66
Noncrystalline content for different
crystallization temperatures at various Mv" 67

The % double bonds reacted obtained from 1H
NMR epoxidized in 2ethoxyethanol at 0 C.... 73

C-13 NMR assignments used for analysis of
TPI block copolymers.......... o enan.. 79

Average number of monomer units in reacted
and unreacted sections of epoxidized TPI

lamellar structures...................c.... 89-90
Dissolution temperatures for -TPI lamellar
mats and for a 65% TPI - 357 epoxidized TPI
block CoOpPOlymer. . ... ittt e e e 91

Results of epoxidation of unfractionated TEI
in cellosolve at 0 C, Tc=0 C and Mv=1.6x10 .
Prepared in amyl acetate at 20 C. M/D=2.4
£ o Lo IR SR 101

Results of epoxidation of unfractionated TPI
in 2 ethoxy ethanol at O C prepared fromsa

dilute hexane solution at 20 C. Mv=1.6x10 ,
M/D=0. 78 . e e e e et e et 102

ix




XIII.

XIV.

XV.

XVI.

XVII.

XVIII.

XIX.

XX.

XXTI.

XXII.

XXITII.

Results of epoxidation of unfractionated
TPI in cellosolve at O C frgm a dilute hexane
solution at 20 €. M =1.6%x10". C-13 NMR done
both with or withou¥ NOE ........oveemennnen...

Results of epoxidation of TPI lamellas (Tc=
20 C. M/D=1.6) in a cellosolve suspension at
O C. Grown_from a hexane solution.

M 20, O5X10° . « o oe oot
v

Results of epoxidation of lamellas in
2 ethoxy ethanol at O C. Mv=7000, M/D=1.6,
Tc=20 0

. Results of epoxidation of TPI lamellas in

a 2 ethoxy ethanol suspension at 0 C. Groun
from a hexane solution. Tc=20 Cc, M/D=1.6 ,
MV=0.22x105 .................................

Results of epoxidation of TPI lamellas in a
2 ethoxy ethanol suspension at O C. Grow§
from a hexane solution at 20 C. Mv=0.67x10 ,
1720 L - S

Results of epoxidation of TPI lamellas in a
cellosolve suspension . Prepared from a
dilute hexane solution at TC=20 C.

Mv= 2.3x105 and M/D=1.6 ... ..... .. ... .. ...

Results of epoxidation of TPI lamellas in a
2 ethoxy ethanol suspension at O C. TC= 30,
Mv=2.3x105. Grown in a hexane solution .....

Results of epoxidation of TPI lamellas in
cellosolve at O C. Prepared 1in a hexane
solution._C-13 NMR done with and without NOE.

Mv=2.9x105, Tc=20 C, M/D=1.6 ..........0....

Results of epoxidation of TPI lamellas in a
cellosolve solution at O C.Grown in a_dilute

hexane solution at Tc=10 C, MV=2.9x105 .....

TPI lamellas epoxidized in cellosolve at O C,
prepared %n a hexane solution at 20 C. M/D=1.6
Mv=3'SX10 ) 5 1 T

Results of epoxidation of fractionated TPI
in 2 ethoxy ethanol at O C frgm a hexane
solution at Tc=20 C, MV=3.5x10 , M/D=4.8

104

108

109

110

112

113




XXIV.

XXV.

XXVI.

XXVII.

XXVIIT.

XXIX.

XXX.

Results of lamellas epoxidized in a cellosolve
suspension at 0 ¢. M/D=1.6. Prepared in a
dilute hexane solution at T_ =20 C,
M,=5.8%X105 (IGD) ............... S 114

Results of unfractionated TPI 1lamellas
epoxidized in a 2 ethoxy ethanol suspension
at 0 C.T_=10. Prepared from a dilute hexane
=
solution. ... . ... e e e e e 115

Epoxidation and hydrochlorination results

for TPI lamellas grown from an amyl acetate
solution at 20 C, using unfractionated....... 116

Results of epoxidation of TPI lamellas in

‘a 2 ethoxy ethanol suspension at O C. TC=1OC

M/D=1.6 and M_=2.3x%105. Grown in an amyl
acetate solution . ... ... ... . it it e e 117

Results of epoxidation of TPI 1lamellas in
cellosolve at O C. Grown _from a hexane

solution at 10 C. Mv=2.3x105, M/D=1.6........ i18

Effects of molecular weight on density and
epoxidation results for TPI lamellas ....... 119

Effects of crystallization temperature T_ on

density and epoxidation results for PI
= 11130 0 1= 120

X1




Fig.#

10

LIST OF FIGURES

Caption

Electron micrograph, of TPI single lamellae
grown from a hexane dilute solution. Tr=34 C
and Tc=20 C i et e e e e e e e e e e e e

Schematic two dimensional representation of
models of fold surface in polymers. Proposed
chain folding in models in single crystal
lamellae: a) sharp folds - regular adjacent
reentry (tight folds). b) switchboard model-
loose or irregular folds (random adjacent
reentry). c)loose loops with adjacent reentry
d,e)a combination of several features showing
a chain with imperfections which may occur in
SEPUCEUY G ... it ittt e ettt e e e

Ubbelohde dilution viscometer; capillary
viscometers used for measurements of polymer
solution viscosities ......... . ... .. .. .. ...,

Density gradient column. Flask A contains the
heavy liquid which 1is continuously diluted
with the 1light 1liquid from block B. The
stirring keeps the contents of flask B
homogeneous at all times ....................

Typical * calibration curve of a density
gradient column. The marked points are the
positions of the calibrated floats ...........

Flow diagram for TPI fractionation ...........

Electron micrograph of highly overgrown TPI
single crystal grown from a hexane solution.
Tr=34 C, Tc=10 C ittt it e e e et e e et

Electron micrograph of TPI single crystal
grown from a dilute hexane solution. Tr=34 C,
T =20 et it it et st ettt a s et s a i
Eiectron micrograph of TPI single crystal
grown from a dilute hexane solution. TC=34 C,
Tc=30 C i it it it e ittt et e ettt e e et e

Electron micrograph of TPI single c¢rystal
grown from an amyl acetate solution at 20 C...

xii

Page

32

35

36

46

S0

51

52

53




11

12

13

14

15

16

17

18

19

20

21

22

Schematic representation of TPI crystals with
surface folds. L_ - c¢rystal thickness, L_ -
amorphous thicﬁness, L - total lamellar
thickness ... ... ...ttt ti i,

DSC endotherms of -TPI crystals 8rown from
a dilute hexane solution. M_=1.55x107, TC=2OC.
a. epoxidized. b. unepoxidized .........7T....

Selected area diffraction pattern for a single
crystal of the -form of TPI grown from a
hexane solution at Tc=20 C e e e

Wide angle X-Ray patterh of partially
epoxidized TPI in 2 ethoxy ethanol. Tc=20 C,
Mv=1.55x105 .................................

100 MHz proton NMR spectrum of unfractionated
synthetic TPI dissolved in CDCl3(1% w/v).....

lH NMR spectra of a) unfractionated TPI and
b) partly epoxidized TPI ..............cu....

C-13 NMR epoxidized TPI lamellas ............

Computer integration of the resonance area
for carbon #1 of TPI block copolymer and
block length ....... ...

The average block length reacted U (monomer
units per fold) and unreacted L_ (crystalline
stem length in nm) for unfractionated TPI
lamellas grown from a hexane solution at
TC=20 C, M/D=1.6 ... ... . ittt oroeasan

«<B> vs. log time for TPI lamellas epoxidized
in 2 ethoxy ethanol at O C5 and grown 1in a
hexane solution. Mv=2.9x10 , M/D=1.6 ........

<A> vs. log time for TPI lamellas epoxidized
in a 2 ethoxy ethancl suspension at 0 C and
grown in a hexane solution at TC=20 C,
Mv=2.9x105 and M/D=1.6 ... ... ...ttt

Epoxidation fraction F_ vs. log time for TPI
lamellas in a 2 ethoxy ethanol suspension,
prepared from a5dilute hexane solution at

T =20 C and M_=2.9%x107 ........... ... ...
c v

xiii

54

58

59

60

70

71

78

84

as

96

Q7

98




23

24

25

26

27

28

29

30

31

32

33

I: unreacted fold or fold in process of

being reacted. Large <A>. II: Random
distribution of epoxidized units in the fold.
Small <A> values. III: fully reacted surface,
represents the actual value of the stem
length of the crystalline region ............ 100

U and L_ vs. time for epoxidized, unfractionated
TPI in 2 ethoxy ethanol at O C. M/D=2.4, 3.9.
Grown from an amyl acetate solution at
TC=20 G e e e e e e e e e e e e e e 121

Representative of <A»> and «B> vs. time for TPI
lamellas(T_=20, M/D=1.6) in a cellosolve
. "¢
suspension at O C. Grown from a hexane
LY 31 o 1 o 122

«(B> and <¢A> vs. epoxidized time. Average
block length, <A»>{(unreacted) and <B>(regcted)
for TPI lamellas at TC=20 C, MV=O.O7x10 ce.. 123

«<B> and <A» vs. epoxidation time. Average

block length, <A> and <B>5for TPI 1lamellas

at Tc=20 C and MV=O.22x10 .................. 124
Representatives of <A> and <B» vs. time for

TPI lamellas in a cellosolve suspension

at O C. Grown in a hexane solution at TC=20 C,
M/D=1.6 and MV=O.67X105 ...................... 125

<As> and «B> vs. epoxidation time. Average block
length, <A> and «B> for TPI lamellas at Tc=IbC,
Mv=2.3x105 ................................. 126

<A> and <«B> vs. epoxidation time. Average
block length, <A>» gnd <B> for TPI lamellas.
Tc=10 C, Mv=2.3x10 ......................... 127

¢A> and ¢B»> vs. epoxidation time. Average

block length, <A>5and <B> for TPI lamellas.
TC=ZOC, Mv=2.3x10 ......................... 128

<A> and «B> vs. epoxidation time. Average
block length, <A>.and <«B> for TPI lamellas.

T =30C, M =2.3x105 e e e e et 129
c v ;

¢A> and «B» vs. epoxidation time. Average
block length, <A»>_and <B» for TPI lamellas.

T =10C, M =2.9x105 .......................... 130
C : v

xiv




34

35

36

Epoxidized TPI 1lamellas in a cellosolve
suspension at 0 C. Crystals grown from 52
hexane solution at Tc=20 C and MV=3.5x10 .
<A> and <B>» vs. time (days) at M/D=1.6 ......
¢A> and <B»> vs. epoxidation time. Average
block length, <A>» gnd «<B> for TPI lamellas
T =20 C, M =5.8%10" ... ... ittt eiennnn.
c v

Schematic representation of <A> and <B»> in a
folded crystal. <A>= Ave. # of A units/stem.
<By= Ave. # of B units/fold

Xv

132




I.INTRODUCTION
The modern concept of polymer crystals(folded chain-
lamellas) resulted from the careful work of Keller(1i),
Till(2) and Fischer(3), following an earlier 1lead by

Jaccordine(4), who showed that polyvethylene molecules could

form single crystals from a dilute sclution. This
phenomenon has been reported for many polymers (5),
including gutta-percha, pelyethylene, polypropylene,

polyoxymethylene, polyamides and cellulose derivatives. The
preparation of macromolecular crystals from solution has

been well summarized by Wunderlich (6) for work up to 1970.

Flexible chain polymers may be crystallized by cooling a
dilute soclution from a temperature above the crystalline
melting point to its crystallization temperature (some
degrees below). A wide variety of morphologies result, the
erxact nature of which seem to depend on polymer type,
solvent, concentrations, temperature and growth rate.
Single crystals appear in the electron microscope as thin,
flat platelets or lamellae, 5-25 nm thick and several
microns in lateral dimensions. An oval shaped folded
chain lamells of 1,4 TPI, as shown in Figure 1 1s used to
illustrate the prominent features of polymer single

crystals.
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In 1957 Keller (3) showed that polyethylene molecules could
form single crystals from dilute =solutionsg. Based on hi=
studies of the properties of such crystals, he concluded
that the polymer molecules in the crystals were folded back
upon themselves. Keller's conclusions were supported by -
similar independent observations (2,4). From the work on
the crystal structure of polyethylene by Bunn (7), electron
diffraction experiments proved that the polymer chain axes
in the body of the crystals were essentially perpendicular
tc the large, flat faces of the c¢rystal. The lamellae
thickness (5-20 nm) is much smaller than the other
dimensions of the crystal (103to 2x104nm) and the chain

2 to 104 nm). The chains must, therefore, fold

length (10
back and forth on themselves, forming chain foldes on the
upper and lower surfaces of the crystals.' It is known that
theze lamellae contaln a noncrystalline component, the most
direct evidence to that being provided by X-Ray diffraction
density, calorimetry, carbon-13 NMR, IR spectroscopy and
proton magnetic resonance. These facts support the
postulate that in addition to the chain traverses through
the crystal core of the lamellae, chain folds exist which
connect one crystalline chain traverse to another. Whether
the traverses connected one to another are prodominantly
adjacent ar nonadjacent iz 2till 3 matter of controversy

(8-11). 1In either case, however, the polymer chain in a




lamellae is made up of alternating sections, one of which
is part of a crystalline array and the other is part of the
material at the crystal surfaces. A schematic two
dimensional representation of models of the fold surface in
polymer lamellae (9) is shown in Fig.2Z indicating the

different types of re-entry folding.

A dominant morphological entity formed when polymers
crystallized from a more concentrated solution, is the
spherulite (10). The spherulites consist of a radiating
array of twisted lamellas, emanating radially outwards from
the center, 20 that the overall gtructure is
morphologically spherically symmetric, suggesting that the
crystal organization within the spherulite, also possesses
spherical symmetry. In addition, multilayer entities called
hedrites (11-12) with many features of single lamellas
have been also grown. According to Keith's theory (11),
the transitional multilayered hedrite structures,
structures which develop during the early stages in the
growth of spherulites, and the spherulitic structures into
which they ultimately evolve represent successive stages
in the evolution of an initially formed lamellar chain-
folded single crystal. The above studies have been
extensively performed and reported by Woodward (133 . In

recent years a more detailed variety of morphological forms
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Fig.2. Schemztic twe dimensional representations of models

of fold surface in polymers.

Proposed chain folding models in single crystal lamellae

a) sharp folds- resgular adjacent reentry (tight folds)

b)) switchboard model- loose or irregular folds (randen
adjacent reentry)

c) looze loops with adjacent reentry (loose folds)

d, e) a combination of several features, 1llustrating chain
with imperfections which may occur in structure




exhibited by lamellae crystals has developed, largely as a

result of studies by Bassett and Hodge (14-19).

The nature of the noncrystallihe material at the surface of
the polymer hag received conegiderable attention to date
(20-21). Of particular concern are the 1length of the
surface folds and the extent of +the adjacent reentry.
However, most physical methods used to evaluate the
amorphous fraction of polymer samples, measure the total
noncrystalline content and provide little datails as to the
nature of the chains in the surface fold.They also do not
provide direct evidencee as to how the chains are folded.
Twe different models have been advanced: one (3.22-26)
which 1is backed by strong structural and kinetic evidence
(27-29) favoring sharp, regular folding with immediate
adjacent reentry of the chain into the crystal; ancther
model (29-30) postulates that loose, loopy folds with
considerable molecular disorder exist in the polymer single
crystals. The extent of the disorder appears too great to
'be compatible with intercrystalline defects and to require
some sort of amorphous regiqn or layer at the fold surface.
Such a region might involve loose or irregular folds or a

more random "switchboard" model, as suggested by Flory(30).

Experimental evidence that adjacent reentry is the dominant

feature on chain folded crystallization was derived(31)from




selective degradation of folded polyethylene chain crystals
with nitric acid and by analysis of the IR absorption of
mixed crystals of polyethylene and deuteropolyethylene. In
this investigation, polyethylene crystals were exposed to
fuming nitric acid. The latter attacks the polymer
oxidatively by removing parts of the molecule and by
cutting folds. It was found that there was a rapid reaction
rate, followed by a markedly decrease in the rate. These
kinetice were attributed to the attack first of easily
accezsible amorphous surface, followed by penetration into
the crystalline interior, where, because of accumulation of
degradation productz blocking the reaction sites, the
reaction rate diminmished. Apparently, there was no reaction
rate difference between amorphous and crystalline
polyethylene ‘with a reagent as powerful as fuming nitric
‘acid.This chemical reaction resulted in the destruction of
the crystals themselves, and therefore the results were
difficult to interpret. They concluded that milder

degradative techniques were necessary.

Using a chemical modification technique to characterize
golution- grown =ingle crystals and dendrites by oxidation
behavior, Williams et al (32) analyzed melt c¢rystallized
polyethylene and found a high degree of adlacent reentry in

the chain folding of polysthylene.




Reller et al (33) indicated that the crystal surface lis
rough and there is some disordered material at the surface.
Keller and coworkers carried out another oxidation
technique - digestion with strong oxidizing agents such as
fuming nitric acid and destructive reaction with ozone,
coupled with gel permeation chromatography to assess the
regularity and distribution of folds length in polyethvlene
lamellas(34-36). They measured changes in molecular 1length
single and double traverses of solution- grown polyethylene
crystals after- the oxidation with fuming nitric acid and
ozone. The result of two peaks in a 2:1 ratio that
dominated the chromatogram was attributed to molecular
weight fractions corresponding to single chain and double
chain traverse length that were degraded by the nitric
acid. It was concluded that the surface consists of chains
of various lengths, buried at different depths on either
side of the lamella, confirming the model of adjacently
reentrant folds of various lengths, which includes some
chain ends (cilia) that are thought to protrude from the
surface. Therefore, the lamella thickness L, inclgdes the
surface amorphous region consisting of chain folds and
chain ends and the crystalline region with a c¢rystalline

thickness Lc, which is smaller than L.

Further evidence for adjacent reentry comes from the study




Bank and Krimm (37). The folded chain mixed crystals
contain an isotopic nonequivalent species 1in the sane
relative crystal arrangement, which changes the symmetry
and mass of the crystal at constant force field.
Intermolecular interactions between the two different
chains in the unit cell of pure polyethvylene split the IR
active interchain CHZ— bending mcde into two components at
1463 and 1473 cm L @0 =10 em '), The equivalent

CD2 mode at higher mass has the components 1084 and 1091
em™t (40 = 7 em 1), The magnitude of  the

splitting is known from the intermclecular force field and
could thus be extended by Bank and Krimm to the related
agH74 8nd CaeDyy, 2
continuous decrease in the splitting of the major component

mixed crystals.' For the paraffins C

frequency was observed with increasing the minor component.
The paraffin data were found to be 1in good agreement with
calculated values assuming random arrangement of CH2 and
CDZ chaing. Thezs results were explained qualitatively and
quantitatively by Bank and Krim (37) on the basis of
symmetry of regular 1:1 mixed crystals with adjacent 1like

species (the species being arranged adjacently).

IR spectroscopy had been employed to study the nature of
chain folding at the surface of crystals prepared from
various polymers (37-40). In particular Koenig and

coworkers (39-40) have identified bands due to unique fold




conformations in polyethylene terephthalate (33) and in
polyhexamethylene adipamide (40). However, this work was
carried out on specimens for which no independent method
was used to determine the amount of chain folding. Such
inforﬁation could have been received by poly trans 1,4
butadiene - PTBD (41-42). For this polymer, the number of
double bonds available for epoxidation was determined for
crystals grown from various solvents. From the epoxidation
data, the crystal thickness and the monomer repeat distance
the average number of monomer units per fold have been
estimated by Woodward et al (43). Information haé also been
obtained from IR spectra of TPBD crystal mats in the 1000-

1

1400 cm ~ region, from dilute solutions of various solvents

and solvent combinations. It was found that the increase in
the ratio of the intensity of the 1350 cm—1 peak, an
amorphous band, to that of the 1335 cm_1 peak, a regularity
band, varies from 1.3 to 0.1 with the solvent used for
crystal preparation, is believed to reflect a decrease 1in
conformations associated with the crystalline region and an

increase in the conformations taken up by the chains in the

amorphous or disordered area.

Ng, Stellman and Woodward (26) studied TPBD crystals using
DSC. H=.e Ht’ the heat of transition for the conversion of
the 10w temperature to high temperature modification, was

assumed to be proportional to crystallinity. These results
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were in agreement with those obtained by IR measurements.
Tseng et al (44) extrapolated the straight line obtained by
plotting the enthalpy of crystal-crystal transition versus
specific volume to 100% crystallinity and obtained a value
for the heat of fusion of TPBD, in agreément with the

literature value.

Using long spacing X-ray results (34), Keller and Udagawa
obzerved a disordered amorphous layer in the fold region
which expands upon swelling polyethylene single crystals
with a liquid. This increase in the long spacling depends
mainly on the molecular weight of the polymer. Mandelkern
(45) explained the dependence of the amount of swelling
with molecular weight as a variation in size and
distribution of amorphous loops connecting the crystalline

sequence.

Attempts haQe been made to study the influence of _block
copolymerization on chain folding by carrying out chemical
modifications at the fold surfaces of polymer lamellas.
‘Methods such as substitution, elimination and addition
reactions have been carried out on various polymer lamellas
to date. The polymers used include polyvethylene (46-49),
poly (4 methylpentene -1) (50), polyvinyl alcohol (51),
poly(vinylidine) chloride (52), TPI (53-56) and trans 1,4
polybutadiene (41-44, 57-60).

Three general requirements for the formation of such block
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copolymers are necessary: the polymer must crystallize as
folded chains; each repeat unit of the polymer must be
quantitatively reactive towards a small molecule  with a
minimum of side reactions, particularly sciésion and
depolymerization or must quantitatively eliminate a small
molecule. If a liquid is necessary to disperse the
nonpolymeric reactant, it should not penetrate the

crystalline parts of the polymer lamellas.

The copolyvmer prepared will consist of blocks of unreacted
polymer units alternating with blocks of reacted units. The
number of repeated units in the unreacted blocks will
depend on the crystal thickness along the chain direction,
as determined by the c¢rystallization temperature and
solvent. The average size of the reacted blocks will be
dictated by the average number of monomer units per fold.
The average size will be smallest and the width of the size
distribution sharpest for the reacted blocks 1if only
adjacent reentry, using the minimum number of chain units,
.occurs.If fold looseness is present, then a distribution of
fold lengths, ranging from tight to loose, is expected. The
largest values for the average fold length and the broadest
size distributions are expected if a significant amount of
nonadjacent reentries occur. The number of blocks per
molecule will decrease as the lamellar thickness increases

and will increase with the molecular weight.
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The block copolymers as first prepared could further be
modified by reaction in solution involving either the
reacted, the unreacted or both blocks. The most successful
methods for the preparation of block copolymers from
polymer lamellas to date are apparently those involving
addition reactions. The reaction conditions are relatively
mild and the reaction is specific. Complete conversion of
the functional groups (double bonds) in the folds and
noncrystallizing ends, apparently take place, whereas for
substitution and elimination reactions, this has not been

shown to be exclusively so.

Elimination reactions such as dehydrohalogenation of
polyvinylidene chloride (—CHZ-CHZ— lamellas) was carried
out using pyridine at 45 C in benzyl and isopropyl alcohols
(52).After an.initial fast reaction, the percent of the
removed.HCI continued to increase linearly to 6-7% over the

time period during which the reaction was studied.

Substitution of bromine atoms onto polyethylene lamellas
using UV or visible light activation of the bromine in
solution at room temperarure and above has been studied by
various authors(46-49). Harrison and Baer (47) reported an
initial fast reaction with changing rate corresponding to
about 2-3% bromine by weight. Following that, the rate of

bromine addition remains constant up to at least 7% bromine
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by weight. Asuming tight reentry folding, it was estimated
. that 4.5% bromine by weight corresponds to one Br atom per
fold. By using hydrogenated polyethylene, Eguiluz, Ishida
and Hiltner (48) found that the constant value of 3.5% by
weight Br was reached at 40 C using Br2 in bromobenzene
under UV activation. This corresponds to about one bromine
atom for every 50-60 ethylene units in the polymer. In a
study of Harrison et al (49) , a polyethylene 1lamella
sample with a bromine content of 14.3% was used to perform
a Friedel Crafts substitution of toluene onto the chain.
Substitution of chlorine atoms onto polyethylene lamellas
using UV light activation of Cl2 in solution at 7 € without
apparent damage to the crystalline parts, as monlitored by
X-ray diffraction, was carried out for lamellas with four
to thirty weight % chlorine added (61). A chlorine content
of 26 weight % corresponds to one chlorine atom per each
polyethylene unit in the folds for the crystals used. ‘The
ethylene blocks would contain about sixty units and the

chlorinated blocks about fourteen units.

Schilling, Bovey, Tseng and Woodward (57) combined the
technique of epoxidation at the crystal surface with
NMR analysis to examine in a quantitative fashion the

nature of the chain folds in solution ¢& - grown crystals of
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1,4 trans polybutadiene (TPBD). Values for average fold
lengths uncorrected for the presence of cilia varied from
3.0 to 5.6 monomer units, suggesting that adjacent
reentries predominate. In a subsequent study, using
nondestructive chemical transformation of surface folds
followed by high resolution C-13 NMR analysis, Schilling et
al (54) were able to gquantitatively measure the average
length of the reacted blocks, the average length . of
unreacted blocks and the fraction crystallinity
in solution- grown TPI crystals. Their results for
one preparation was in excellent agreement with that
reported previously (19), based on determinations of
surface fraction by proton NMR, crystal and amorphous

densities and the monomer repeat distance.

In a kinetic study, Wichacheewa and Woodward (59) carried
out an epoxidation reaction of TPBD in suspension. The
amount of MCPBA reacted relative to the MCPBA present was
determined by an IR method in order to estimate the
fraction of double bonds reacting with the epoxidizing
agent (MCPBA). The number of monomer units per fold was
calculated for heptane and toluene grown crystals.
Comparing the above values with the theoretically estimated
ones for possible tightest reentrants, it has been
concluded that TPBD crystals grown from heptane

principally contain regular reentrant folds and TPBD
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crystals grown from toluene contain irregular adjacent
reentrant folds. The results of that study can be compared
witﬁ those of bromination (59) (with molecular bromine) at
QO C of TPBD crystals suspended in heptane or in CCla, where
a close agreement in surface fractions by the two

methods on a similar preparation is obtained.

The agreement between the brominated and the epoxidized
amount for TPBD lamellas suggest that blgck copolymers of
the dibromodiene and the diene units are also formed. It
seems that in the bromination of TPI 1lamellas, some
substitution as well as addition may take place (56). This
work, however, is unconclusive and needs further work to

prove or disprove that point.

chy B
The formation of —CHZ—Q—CHBr—Cqunits when TPI is
brominated in solution hagrbeen postulated by Tutorskii et
al (66). When bromination is carried out in solution,
cyclization also takes place. However, this is not expected
to occur if the chains are under sufficient restraints,
such as is in a chain fold, although it can take place in a
chain end. However, an increase in crystallization led to
a decrease in the number of monomer units per fold. As the

lamellar thickness of the single crystal is increased by

increasing Tc, a larger number of double bonds per fold are
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brominated, since a larger number of repeat units become
accessible to the bromine. This is consgistent with an
increase in the thickness of disordered surface layers with

an increase in the crystallization temperature.

A-B block copolymers of crystallizable poly(ethyleneoxyde)
(A) and atactic noncrystallizable polystyrene (B} were
studied by Lotz et al (67). On crystallization from dilute
solution, lamellar crystals resulted. It has been found
that the morphology of the crystals is in every detail
equivalent to poly({ethylene oxide) homopolymer crystals.The
poly(ethylene oxide) portion must be folded in a regular
adjacent fashion, while the polystyrene portion is rejected
from the crystal and lies as a thick amorphous layer, about
25A thick, on top of the surface fold. As mentioned
before, the fold length is influenced by the
crystallization temperature; Polyethylene oxide crystals
grown at 15 C were thinner (115A) than those grown at 25 C

(150A). A structure analysizs of cyclic C by Kay (68)

34Heg
proved that crystals of this substance collapsed with the
triclinic polyethylene subunit cell with a top and bottom
fold, corresponding closely to the shortest path between
adjacent zigzag chains on a diamond lattice. Experiments on

melt crystallized poly(ethyvlene terephthalate) etched

hydrolytically by water were carried out by Miyagi
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et al (69) showed weight 1loss and change in lamellar
thickness of polyethylene and polyethylene terephthalate as
a function qf reaction time (etching at 190 C under HZO
pressure by hydrolysis. The major portion of the
initial weight loss correlates well with the total
noncrystalline material in the starting polvmer. The
crystallinity of the remaining etched sample after the
initial rapid weight decrease is close to that of a

completely crystalline polymer.

Measurements of density and heat of fusion of folded chain
crystals reveal that melt-grown, as well as solution-grown
folded chain crystals did not have a high enough
crystallinity to agree with a model of crystallographically
perfect folds and crystal interior (70) . Typical
crystallinities of solution - grown polyethylene ranged
between .80 and 0.95, the variation being caused
by the crystallization temperature, the molecular
weight and by the molecular weight distribution. The
absolute value of the density 1is less than predicted from
the unit cell dimensions, perfection 1is favored (other
conditions being constant) by high crystallization
temperature, lower molecular weight and narrower molecular

distribution.
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The perfection of the interior of folded chain crystals of
polyethylene grown from melt and solution was assessed by
Davis et al (71) and Kitamaru and Mandelkern (72) through
the determination of variation of the unit cell size by ¥X-
ray diffraction. The a and b dimensions of the unit cell
were found to be larger for solution-grown crystals grouwn
"at larger superccooling.The changes in the density resulting
from this unit cell changes are not .enough to account for
the total density defect, i.e. the density of polyethylene
'grown at 70 € from a dilute xylene solution is 0.978
g/cms, while the unit cell density is 0.997 g/cms. This

deviation from a perfect crystal can be accounted for as a

disorder that must be located at the crystal surface.

Direct experimental evidence of lower enthalpy and higher
density of the amorphous portion of polyethylene was shown
by Peterlin and Meinel (81) and Glenz et al (82). Illers
and Haberborn (83) could show by careful analysis of Nylon
6, 6.6, and 8, that the density of the amorphous portion is

influenced by the structure of the crystalline portion.

The total noncrystalline fraction calculated from density
neasurements, assumes that the crystals for the unit cell
obtained by X-ray diffraction and a component which is
completely amorphous, as found in the melt, but with an

extrapolation to room temperature. Total noncrystalline
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values from densities for 1,4 polybutadiene and for TPI
crystals have been obtained by Woodward et al (44, 58) with
only two exceptions out of eighteen TPDB samples. Surface
fractions from epoxidation (FS) are less than 1-wc, the
total noncrystalline amount from density. In one case it
varies by 40% (Mn=1.7x104, FS=O.16, 1—WC=0.26). Two
possible explanations for Fs being lower than 1—wc(44) are:
1) The crystallinity is underestimated by the density
method due to the assumption that the surface component has
the same density as in the melt corrected for temperature.
2)The surface fraction is underestimated by the penetration
technique due to the inability of the penetrant to reach all
portions. This is, however, inconclusive and further work
is necessary to determine which of these, if either, is
correct.

Another experiment showing the disordered material on the
crystal surface comes from the density difference of
sedimented single crystal mats before and after annealing
to larger fold length by the measurement of the absolute
value. of the X-Ray scattering intensity of lamellas in the
low angle region, as carried out by Fischer et al (73). The
mean square fluctuation of the electron density
distribution ¢72% can be determined from diffraction data

<A72> = kI, J©) d&

where k is a proportionality constant, J - the intensity of
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the incident beam, and J(®)- the intensity scattered at the
angle €. The density difference 4p between the crystalline
cores and the intercrystalline surface layer can be
calculated assuming a model of alternating crystalline and

disordered layers. The final equation is

A f= (Mo/S2:1) <>+ (f=f)?

ffe

with Mo’ the molecular weight of the_repeating unit; 2z,
the sum of atomic numbers (electrons); Jf the density of
the. overall sample and JPc’ the density of an ideal
crystal. The density difference evaluated for a sedimented
single crystal mat before and after annealing to a larger

fold length were between 0.158 and 0.171 g/cm3, close to a

crystalline -amorphous density difference.

The density of solution- grown crystals has been a matter
of debate for many years. The difference between dry mat
crystals and suspension crystals 1is not resolved at
present, but may have to do with the detailed surface
structure which 1is associated with =slight roughness or
irregularity of the chain folded surface. Experiments which
aided in the elucidation of the chain fold and crystalline

stem length were carried out by Woodward and coworkers
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in experiments such as X-ray techniques, proton NMR (53,
58, 74), density measurements (53, 74), differential
scanning calorimetfy (DSC) (41, 42), C-13 NMR (54, 55, 57),
solid state NMR (65), electron microscopy (52, 55, 74, 84),
IR analysis(43) and chemical mddifications (26, 42, 44, 53-

59).

It has been established that variation of the molecular
weight and crystallization temperature have a considerable
effect on all the physical properties of bulk crystallized
polymers. In here the c¢rystal habits and shape offers a
rough means of distinguishing between samples of different
molecular weights. The c¢crystal structure is not expected to
change with the molecular weight. For egquilibrium crystals,
only the crystal thickness in the molecular chain direction
would increase linearly with the chain length. As it was
evident for both TPDB and TPI (42, 44, 58-59), the increase
in 1lamellae thickness that occurred with increasing the
crystallization temperature was accompanied by a density

increase. This suggests an increase in the crystallinity

due to a decrease in the noncrystalline fraction
present at the crystal surface. For both and
Similér results were reported for polyethylene

(75-76) and for various polyethylene oxides crystallized
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from the melt (77-80). However, at molecular weights below

4

10, a decrease in crystallinity occurs for a number of
these polymers, including polyethylene(7é), polyethylene
oxide (79) and polyhexamethylene oxide (78). Also a

decrease in crystallinity with decreasing molecular weight
in the 5,000-30,000 range was reported for TPBD (44,58).
There 1is a broad range of molecular weights where the
effects‘on fold length are negligible. The higher molecular
weight samples do not display any well defined morphology
under any crystallization temperature conditions.However,
as the molecular weights get lower, changes , of course,
occcurred. The lower molecular weight isothermally
crystallized samples developed well defined shapes.Detailed
studies of linear TPI fractions by Kuo and Woodward
(12) have shown that in fact a wvariety of crystalline
morphological forms can be obtained by varying
systematically the molecular weight and crystallization
temperature. For TPI, the crystal shape wvaried from
ellipsoidal to hexagonal, depending on Mn and Tc' TPI
crystals have been found to exist most commonly in two
crystalline modifications,aL_andIB. Thng form can be
described by an orthorhombic unit cell with anglesdv—f =y =

90 ., wWwith a=7.78A , b=11.78A and c=4.72 from X-rays
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diffraction (104) or with a=7.83A , b=11.87A and c=4.75A
from electron diffraction (105). The structural parameters
of the form are a matter of dispute. Two different
monoclinic unit cells have been proposed by Fischer (105)
and by Takahashi et al (96). The three molecular models are

shown in appendix I in comparison with structure,.

There in not enough independent information for the

complete studies of TPI. The majority of =studies on
crystallization have been performed with linear
polyethylene. It is of interest to perform such an

investigation on an easily crystallizable polymer such as
TPI ( trang 1,4 poly 2-methylbutadiene), which contain
chemically reactive double bonds in +the polymer chain.
Since epoxidation is a good chemical methoed for determining
crystallinity of block copolymer samples and since C-13 NMR
analysis has been proven to be particularly well suited for
addressing structural problems concerning such block
copolymers, 1t was felt that it might provide insight into
differences in surface and internal structure of crystals,

grown from hexane and subjected to thermal treatment.

In the work to be presented here, TPI crystallizes from

solution in the form as folded chain lamellas depending
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on the crystallization conditions(53, 74, 84).Determination
of the crystallization by density (53, 74) and by solid
state NMR measurements (85) show that a sizeable
noncrystalline component is present in dried crystal mats.A
large portion of this noncrystalline component is expected
to be at the 1lamellas surface as chain folds and
noncrystallizing chain ends; this can be gquantitatively
investigated by chemical reactions in suspension of the
double bonds at the lamellar surfaces. Use of chemical
reactions to study the fold surfaces assumes that the
lateral surfaces are negligibly small in the total area and
that penetration of the crystalline core of the 1lamellas
does not occur. In an earlier work, some A -TPI preparation,
crystallized from amyl acetate, were reacted in an amyl
acetate <suspension at O C with metachloroperbenzoic acid
(MCPBA) to form an epoxide (53, 74).In those studies,
proton NMR was employed to determine the fraction of the
double bond reacted and this quantity was combined with the
lamellar thickness from electron microscopy to calculate
the number of monomer units per fold. More recently, a C-13
NMR method was developed to directly measure the average
fold size and the crystalline stem length (54). Electron
microscopic examination of lamellas epoxidized in amyl

acetate, showed errosion at the edges and holes in the
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internal portions, the amount of which increased with
reaction time and amount of MCPBA present and decreased
with +the crystallization femperature (53). These results
suggested that the double bonds on additional lateral
surfaces were becoming available for epoxidation during the
reaction period. Also in some cases it was found that the
total epoxidized fraction exceeded the noncrystalline
fraction from density measurements (53,74), =suggesting
penetration of the lamellas. Therefore, 1in addition to
using the newly developed C-13 NMR method to analyse the
products of the reaction, it was considered improtant- to
explore the use of other liquids in which to carry out the
epoxidation, in order to minimize the effect of the medium

o the partially epoxidized lamellas.

In the work carried out recently by J.Xu in this laboratory
unfractionated synthetic TPI crystallized from solution in
the \f’form was epoxidized at O C in fourteen different
liquids, for one or more period of time. Using C-13 NMR,
the resulting products were analysed in solution in terms
of an average reacted block length, <«B», and an average
unreacted block length <A>. In the study reported here,
an investigation was carried out on the effect of molecular
weight and crystallization temperature on the <¢A> and «B>»

values obtained by epoxidation of A-TPI lmellas at O C in
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Zbethoxyethanol, a poor solvent for both the reacted and
the unreacted blocks. Also, the effects of the epoxidation
reaction in 2-ethoxyethanol on the morphology of TPI
lamellas were studied using -electron microscopy. The
experimental work to be described next involves a
quantitative chemical assay of the surface of TPI =s=ingle
crystals and 1is part of an attempt to provide more

definitive understanding of the structure of TPI crystals.
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THE OBJECTIVE OF THE PRCPOSED RESEARCH
In the investigation to follow TPI single lamellas in the
ol form were used. The crystais were epoxidized in
suspension to various degrees of completion at a temperature
of 0 C. The resulting segmented block copolymers were
dissolved and subjected to 13C NMR analysis as the main
investigative tool. That has proven to be particularly well
suited for addressing structural problems concerning block
copolymers such as seguence distribution, extent of
blockiness and purity.
The purpose of this investigation is the determination
of the =surface fraction and the average number
of monomer units in TPI block copolymers, as a function of:
a) molecular weight.
b) crystallization temperature
To %eet these goals, the following were carried out:
1) preparations of crystals from dilute =solutions using
TPI with molecular weights in the range of 0.05 to 5.8x105
2) a systematic study of the density of TPI single crystals
ahtained fram exlution over a 10-30 C range of
crystallization temperatures
3) NMR analysis of the copolymer that provided a
measure of the fold 1length, stem length and fraction

crystallinity of the polymer samples as a function of

molecular weight.
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II.EXPERIMENTAL

1.Preparation of samples.

Synthetic TPI was obtained from Polyscience;
Metachloroperbenzoic acid { MCPBA ) and deuterated
chloroform from Aldrich Chemical Company; hexane and amyl
acetate from Amend Chemical and Drug Company; toluene from
J.T.Parker Chemical Company; methanol, ether and 2-ethoxy
ethanol were obtained from Fisher Co. The trans 1,4
content has previously been determined to be 99% for

ey

sample crystallized from amyl acetate =solutions at a
poclymer weight fraction of 5.7x10°% (86). These
determinations were made by F.A.Bovey and F.C.3chilling by

C~13 NMR, using a Varian XL 200 (54,87).

The molecular weight distribution of unfractionated
synthetic TPI has been determined by Anandakumaran (87)
using a Waters 200 analytical gel permeation chromatograph
with +tcluene at 85 C as the solvent. The Mn and Mw/Mn
values of the unfractionated samples are 3.5x104 and 4.8

respectively.

2.FRACTIONATION

Liquid—liquid phase separation methods were originally
proposed by Maffroy-Biget (89) and Meyerhoff (90) involved
a triangular scheme which was a combination of successive

precipitation and extraction. In the first step, the
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polymer is =separated into two fractions. The next step
comprises further separation of either fraction intc two
portions.

Ten grams of unfractionated TPI were dissclved in one liter
of toluene along with O0.1g of 2,2'-methylene bis{4-methyl-
6-tertiary butyl] phenol as an antioxidant with methanol as
the nonsolvent. Nitrogen gas was passed through the teoluene
in the flask before the solution was made. The solution was
placed in a 28 C bath and agitated, while adding methanol
and heating till it became turbid at 50 C. Then the turbid
solution was heated till it cleared at 53 C. Approximately
4-5 liters of methanol as a nonsolvent were used to collect
each fraction. The separation involved two liquid phases as
required. By increasing the amount of solvent, different
fractionz were collected. The concentrated phase was
precipitated by the addition of methanol [the top phase was
removed by suction into another flask for further
fractionation (91-92)1, then it was filtered, washed
several times with methanol and dried in vacuum at room
temperature. Samples were stored in the refrigerator t&
reduce the possibility of degradation and/or oxidation.
Viscosity measurements and molecular weight determinations

were obtained only for the final collection of each fraction.

3.MOLECULAR WEIGHT DETERMINATION

Viscosity measurements of the fractions: the wviscosity
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weight average was calculated using an Ubbelohde capillary
viscometer (93), see Fig.3, and toluene as solvent at 30 C.
The polymer solution viscosities were measured, in order to
determine the molecular weight using the following relation:

(7) =k M/

[7] = intrinsic viscosity: a value at infinite dilution was

a

obtained by using least squares analysis after correcting
for the kinetic energy. [Mv]= average viscosity molecular
weight. [k,al= constants, characteristic of the solvent-
solute systenm. The.values used here were obtained by Xu
(88) and are comparable with other literature values. By
using known Mv and MWD samples predetermined by GPC and by
plotting log[?] ve. log Mv’ values of k=3.34x10_2 and
a=0.686 were obtained. The MV is an average molecular
weight, somewhere between the number average and the weight

average values, but close enocugh to the latter to furnish a

useful approximation.

4 .CRYSTAL GROWTH TECHNIQUES

A series of 0.1%(w/v) TPI solutions in amyl acetate and in

hexane were made by dissolving fractionated and
unfractionated polymers and filtering them. The technique
used involves dissolution (Td), precipitation at 0 ¢ and

heating to a temperature'Tr that caused the precipitate to
disappear. The solutions were held at 66 C for one hour,

then quenched in ice water or a dry acetone mixture (Tp),
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Fig. 2. Ubbelohde dilution wviscomster
Capillary viscometers commonly used for
polvmer solution viscosities
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redisolved by increasing the temperature at a rate of 0.2
C/min, approximately to the redissolution temperature (Tr)
and finally it was quickly transferred to a constant
temperature water bath at the desired 'crystallization
temperature ( 0.1 C) in the range of 10 C to 30 C ( 0.1 C).
The crystallization overnight appeared complete. The
precipitated polymer was separated from the mother liquor
by filtration. The precipitate was washed with fresh
solvent at the same temperature and then either resuspended
in 2 ethoxyethanol at O C for epoxidation, or dried at room
temperature for density measurements and X-ray diffraction

studies.

5.REDISSOLUTION TEMPERATURE MEASUREMENTS

Redissolution temperatures of A-TPI grown from hexane were
measured at the temperature of disappeérance of the last
portion of the precipitate and were found to be 34 C for
the lower molecular weight(0.05—0.67x105), and 27 C for the

higher molecular weight(2.3—5.8x105).

6.GROWTH OF S?: FORM

In order to choose a proper suspending liquid for
epoxidation, samples in theLF>médifications have been grown
by J.¥Xu (55) from a 1% amyl acetate solution heated to
00-95 ¢ for an hour and then cooled to O C and left

undisturbed for 24 hours. The resulting suspension was
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heated to 30 C at a rate of 0.06 C/min, left at that
temperature for 40 hours and then washed with fresh amyl
acetate, followed by drying (for X-ray analysis or for
density measuerments), or by suspension in another liquid

in preparation for epoxidation.

7 .DENEITY

A density column gradient was used to measure the density.
By this method the density 1is determined by matching
the buovancy of the unknown solid and the surrounding
ligquid, =0 that the =so0lid floats freely for an extended
period of time. The apparatus is shown in Fig.4 and it
congists of two Erlenmeyer flasks, connected by a glass
tubing to a vertical glass column. A density gradient is
set up by mixing various proportions of a high density:
liquid, water and ra less dense liquid, ethanol(95% purity),
so that the density in the glass column increases linearly
from the top tc the bottom. Either end of the wvertical
column was controlled by the density of the original
liquids in the reservoirs. Calibration curves as shown in
Fig.5 are calculated each time by a linear regression. All
samples were pressed at 3.4x107 Pa to eliminate air, cut in
small pieces and dropped into the column. The densities

were measured from the flotation level.
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Fig.4 Densitv gradient column. Flask A contains the heavy
liguid which is continuocusly diluted with the light liguid
from flask B. The stirring keeps the contents of flask B
homogensous at all times.
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The weight fraction of the noncrystalline component 1—Wc
was calculated (egq 1) assuming a two phase system using an
amorphous density (95)_§)a of 0.905 g/cm3 and a crystalline

density (96) e of 1.05 g/cm3

We = - fefad
yfsifg_ a)

wherevf = the density of the sample.

S

8.0PTICAL MICROSCOPY

As soon as the lateral dimensions of the folded chain
crystals exceed1f}m it becomes possible to observe directly
the lamellas, under the optical microscope. The crystals
grown by the self seeding technique were washed with a lot
of crystallization solvent at the same temperature at TC to
remove material remaining in the solution. Then the
crystals were deposited on a microscope glass slide and
kept in the refrigerator till it dry. The morphology was

studied in suspension under the optical microscope, using

both the interference contrast and crossed nicols (to
observe the birefringence in order to establish the
orientation of the chain). A photomicroscope (Zeiss) with

a magnification from 500 to 800 was used.The crystals were
also observed on a precooled glass slide, while floating in
2 ethoxy ethanol or 1in hexane. Photographs of these
crystals were recorded with a 35 mm camera connected to the

instrument on a Rodak technical pan film 2415 with an ESTAR
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AH base. When the reflecting system is in the exposure
position, the object is imaged in the film plane and on the
focusging reticle. The image will be sharply focused on the
film if it is sharply defined on the focusing reticle. The
image =scale on the film depends on the position of the

projective (3.2x and 6.3x). It is computed as the product

of
Image scalel=[scale facto> X 6bjective factor

on the film optovar¥* (magnification changer)
*a cylindrical extension is in the optical system and gives

a further magnification of 1.25x%, 1.6x or 2x.

9.ELECTRON MICROSCOPY

The usual technique of heavy metal shadowing is used. The
direct observation of thin specimens, such as polymer

single crystals, is possible and allows the observation of
the electron diffraction pattern of the same specimen area,

invaluable for determining crystallographic directions and

relating them to morphology. The 0.5g crystals obtained

each time by the precooling method were washed with 500cc
of crystallization solvent at Tc. The drop of the
suspension was deposited on a copper grid, which was coated’
with carbon. The grid was then shadowed with Pt/Pd or Au/Pd
vapor in vacuum ( 10}:—6 mm Hg) to increase the image
contrast at a shadowing angle of J = tan_11/3 and observed

in the transmission mode with a Phillips EM 300 electron
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microscope at 60KV. Usually, the magnification was in the
range of 5,000 to 25,000 times. Pictures of crystals were
taken directly with a plate camera attached to the electron
microscope. Epoxidized crystals were alsc observed under
the e}ectron microscope, 1in order to monitor possible

changes in the surface morprhclogy.

10.WIDE ANGLE X¥-RAY DIFFRACTION

Wide angle x-ray diagrams were obtained with a cylindrical
camera of 57.3 mm diameter, for crystal mats, which were
pressed to 10—26 mm thick sheets in order to disorient the
system. Exposures were made with nickel - filtered (Cu-K )
radiation, using an accelerated potential of 35 KV and a
filament current of 15 mA for one and a half hours.Black
pépef was commonly used to prevent light from exposing the
film. For a random poly-crystalline sample, diffraction
from all the crystals in the sample having ( hkl) planes
making the proper Bragg angle with an incident beam,
produces a cone of radiation with semiapex angle 2 , which
intersects the film of the camera. The most accurate
measurements .are made along the equator. The measured 2Z
(the diameter of the diffraction ring) equatorial wvalues
may be converted into 26 values by the equation

26-= 180 (2Z)/nD
where D is the diameter of the camera. These 26-values may

be converted to d spacing for the diffracting planes by the
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equation

d = 1/28in (180)z/nD)

11 .DIFFERENTIAL SCANNING CALORIMETRY (DSC)

Measurements were made with a Dupont 990 thermal analyzer
with TPI =single crystals grown from hexane,. at weights of
approximately 2 mg. All scans were made using the maximum
gensitivity that kept the peak on the recorder paper and at
the scanning speed of 10 C/min. This speed was high enough
to avoid recrystallization phenomena during heating and to
maximize +the size of the peak. All scans were made using
the routine procedures described in the operating manual.
The temperature indicated by the analyser was checked by
comparing the melting point of pure Indium to its literature
value. The melting points of reacted and unreacted TPI
single crystals were takerli as the endothermal temperatures
of these crystals, after the zero correction for each run.

These measuerments were made by I.Zemel.

12 .EPOXIDATION

A reaction of the double bonds at the crystal surfaces was
carried out in a 2 ethoxy ethanol suspension at O C with
enough MCPBA [a ratio of 1.6:1 MCPBA/DB] to react with the

total double bonds in the polymer samples initially

40




crystallized . The crystals were separated from hexane -
the crystallization 1liquid ( a few perparations were
made with amyl acetate as the crystallization liquid) by
filtration and washed with freéh distilled 2 ethoxyethancl.
The crystals always remained in suspension and were not
allowed to dry out or mat together. The mixture was then
resuspended 1in 2 ethoxyethancl at 0 C and MCPBA was added
at once at the beginning of the reaction. Using a molar
ratio of MCPBA  to TPI repeat units of 1.6:1 . For =&
few runs, this ratio was set at 0.78 or 4.8. The
progress of the reaction was followed with time and was
permitted to proceed well beyond the point at which
the rate diminishéd to zero. After reacting for a
particular period, the epoxidized crystals were
filtered and washed with 2 - ethoxyethanol and then
with ether, to remove the unreacted MCPBA and the
by-product MCPBA that may have been trapped in the polymer
or in the solvent. Failure resulted in cross-linking
of the epoxidized TPI. The polymer was dried at 0O C
in wvacuum and dissolved in a 10% (w/v) solution of

deuterated chloroform and subjected to C-13 NMR analysis.
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13.1H NMR

Epoxidized and unreacted TPI crystals were freeze dried,

]

dissolved in deuterated chloroform containing
tetramethvlsilane (TMS) as solvent and was subjected to *H

NMR analysis, using 60 MHz Varian NME, a 100MH= Jealco

m

NME and = 200 MHz WP- 2002y Bruker IBM NMR spectromzter.Ths
epoxidized fraction was generally determined using the
areas under both the CH and CH3 resonance peaks and by
weighing a photocopied paper cut of the spectral peaks or

rated Urves . The extent of

uzing the computer’'s inte

i

_epoxidation and the percent crystallinity ccould thuz be
obtained. The CH, CHQ, and CHB rescnances for TPI are found
at 5.1, 2.0 and 1.6 ppm and for epoxidized units they are
st 2.7, 1.6 and 1.2 ppm. In this method 1H NMR was used to

determine the epoxidation of TPI.

The 50.322 MHz C-13 NMR sgpectrum of each preparation was
cbtained with am IBM WP 200-2Y NME syetem on an about 10%
(w/v) solution in DCCl, using TMS as an internal standard

with 32k memory, a special width of 83223 Hz and a 20 =econd

—
"

delay time. Gated broad-band proton deccupling, both
with and without NOE was wused. The number of scans

collected in the gated experiments was 612-2600 with NOE
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and 2,000-10,000 without. The C-13 NME rezulte were uzed
quantitatively to obtain the fraction reacted and the
average reacted and unreacted block lengths, resulting from
the epoxidation of the L-TPI preparation. All guantitative

measurements were made by computer integration.
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IITI _RESULTS

1 .MOLECULAR WEIGHT DETERMINATION (VISCOSITY MEASUREMENTS)
Solution wviscosgity is used here as a measure of the

molecular weight of TPI. The simplicity of the measurement,

and usefulness of the viscosity measurement, constitutes
a valuable tool for the molecular weight
characterization of TPI. The results for various

molecular weight fractions are listed in table I. The flow
diagram for TPI fractionationm is shown in Fig. 6. The pure

solvent (toluene) flow time is 95.4 sec.

Viscosity measurements were obtained for unfracticnated
gynthetic TPI and for TPI lamellas grown at different
crystallization temperatures at TC=10, 20 and 30 C {table
II). An increase in the molecular weight is observed

with increa=sing Tc’ guggesting an elimination of the lowar

im

molecular weight chains as the temperature is increased.

2. GROWTH OF ol - CRYSTAL FORM

Overgrown lamellas  can be obtained from soclution by  the

"~

precooling method. Analysis of soluticn- grown crystals is
congiderably easier since the crystal can be separated
from the surrounding solvent without difficulty and
maximum information <c¢an be obtained by microscopic
examinationlof the structures being formed, while they are

=till in the suspension 1liquid. The method invelves (97)
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first the preparation of the crystal suspension by fully
dissolving the polymer in s=olution at a dissolution
temperature { Td 1, followed by gu=enching to

a precipitation temperature ( Tp Yy to crystallize.

The suspension is then warmed up to a redissclution
temperature ( Tr Y., where the population of the

nuclei can be controlled efficiently between large
limite by heating at a =low rate.It ha=z besn found(97) that
within a 1limited range above this ciearing point, the
zolution retains a memory of previous crystallization when
crystallizing at constant temperature(TC). This method

yielded only cne crystal form, the oL form, as evidenced
by the appearance of a single, sharp D3C endotherm(Fig. 12)

in a region where it has previously been identified (98, 99)

with M~ TPI. TPI crystazlisation tends to result in highly

overgrown lamellas, probably through dislocation growth.
Many layers can be seen on these lamsllas (Figs. 7-9). An
increase in the lamellar thickness is seen with increase

in the crystallization temperature, as has been shown
previously(12). In =11 cas=es, this is cloesely rzlated to the
fold length, since the mélecular chain axis is always at
right angles or at relatively steep angles with respect to
the lamzllar =zurface. An important festure iz the fact that
shape changes are not taking place with respect to either
molecular weight or temperature. From the flat-on view, the

ctructure of the single crystals of various molecular
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TABLE I
C,
Values of valo‘ of TPI fractions

SOLVENT/ WEIGHT OF % OF M X
NONSOLVENT FRACTION(g) TOTAL 18-5
RATIO (v/v)

4e/B1 0. 04 0.4 0.085
45/7% 0.06 0.6 0.07
50/41 0.ca .8 O.4E
25/17 0.35 a.5 0.67
2E/17 1.98 195 1.4%3
80/20 0.z 2.0 1.8
100/25 ‘ .18 1.8 2.5
80/15 2.6 26.0 2.48
105/25 0.3 3.0 2.9
105/30 0.23 2.3 3.5
105/25 .35 23.5 5.8

MV is the viscosity weight average
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TABLE I1I
Weight average as determined from sclution viscosity for

TPI grown at various crystallization temperatures

b c
B Tt e e A
TFI pellet - 1.6 x10°
TEI lamella= 10 i1i.& x105
TPI lamellas 20 1.6 x105
TPI lamellas 30 2.0 x10°

a. Unfractionated with Mv=1.55x105 from a 0.1% hexane
solution
b. Crystallization temperature

¢. The zolution viscosity weight average
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weights appear well defined and ellipsoidal (or oval) in

shape, as shown in Figs. 7-9. When viewed under the optical

U]

microgcope in suspension, the overgrown lamella were

+

curved. Therefore, due to drying on a flat substrate, these

nd were

o

crystals collapsed and formed creases and ridges
sometimes hard to observe under the electron microscope due
to aggregation.

With regards to the choice of hexane as a solvent for
crystallization, it should be pointed out that
TPI dissolves readily at a relatively high
temperature, but is only sparingly, or not at all soluble
at the crystallization tempsrature uzed. A few experiments
were carried out using crystallization liquids other than
hexane. Precooled crystallization from amyl acetate or from
dibutylether with synthetic TPI in 0.1% (w/v) at TC= 20 C
vielded oval shaped structures for amyl acetate as shown in
Fig.10. When a poor solvent such as n-butyl acetate waszs
used for unfractionated TPI at 20 C, lamellar aggregates

alone or with some single crystals were found.

3. LAMELLAR THICKNESS MEASUREMENTS

Meazurements of lamellar thickness from the shadow lengths
were carried ouf for samples crystallized at 10 €, 20 C and
30 C. The values obtained in different fields for two sets

of c¢rystal preparations are given in table III where they
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Fig. 11. Schematic representation of TPI crystals with
surface folds. LC- crystal thickness, La— amorphous
thickne=zs, L- total lamellar thickness.
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TABLE III

Lamellar Thickness of o -TPI Crystals Grown from Dilute
Hexane solutios; obtained by Elecgron Microscopy and C-13
NMR for Mv=2'3X1O ,

Tr TC Electron Microscopy Average C-13 NMR
34 10 78 80 79 79 79 80
34 20 80 71 104 85 85 83
34 30 96 89 94 a3 a3 a1
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are compared with those calculated from 130 NMR studies on

epoxidized 1lamellas. This latter calculation is discussed

in Section 10 below.

4 .DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The hexane grown single crystals are in the
A modification, as evidenced by the appearance of a single
DSC endotherm. TPI crystals do not seem to undergo thermal
rearrangements and lamellar thickening during the scans
through the transition. The evidence for this is that the
peaks obtained are regular, sharp and similar in shape to
peaks identified previously (98, 99). This may be due to
the» fact that the samples were heated at the scan rate of
10 C/minute, which may not have allowed the crystals to

recrystallize.

For samples of TPI obtained from hexane solutions after
dissolution at 61 C and cooling to O C (Tp) followed by
slow heating to 324 C (Tr) and crystallization at constant
temperature (TC) from 10 to 30 C, vyielded one crystal form
only. This is evidenced by the single DSC endotherm as seen
in Fig. 12 in the 58 C region. Endotherms in the 58 to 69
C region have been previously identified (98, 99) withd--
TPI. This finding has been confirmed in this work by
carrying out wide angle X-ray diffraction on samples having

Tc's cf* 10 and 20 C, as reported 1in the next section.
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Surface epoxidized ~-TPI lamellas grown at 20 C showed a
single endotherm at approximately 62 C. A 4 C shift from

that was found for unreacted ¢+ lamellas.

5.¥-RAY DIFFRACTION MEASUREMENTS OF TPI

A typical x-ray diffraction diagram of TPI crystals in the
o~modification is shown in fig.13-14.The figure shows clear
evidence for the presence of both sharp and diffuse
diffraction. The =sharp diffraction spots can clearly be
linked to crystalline order, while the diffused lines are
linked +to the disorder in the crystal structure, or the
amorphous region, since disordering results in broadening
of the diffraction maxima. The x-ray technique used in this
study provides primarily oné method to determine the

crystal modification, either d~orj3

A comparison of d - spacings with those reported in
the literature by Takahashi et al (106) for the
ol value, is shown in table X.The unit cell parameters are:
a=7.98A , b=6.29A , c=8.77A , g~and § =90 andﬁ:ioz (96) .
Surface epoxidized TPI crystals in a 2-
ethoxyethanol (cellosolve) suspension (see below) produced
the same x-ray pattern as the ol -TPI crystals.This indicates

that only the amorphous surface regions of the crystal,
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Fig. 12. area diffraction pattern of a e=ingle
crystal of thee-form of TPI grown from a hexane =olution
at T =20 €. The irradiation time was 18 hours with a
voltage of 35 KV and & 15 mA filament current.
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Fig. 14. Wide angle x-ray pattern of partially epogidized
TPI in 2-ethoxy ethanol. T _=20 C, M = 1.55%10°. The
irradiation time was 18 hours, with & 35KV voltage and a

S mA filament current.
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TABLE

Iv

Comparison of Observed d-Spacings with literature (106)
Values for ¢~ Forms

d-literature

d-observed Intensity
A
7.82 m
4.90 Ve
3.94 ve
3.26 ve
3.02 mw
2.78 mw
2.20 VW
2.08 W
1.92 vw

w-weak, m-medium, s-strong.

[
L
[a)]

.73

B

.40

N

Lamellas were grown in a 0.1% (w/v) hexane solution with
T .,=61 C, T =34 C, and Tc=20'

using Bragg's equation.

61
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which do not give a sharp ¥-ray pattern have reacted, having,
thus, no effect on the x-ray pattern of the crystalline core.
The Bragg equation is

d g;ZSin[arctan(z/d)/ZJ

where z is the experimental diameter of each line 1.2, 2.0,
2.5, 3.05, 2.85, 4.9, 7.8 cm; d 1is the diameter of the

camera (5.72 cm) is 1.54A

6.DENSITY

Density is a basic microscopic gquantity of a polymer
lamella. It is linked directly to the unit cell parameters
and the amorphous content ( 104 - 106 ). Density

determinations of either solution or melt crystallized

polymer by any method such as dilatometry ( 107 ),
pycnometry (6) or dengity gradient as used here,
show immediately that the experimental values do
not reach the densities for perfect crystals,

computed from unit cell parameters. The data obtained lie
somewhere between the crystalline and amorphous density,
e.g. for TPI the pure crystalline density of the form at
25 ¢ is 1.05 g/cm3(104-105). Thetamorphous density at 25 C
is extrapolated from the melt and is 0.905 g/cmg, as

established by dilatometry(104-105).

One experimental variable that has influence on the sample

density is the crystallization temperature. The average
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density value is found to increase with increasing TC in
the 20 to 30 range. This increase in density is caused
mainly by the decrease in the amount of surface area
{(noncrystalline region) on the lamella, due to an increase
in the crystal thickness. Based on these experiments, a
fractional crystallinity is usually calculated, based on the
assumption that the sample may consist of relatiVely
perfect crystals and unaffected amorphous regions. The
common crystallinity calculated from density data is the

weight fraction crystallinity W< derived as fecllows:

Total Volume= wg7=wag'a + Wc<fc

go that 13:1-w°/J>a + wc(-fc

where w°=wc/w, the weight fraction crystallinity

and finally Wc=§ Qif;)fifsljé)<ifngé)}

The quantities W, Wa and WC represent the total amorphous
and crystalline weights of the samples;fc is the density of

the sample obtained experimentally,

The seemingly perfect folded chain TPI single érystals are
shown to deviate from perfect crystalline density. Special
difficulties were found to exist for the measurement of
density of the soclution~ grown folded chain single
crystals. Kawai and Keller (108) have found that a typical

1

folded chain single crystal weighs only 10 1g and has such
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a large specific surface area ("’106. cmz/g) that on
floatation experiments interaction of the solvent with the
disordered surface layer may influence the flotation
equilibrium. Once the folded chain lamellas are sedimented
and dried, the thin lamellas may trap air in spaces between
the 1lamellar surfaces. Although the dried crystals are
pressed at 3.4}:107 Pa to eliminate air. The flotation data
may be somewhat too high due to solvent surface
interaction. The sedimented (dry mats) data, however, are
often too low. 1In any case, the measured values do show a
systematic density defect, which 1is attributed to the
noncrystalline region, even for the externally perfect

looking single crystals, which 1is dependent on the

crystallization temperature.

The densities obtained for mats of oL -TPI crystals grown at
various crystallization temperatures TC, from 0.1% hexane
solutions, are given in table V as a function of number
average molecular weight, Mv’ as determined from viscosity.
The number of separate samples studied is indicated in
parenthesis, if more than one sample was used. The largest
number of measurements were made aon the samples
crystallized at a TC of 20 C. At a TC of 20 C, no
systematic change in the density occurs with molecular
5

weight from O.22x105 to 5.8x107. An increase in density is

observed for Tc=20 C, when the molecular weight is
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decreased to O.O7x105.1f 2ll determinations at a particulear

TC are averaged, the values found are these given in. the
last row of table V . The average deviation of these
was within 0.003. The average density value is found to
‘increase with increasing Tc in the 10 to 30 range. The
effect on the density by keeping TPl crystals in contact
with 2-ethoxyethanol at Tc for 65 days was monitored for

the unfractionated TPI with Mv=1.6x105. Densities of 0.969

and 0.968 were obtained.

A total noncrystalline content, 1-NC. at each TC used was
obtained from the density values in table V and are given
in table VI. The average deviation for this quantity ics

0.02.

7. EPOXIDATION OF LAMELLAS

The following reaction preserves the stereochemistry of the
double bonds producing only the trans oxirane rings, as
demonstrated by the work of Schilling, Bovey and Woodward

(54, 57) and again in the present work.

0 0
X ¢-00H Sc-oH
'\2 / \c 7 (1)
= + — -
/F q\_ /7 \ 7/ -
CHy CHo- (o] CHy O CHz- ct

Selective epoxidation of the double bonds in the surface

folds of TPI structure was carried out in a suspension
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TABLE V

-3 *
Densities (g/cm ~) of -‘TPI Crystals Grown from a Dilute
Hexane Solution (Tr=34 c)

M xlO5 10 20 26 30
0.05 0.975(3) 0.983(6)
0.07 0.973 0.976(5)
0.22 0.971 0.974(2)
.67 0.971
2.3 0.967(2) 0.970(2) 0.975 0.979(3)
3.5 0.9870 0.975 0.928%2
5.8 0.965 0.971 ©.9876 0.982
1.6** 0.963(3) 0.969(5) 0.975(2) 0.978(2)
AVE: 0.969 0.973 0.975 0.981
:*X—ray diffraction and DSC show predominantly form

unfractionated TPI
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Noncrystalline Content
Temperatures at Various Mv

TABLE VI

for

Different

Crystallization

b

b

(V)

A

[ne]

20

10

20

30

10

20

20

1o

20

30
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.44

.50
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in 2-ethoxy ethanol at O C 1in order to study the
crystalline and non crystalline fractions of solution-
grown crystals of TPI. The amorphous fraction is considered

to be at the surface of the c¢rystal and contains two

components, the chain folds and the noncrystalline chain
ends or <cilia. The selective epoxidation of the double
bonds in the fold region is carried out using

metachloroperbenzoic acid, MCPBA, a mild, quantitative, but
highly selective reagent, using in preliminary studies for
most cases a molar ratio of MCPBA to unfractionated TPI
repeat units of 1.6. For a few runs this ratio was set at
0.78 or 4.8. The molar ratios to double bonds were
calculated assuming complete precipitation of the polymer
during crystallization. Therefore, these values represent
the lower 1limit. The actual ratic at the start of the
epoxidation will be higher. Further; on  analysing the
extent of the reactions, it is clear that the amount of
MCPBA initially present is in excess to that needed to
react with the available double bonds .Duplicate

determinations agreed within +0.02.

8.1H NMR SPECTROSCOPY
1H NMR spectroscopy was used to quantitatively determine

the epoxidation of TPI with various amounts of epoxide
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content. The 1H NMR spectra of partly epoxidized TPI
crystals, as shown in Figs. 15-16, indicate that the
signals are assignable to the protons of the unmodified
monomer unit and the epoxidized unit produced in the
reacticon. The degres of epoxidaticn iz cbtained from the
relative integral intensity of 1H NMR spectrum in the CDCl3
solution by cutting out the spectral peaks and weighing.
The ratio of the areas under each NMR resonance peak is
proporticnal to the number of gimilar hydrogens persent in
the compound. The chemical shift of the CH, CH2 and CH3
resonances for TPI are found at 5.14, 2.0 and 1.6 ppm and
for epoxidized units they are at 5.14, 2.7 and 1.3 ppm(94),
relative to TMS,

The epoxidized fraction was generally determined from the

o]

areas under both the CH and the GH3 rezonance peals

L

1

although in a few cases only the first was used. For the
latter calculation, the following equation was employed

- 2 -
FS— .:2.5/(324 ZS)

Z5 iz the area under the resonance at 1.3 ppm and 24'15 the

area under the resonance at 1.6 ppm. The above sztandard

method of «calculating the “amount of epoxidation wa:
confirmed by quantitatively epoxidizing TPI in 2-ethoxny
ethanol to various amounts of epoxide content and analysing
the product by NMR using the above equation.

The relative composition of peroxidation reaction mixtures

and % epoxidized obtained from 1H NMR analysis for
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unfractionated TPI epoxidized at 20 C is shown in tableVIT.

The 'H NMR spectra (Figs. 15-16) indicate that the reaction

is a simple addition wuncomplicated by <side reactions
and alternative routes, such as ring opening,
hyvdroperoxide formation, isomerization or degradation.

Thus, the only reaction that occurs vields only trans
oxirane rings. An overestimation in the epoxidation
values from 1H NMR could possibly occur on the account of
lesser peak separation. This is less likely in the C-13 NMR
measurements due to an enhanced effective resolution.
Therefore, the C-12 NMR is considered to be the most

accurate method.

9.C-13 NMR SPECTROSCOPY

The C-13 NMR results were used quantitatively to o¢btain
binformation on surface reactienz of TP zuch a2z the
fraction reacted and the average reacted and unreécted
block lengths resulting from epoxidation of ol -TPI
preparations. This would lead to the determination of the
crystalline stem length and the amorphous surface fold
length of TPI c¢rystals grown in solution. The 50.32 MHz C-
12 NMR spectra of a representative sample of suspension
eporidized TPI lamellas dissolved in deuterated chloroform
is shown in Fig.17.The C-132 NMR measuremente were made with

both PGD or with IGD NOE. Most data was collected with IGD.
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TABLE VII

The % Double Bonds Reacted obtained from 1H NMR Analysis
for TPI Epoxidized in 2-Ethoxy Ethanol at 0 C

Wt. of Wt. of Mole Ratio % DB Reacted
TPI(g) MCPBA(g) MCFBA /DB CH CH,
0.5 1.6 1.3 26 27
0.5 1.8 1.4 26 28
0.5 2.0 1.6 33 35

The fraction of double bonds reacted as assessed from the
CH and CH3 NMR shifts are given in the last two columns of

this table.
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The unfractionated samples were used at Mn=°.5x104 and
Mw/Mn=4.8. TPI is insoluble in 2-ethoxy ethanol. The values
of <A> and «B» are given in monomer units, while LS is given
in nanometers. In all cases the calculations based on carbon
#1 and #4 are averaged in the final result. The pertinent
C-13 NMR asszsignments for TPI-epoxidized TPI copcelymer, as
made earlier by Schilling, Bovey, Anandakumaran and Woodward
(54) and used in this work, are given in table VIII. Many
of the assignments are in agreement with those made
previously on sclution epoxidized TPI(109-110).The original
assignment of resonances 10 and 14 (appendix 4) did not take
into coneideration the sensitivity of the C2 oxirane
carbon to the chirality of neighboring wunits in both
directions along the chain. This resonance 1s split into

four lines produced by the four possible enantiomers in

]

ar

]

which a2ll R and & designations in the four seguence:
interchanged. Therefore, the assignment of the resonances
by Havashi et al(110) to oxirane carbons (10 and 14) that
showed sensitivity to chirality was made erroneously. This
was corrected later by Schilling, Bovey, Anandakumaran and
Woodward (54). These assignments are given 1in appendices
2-4 along with spectra for TPI epoxidized in a homogeneous
solution in chloroform to a 1level .of 25% (spectrum a) and

90% (spectrum b) of completion and epoxidized as crystals

74




suspended in amyl acetate at O C (spectrum c). The
designations shoun are based on D for double bond and O for
oxirane ring (epoxy unit).

The numbering of the carbon atoms in the repeat unit used

in Fig. 17 is as follous:

5
CH3
~CH,~C=CH-CHy~ -
1 23 4

In the sequences referred to below I represents an isoprene
unit and E an epoxidized isoprene unit. Some sequences of

interest are given below:

11z
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EEI

A number following the sequence decsignation gives the
carbon atom referred to. As an example, the region of
absorption in the spectrum dencted III-E refers to the

methyl group in a TPI seguence.

10.CALCULATION OF FOLD LENGTH, STEM LENGTH AND EPOXIDATION
LEVEL

Epoxidation of TPI lamellas produces an ABAEB... block
copolymer, where A represents a sequence of TPI units
originally in the crystalline stem and B represents a
sequence of epoxidized TPI originally in chain folds. the
extent of epoxidation can be established for each sample by
a comparison of the graphical integration of the
unepoxidized resonance with the epoxidized ones. A
quantitative comparison of the unreacted block <A>»,
and the reacted block <«B>, gives a measure of the

average length in monomer units of the crystal stem and the
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TABLE VIII

C-13 NMR Assignments Used for Analysis gf TPI-Epoxidized
TPI Block Copolymers

Assignmentb Chemical Shift
ppm vs. TMS

I1E-C4 23.76
III-&EII-C4 26.77
IEE-&EEE-C4 24.42, 24.57
EEI-C4 27.47
EII-&EEE-C1(m,T) 35.17, 35.54
EII-C1 36.33

IEE-C1 38.78
III-&IIE-C1 39.75

IIE-C3 123.53
III-C3 124.33
EII-C3 125 .00

a.assignments as given in ref.54.
b.represents an isoprene unit and an E an epoxidized
isoprene unit
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surface fold, respectively. Each resonance area represents
the total number of equivalent carbon atoms present in the
sample. In the equations given below, [III-4] represents
the area under the resonance of the methylene carbon atom
#4 in an unreacted TPI unit. [EEE-4] represents the area
under the resonance for atom #4 in an epoxidized block.[J-4]
is the resonance area of junction carbon #4 between the
reacted and the unreacted blocks.The formation of segmented
block copolymers, upon reaction of the lamellar surfaces,
yields original unreacted blocks and newly | formed
reacted sections, represented by A and B, respectively.
<A> 1is the average number of unreacted units per
block which includes any irregularities 1in the
crystalline stems or lack of completion of the epoxidation
in the surface; ¢B»> represents an average number of monomer
units 1in the reacted block which includes any variation in
the fold length, significant amounts of unreacted chain
ends and reacted lateral surfaces or even epoxidizing agent
[{MCPBA] penetration into the crystal core. The given values
are an average'of those obtained from the C-1 and C-4 C-13
NMR resonances. <A>, «B>» and Fe are calculated from the
resonance area expressed as a ratio of reacted or unreacted
or unreacted areas , a carbon unit neighboring an
unreacted block on one end and a reacted one on the other,

or vice versa. The completely epoxidized sample is expected
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to show four regions of absorption for the junction peaks
present: IIE and EEIffor carbon unit #4; EII and IEE for
carbon unit #1. These are found at 23.76, 27.47, 36.33,
38.78 respectively. The egquations are as follows:

¢<A>={2[II(I or E)-C1]/[IEE-C1]+[EII-C1])}+1

«B>={2[EE(E or I)-C1]/([IEE-C1]+[EII-C1])}+1
The epoxidized fraction, Fe’ can be expressed as the ratio
of the epoxidized carbon resonance area plus its junction
over the sum of all resonances reacted plus junction and
unreacted plus junction.

[EE(E or I)]}+[IEE-C1]

[II{I or E)~C1]+[IEE-C1]+[EII-C1]1+[EE(E or I)C1]

where the brackets[ 1 represent relative amounts for the
resonance given therein, signifying areas under the
particular resonance. For the calculations from the C-4
resonances, the equations used for <A> and «By differ from
the above, because the EEI and (E or I) II resonances are
not completely separable. The equations used are as follows
<A>={[(E or I)II-C4]1+[EEI-C4]1}/[IIE-C4]
or <A>=([II1]1+[J1)/[J]
<B>={[(I or E)EE-C4]1/[IIE-C41}+1
or <B>=[EEE]/[J]+1
The C-1 and C-4 resonances were used in all the cases to
calculate <A», <B> and Fe from the above equations. In a

few cases, <A> was also calculated from the C-3 resonances
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with IGD only by

{[III-C3]+[IIE-C3]+[EII-C3]}
[IIE-C3]
The values obtained for B> from the C-1 and C-4 resocnances
agreed within 17% and for 90% of the determination, the
agreement was within 10%; the values obtained for <A>»
agreed within 19% and for 85% of these, the agreement was
within 10%. Reaction times from 30 minutes to 38 days were
used for various samples.
The calculations are done using the cohputer's graphical
integration of the resonance areas, as shown in Fig.18 for
methylene carbon #1.
Assuming that none of the double bonds in the crystalline
regioﬂ have been reacted,'that complete surface reaction
has occurred and that the number of noncrystalline chain
ends and lateral surfaces are small compared to the folds
and taking the chain repeat distance, R, of an isoprene unit
as 0.4339nnm, (96), then
LS=<A>XR

where LS, the average stem length, .is the crystallite
thickness along the chain direction. similarly,

U=<B>
where U iz the average number of monomer units per fold.
Turning back to the subject of the olefinic A block, we can

use III-C1 or C4 and for the oxirane B block- EEE,
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C2 or C4, as shown below:
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The 1IEE-C1 and EII-Ci1 are measures of the stem fold
junction, as are IIE-C4 and EEI-C4.-If [J] is the resonance
area of a junction carbon and [D] is the resonance area of
a carbon in the oxirane fold, and we let U represent the
average fold length in monomer units, then the number of J
carbons per fold is 1, the number of D carbons per fold is
U-1 and
(D}/[J)=(U-1)/1 or U=([D]/[J])+1

The stem length , Ls, can be determined as follous:

L (nm)={([A]/[J])+1}xR
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Fig.18. Cormputer integration of the resonance arez for

carbon #1 of TPI block copclymer and block length

Y

0,73

11,79

A=(11.79+40.715)/0.715=17.5

B=(2.64+0.715)/0.715=6
Ls=(11.79/0.715+1)O.439=7.68
Fe=(3.6+0.715)/(3.6+11.79+2(0.715))=0.26

Scale: 2:1. The TPI crystals were grown in hexane solutions

of 0.1%(w/v) by self =sceding methods at Tc= 20 C and

epoxicdized in 2-ethoxyethancl at O C.

84




For comparison, the average stem may also be determined
from the following expression, assuming a large Mn and

complete epoxidation of the fold material:

Ls(nm)=[(U/Fe)—U]R
The quantity Fe is the fractional extent of epoxidation, as
determined by C-13 NMR.
The crystal thickness, Lc, of amylacetate grown TPI crystals
was calculated earlier by Woodward et al (53), using
electron microscopy measurements of the lamellar thickness,

L, and the following relationship:

LC={(1—FS) aL}/{(l—Fs) a+FS c}

where FS is the fraction of monomer units at the crystal
surface, as determined by 1H NMR . Generally
speaking, the general thickness can be estimated from the
value of the stem length by multiplying LS and the Sine of
the inclination angle for the crystalline stem. If we
assume the fold surface to be in the 001 plane, the chain
tilt will equal the angle in the unit cell(102) for the
form(105). The lamellar thickness, L,(Fig.11, Table III)
was calculated for lamellas prepared from hexane at Tc's 10,

20 and 30 C with a Mv=2.3x105(Tr=34 C), using C-13 NMR and

the following relationship:
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Amorphous thickness L_=L_ (B/A) (J;{j%)

Crystalline thickness Lc= AR

Total thickness L=La+Lc

where A 1is the average number of monomer units in the
unreacted block, B 1is the average number in the reacted
block, {a is the amorphous density (95) and fc is the
crystalline density(96). The L was assumed to be
independent of MV and only to depend on TC. The R value
employed (0.439 nm) is that given by Takahashi et al (96).
The C-~13 NMR results were compared with those values

obtained with electron microscopy measurements and found to

be in excellent agreement.

11 .EFFECT OF SUSPENDING LIQUID ON SQRFACE REACTION OF
CRYSTALS

When a single lamella is brought in contact with a liquid,
the following can occur: 1) penetration of the fold surface
2) penetration of both the fold surface and the crystal
interior, usually accompanied by dissolution and possibly
recrystallization or 3) no penetration. If the polymer
contains chemically reactive groups, such as double bonds,
then in the first two cases above, a chemical reaction can
take place. If only surface penetration occurs, then the
crystal core should remain unreacted and only the chain
folds, the chain ends and the chains on the lateral crystal
surfaces would be involved in the chemical reaction. Such

being the case, a suspending liquid had to be carefully
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chosen, to ascertain that the reaction take place
preferentially at the folds and may be physically confined
to this region. The epoxidation in suspension of TPI in the
‘f form was carried out by J.Xu in 14 different liquids at
0 C, leading to the formation of segmented block copolymers
with an average unreacted sequence of monomer units <A»
characteristic of the average number of monomer units in
the crystal traverses and an average reacted sequence of
ﬁonomer units <B> characteristic of the number of monomer
units in the folds, noncrystallizing c¢hain ends and
interlamellar traverses. The results for the epoxidation in
shspension ofJB—TPI structures, prepared as given above,
are found in table IX in terms of <¢A»>, «B> and the fraction
of the double bonds reacting, Fe as a function of the
epoxidizing 1liquid medium and the time. The values given
are an average of those obtained from the C-1 and C-4 C-13
NMR resonances separately using gated decoupling with NOE
(see table VIII for the NMR assignments). Equations for the
calculation of <A>, <«B> and Fe using the C-1 resonances are
given above.

It 1is observed (Table IX) that «B»> changes four-fold (from
4.3 to 16) and Fe doubles in value (from 0.25 to 0.50) with
change in the reaction medium, keeping the reaction time
constant, whereas <A> fluctuates by 127. The dissolution
temperatures 1in eight of the liquids listed in table X of

portiong of a SB—TPI crystal mat and of a TPI 1lamellar
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sample epoxidized in suspension to 35% were measured using
a heating rate of 1 C/hour. The results obtained are giveﬁ
in table X. It is seen that as the dissolution temperature
for the epoxidized 1lamellas decreases the <«B> and Fe
obtained by reaction carried out in that liquid (table IX)

increases.

12 .EFFECTS OF TIME & REACTANT CONCENTRATION ON EFOXIDATION

For o~-TPI 1lamellas grown from hexané, the epoxidation
medium chosen was 2-ethoxyethanol, a poor solvent for both
the reacted and the unreacted blocks. While TPI
pellets are insoluble in 2-ethoxyethanol, the epoxidized
TPI lamellas have a high dissolution temperature. When this
liquid was employed in the study described above, the «B»
and Fe values were 1low. The C-13 NMR measurements on
these samples were made without the NOE. The values given
are an average of those obtained from the C-1 and C-4
carbon- 13 NMR resonances and were used in all cases to
calculate <A>, <B>. In a few cases, <A)> was also
calculated from C- 3 resonances.

Reaction times from one day to 38 days for unfractionated
TPI crystallized at 20 C and epoxidized at a molar ratio
for MCPBA to TPI units of 1.6 were used, Table XI,
Fig. 19. The <A> and ¢B» values showed no change within
experimental fluctuation (+0.3 for «B»> and +1 for <A> from
4 to 18 days).

When a ratio of 0.78 was used for unfractionated
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TABLE IX

Average Number of Monomer Units in Reacted and Unreacted
Sections of Epoxidize%f?—TPI Lamellar Structures

Reaction Medium Time-Da. Fe <B> <A>
2-ethoxyethanol i0 0.24 3.9 12
10 0.23 3.6 12
12 0.23 4.0 i3
14 0.23 4.7 13
28 0.23 3.6 12
average 0.23 4.0 0.3 12
methanol 14 "0.25 5.4 17
21 0.25 5.0 i5
octanol 28 0.26 4.3 i3
3-pentanone 14 0.26 4.6 14
ethanol 14 0.30 7.0 16
methyl-ethyl ketone 14 0.30 7.2 . 17
2-pentanone 14 0.32 6.8 15
acetone 14 0.34 7.2 14
4-methyl-2- | 14 0.35 7.5 14
pentanone
ethyl acetate 14 0.38 8.2 14
21 0.42 9.5 i5
methyl acetate 14 0.39 8.7 12
21 0.43 9.4 13
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Table IX continued

Time-Da. F, <B> <A>
propyl acetate 14 0.40 8.7 13
| 21 0.41 11 14
amyl acetate 14 0.45 13 16
21 0.49 i3 14
28 0.53 16 14
average 0.49+0.3 14+1 ‘15
butyl acetate 14 0.50 16 ” 16

a crystallized from amyl acetate at O C and heated +to 30 C

in the suspension liquid using unfractionated TPI followed
by epoxidation at O € and determination of fraction
epoxidized (Fe), reacted <B»> and unreacted block length

<A> by C-13 NMR.

Results by Xu and Woodward
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*rable X

Dissolution temperatures for $-TFI Lamellar Mats_and for a
657% TPI-35% Epoxidized TPI Block Copolymer

Ligquid Dissolution Temperature- Cb
? -TPI TPI-Epoiidized TPI

2-ethoxyethanol insoluble 64
methanol insoluble insoluble
acetone insoluble 48-58
methyl acetate insoluble 45

ethyl acetate insoluble 32
propyl acetate 50 27

butyl acetate 48 25

amyl acetate 47 25

2the j?-TPI lamellas were crystallized from amyl acetate at
O C and slowly heated in suspension to 30 C; the block
copolymer waé prepared in acetone at 0 C using lamellas
grown at O C in amyl acetate and heated in suspension to 30
C; the heating rate for the dissolution studies was 1 C per
hour, starting from 25 C for 2-ethoxyethanol, methanol and
acetone and from O C for the others.

x
Results bu Xu and Woodward
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TPI, the <«B> value at 5 days reaction was 30% below that
found for a ratio of 1.6:1 ( Fig. 19, Table XII ). The «<B»
values obtained for a 0.78 ratio show a large deviation
between different preparations but show an apparent
increase with time. Furthermore, the increase in the <B>»
value at the 0.78 ratio continued even after 27 days. A
shorter time is necessary to reach equilibrium at a higher
concentration (for a few runs this ratio was set at 2.4,
3.9, Table XIII). As shown above from unfractionated TPI it
is clear from Figs. 20-21 that for a fractionated TPI the
<A> value reaches equilibrium after 0.5 days and stays
constant , while the level of epoxidation, Fe’ changes with
time the same way as «B» (Fig. 22). Fig. 23 suggests a
mechanism of random distribution of epoxidized units spread
along the folds till they are fully reacted and an
equilibrium value of <A> is reached reflecting the actual
value for the crystalline core of the lamellas. Since an
increase in the available double bonds with higher molecular
ratio of the epoxidizing agent could not be observed (Tables
XII-XIII, Fig.24), regions of reaction of double bond in the
crystalline regions were ruled out. A limiting value for the
amount of reaction is always reached with time at a constant
concentration of MCPBA without it being completely consumed.
Furthermore, for a molar ratio of MCPBA to TPI units of 1.6

and epoxidation at 10, 20 or 30 C (Figs. 25-36, Tables XIV-
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XXV), the values of <A> and «B»> showed no change with time
within experimental uncertainty after 1 day.

Table XXVI compares lamellas grown at Tc=20 c and
epoxidized with MCPBA to lamellas grown at Tc=20 C and
hydrochlorinated in acetone (106). The results agree,
within expefimental error.

Experiments using a TPI fraction with Mv=3.5x105(Table
¥XIII) and a reactant ratio of 4.8 were run for 4, 8 and 14
days and the <A> and B> values found to agree within

experimental error with those run at a ratio of 1.6:1.

13. EFFECT OF MOLECULAR WEIGHT AND CRYSTALLIZATION
TEMPERATURE ON <A> AND <«B> VALUES

A study of the effect of molecular weight on the <A> and
¢B> values for ol-TPI 1lamellas crystallized at 20 C from
hexane was carried out using fractions with MV=5,000 to
5.8x105 and a reactant ratio of 1.6:1 ( See page 90 ).
(Fe) and <B> are found to be essentially constant from
Mv=5.8x105 down to and including Mv=6.7x104. <A> remains

constant within +1 over the complete molecular weight range

studied.

An increase in the averages of «B:» and Fe with decreasing
molecular weight commences at an Mv value between 22,000
and 67,000 (Tables XIV-XVII, Figs. 25-28) and is attributed
to noncrystallizing chain ends . The <A> value

increases with increasging Tc'
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The results of seven fractions crystallized at 20 ¢ are
summarized in Table XXIX in terms of the values of (Fe)f,

<B>f and <A>» £ which are the averages of the results
obtained from a 4 to 21 days reaction; the number of
determinations used in obtaining these values varied from 4
to 12 (see column 3). For TPI with Mv=0.67x105, however,

the <B>f and (Fe)f values reflect the 1lower mdlecular

weight tail of the distribution curve, since they are
larger than the corresponding values found for the
fractions with Mv=2.3x104.

The <A>» values for epoxidized lamellas grown at 10 C
increase from 10 to 12 monomer units(Table XXVII-XVIII, Fig.
29-30). These values are, however, less reliable, since the
lamellar thickness is smaller and therefore the lamellas
can contain more defects which 1lead to an easier
destruction of the lamellas.

Samples of the TPI fraction with Mv=2.3x105 crystallized
from hexane at 10 and 30 C were epoxidized in suspension.

These results along with those for T =20 C from Table XXIX
are _included in Table XXX. It can be seen in the latter
Table that with an increase in the crystallization
temperature from 10 to 30 C, <B>f fluctuates around a value

of 5 and <Ay _. increases.

f
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Fig.19. The average block length reacted, U, (monomer units
per fold( and unreacted, L_ (crystalline stem length in nm)
for unfractionated TPI Jlamellas grown from a hexane
solution at Tc=20 Cc, M/D=0.78, 1.6.
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ethoxy eghanol at O C and grown in a hexane solution.
M,=2.9x107, M/D=1.6.
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solution at Tc=20 C, MV=2.9x10 and M/D=1.6.
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dilute hexane solution at Tc=20 C and Mv=2.9x10 .
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This suggests that the nature of the fold is similar for
crystals grown at different Tc giving a mean value

of 4.9 monomer units. The 1lamellar crystalline stem
increases from 12 to 17 monomer units as the
crystallization temperature increases from 20 to 30 C. This
trend has been noted previously (13, 86) using microscopy
and small angle diffraction. <A» values for epoxidized
lamellas grown at 10 C also show the same trend ranging
from 10 to 12 monomer units.These values are, however, less
reliable since the lamellar thickness is smaller and
therefore the lamellas can contain more defects which

lead to an easier destruction of the lamellas.

99




1 1
I 1
1 1
1 I I
E I
17Ty -
X I
pad 1 ' . I
. EE
E E
E____E
I I
1 1
b I
m I 1
Fig. 23. I: unreacted fold or fold in process of being
reacted. Large «A>. 1II: Random distribution of epoxidized

units in the fold. .Small ¢A> values. III: fully reacted
surface, represents the actual value of the stem length of

the crystalline region.
---- represents a junction.

100




TABLE XI

Results of Epoxidation of Unfractionated TPI in Cellosolge

at O C from a Dilute Hexane Solution at 20 C. M =1.6x10".

C-13 NMR Done both with NOE(Pouwer Gated Decougling) or
without NOE(Inverse Gated Decoupling)

M/D Time-Da U Ls(nm) <A> Fe Comment
1.6 1 5.2:0.1 5.810.1 12 0.29+0.01 PGD
4.6:0.1 5.2+0.2 10 0.27 IGD
1.6 4 5.130.1 6.41:0.3 12 0.26 PGD
5.430.1 6.7 12 0.26 IGD
1.6 4 6.2:0.3 6.3+0.2 14 0.30 PGD
6.0:0.1 6.430.1 14 0.29 IGD
1.6 6 5.9:0.3 6.0+0.2 14 0.30 IGD
1.6 9 5.330.3 5.430.6 12 6.3210.01 PGD
6.0 5.6$0.2 14 0.32+0.01 IGD
1.6 - 15 5.9 6.310.3 14 0.30 PGD
5.4 5.8 12 0.29 IGD
1.6 17 4.920.2 5.2:0.2 12 0.29 PGD
5.5$0.2 6.1+0.3 13 0.29+0.01 IGD
1.6 38 4.520.1 5.630.1 10 0.26 PGD
Average 5.7+0.3 6.140.3 13 0.294+0.01
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TABLE XII
Results of Epoxidation of Unfractionated TPI in 2-Ethoxy

Ethanol at O C prepared from a Dilute Hexane Solution at
S

T_=20, M _=1.6x10" and M/D=0.78

M/D Time-Da U | Ls(nm) <A> Fe
0.78 4 (I)2.930.2 4.520.3 7 0.2230.01
0.78 5 (I)4.0:0.1 5.5x0.2 Q 0.24
0.78 6 (P)3.920.1 5.120.1 9 0.25
0.78 27 (I)5.540.1 6.3 13 0.2720.01

(P)5.7x0.2 6.3:0.1 13 0.27
0.78 27 (1)3.9x0.2 5.520.4 9 0.25+0.01
0.78 30 (I)4.6x£0.1 6.0+0.1 10 0.25

I= IGD -- Inverse Gated Decoupling

P= PGD -- Power Gated Decoupling
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TABLE XIII

Results of Epoxidgtion of Unfractionated TPI in Cellusolve
at 0 C, Mv=1.6x10 ; Prepared in Amyl Acetate at 20 C.

M/D Time-Da U Ls-nm <A> Fe

2.4 2 5.8 5.3 13.2 0.31

2.4 4 5.840.2 5.530.3 13.2 0.32

2.4 6 7.9:0.1 5.410.1 17.9 0.40+0.01

2.4 8 6.3:0.4 5.420.2 14.3 0.32

2.4 16 6.1 5.3:0.1 13.8 0.3410.01

3.9 20 4.0:0.3  4.7:0.2 9.1 0.27

2.4 20 4.0$0.1 5.2:0.1 9.1 0.2610.01

2.4 28 6.1 6.2 13.8 0.30
Average 5.4:0.8 5.430.3 12.3 0.3010.02
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TABLE XIV
Results of Epoxidation of TPI Lamellas (TC=20, M/D=1.6) in
a Cellosolve Suspension at O C. Grown from a Hexane

Solution. MV=O.05x105, M/D=1.6

Time-Da <A> <B> Ls(nm) Fe
5 14 7.2+0.2 6.320.1 0.3420.01
8 14 6.81+0.4 6.0£0.3 0.33
9 13x1 7.230.4 5.820.2 0.35
11 1632 7.4+0.6 6.930.6 0.321£0.01
13 15 6.2+0.2 6.630.2 0.3120.01
Average 14zx1 7.0£0.4 6.330.3 0.33+0.01
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TABLE XV

Results of Epoxidation of Lamellas in 2-Ethoxy Ethanol at
O €. M =7,000, M/D=1.6 and T_=20 C. Grown from dilute

hexane solution.

Time-Da <A> <B> Ls(nm) Fe
4 1431 6.0+0.1 6.4+0.4 0.30+0.01
6 ‘16 6.2 7.2+40.1 0.284+0.01
8 14+1 5.840.1 6.2+0.4 0.29+0.01
10 16 5.8 7.0+£0.1 O.27¢0.01
12 1441 5.9+0.3 6.3+0.4 0.29
14 1441 6.0+0.1 6.31+0.4 0.29
Average 15+1 6.04+0.1 6.6+0.3 0.293+0.01
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TABLE XVI

Results of Epoxidation of TPI Lamellas in a 2-Ethoxy

Ethanol Suspension at O C. Groun fromsa Hexane Solution.
TC=20 C, M/D=1.6 and Mv=0.22x10 .

Days ¢<B>» <A> Fe
8 5.3+0.2 . 14 0.28
12 4.8+0.3 1441 0.26
28 4.910.2 12 0.29
18 5.0 12 0.29"
18 5.0 12 0.30"
7 4.7 14 0.26
24 4.3 12 0.27
27 5.4+0.4 13+2 0.30
Average 4.9+0.3 13t1 0.28+0.01

x
C-1 only, NS 10,000 PGD
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TABLE XVII

Results of Epoxidation of TPI Lamellas in a 2-Ethoxy
Ethanol suspension at O C. grown from a Hexane Solution at
: Tc=20 C, MV=0.67x10 and M/D=1.6.

Sample Days <A> <B> Ls(nm) Fe

122 5 14 5.0+0.2 6.030.2 0.27

81 6 15 5.9+0.1 6.7 0.28:0.01‘
120 7 14 4.8 6.130.1 0.26

88 9 12 3.930.1 5.2 0.2510.01’
121 11 13 4.740.2 5.9:0.2 0.26:0.61

g0 13 13 4.7+0.1 5.710.2 0.27+0.01

85 i6 1421 4.830.2 6.130.3 0.264+0.01

Average 14+1 4.8+0.3 6.0+0.4 0.26120.01

x
Poor graphical integration
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TABLE XVIII
Results of Epoxidation of TPI Lamellas in a Cellusoclve

Suspension at O C. Preparedsfrom a Dilute Hexane Solution
at Tc£20 C, MV=2.3x10 and M/D=1.6

TIME-da <A> ' ¢<B> Ls (nm) F

e
7 1642 4.7+0. 4 7.0x0.9 0.24+0.01

9 15z1 4.7 6.4+0.2 0.24

11 15 4.8+0.2 6.6 0.25

13 14 4.5+0.1 6.1 0.24

is5 1411 4.620.2 6.5+0.2 0.24

Average 15+1 4.7 6.410.2 0.24
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TABLE XIX

Results of Epoxidation of TPI 1ame11ag in a 2-Ethoxy Ethanol

Suspension at O C. Tc=30, M =2.3%107. Grown in a Hexane
Solution.
Days <B>A <A)> Fe
8 S.6 1741 0.26
16 5.84+0.1 1611 0.2920.01
24 5.6+0.5 1612 0.2830.01
4 5.5+0.1 1732 0.26
12 5.7+0.1 16 0.26
Average 5.630.1 i6 0.27+0.01
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TABLE XX

Results of Epoxidation of TPI Lamellas in Cellusolve at O C

Prepared in a Hexane Solution. C-13 NMR done with both

NOE (Power Gated Decoupling, PGD) gr witheot NOE (Inverse
Gated Decoupling, IGD). Mv=2.9x10 , Tc=20 C and M/D=1.6

Days <A> <B> Ls(nm) Fe
IGD 0.02 17 1.1 7.6+0.1 0.06
PGD 0.04 2& 1.0 10 0.05
PGD 0.13 14 1.7 6.3+0.3 0.11:0.01
PGD 0.17 14 1.6:0.1 6.0 0.10
IGD 17 1.4 7.5 0.08
PGD 0.25 11 2.1 4.9 0.16
IGD 0.50 12 3.830.1 5.1 0.2540.01
IGD 1 11 2.810.1 4.8 0.20
IGD 1.5 12 3.810.1 5.3 0.24
IGD 2 1431 4.210.1 6.1+0.3 0.2430.01
IGD 7 14 5.7x0.3 6.2+0.1 0.29+0.01
IGD 9 14 5.0:0.2 6.2+0.1 0.26
IGD 11 13 3.8+0.2 5.6x0.3 0.23
IGD i3 12 2.7+0.1 5.0+0.3 0.19
IGD 17 13 3.410.1 5.710.3 0.2120.01
IGD 19 13 4.7+0.1 5.810.1 0.26
IGD 27 13 3.1+0.3 5.61+0.4 0.20+0.01
Average(0.5-27 Da) 13 3.940.7 5.6+0.4 0.2340.02
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TABLE XXI

Results of Epoxidation of TPI Lamellas in a Cellosolve
Solution at O C, Grown in a Dilute Hexane Solution at Tc=10
C and Mv=2.9x105 (IGD)

Days <B> <A> Ls(nm) Fe
11 4.7 11 4.9:0.1 0.29+0.01
16 4.710.1 11 4.8:0.1 0.30
21 3.930.2 12 5.410.2 0.23+0.02
26 5.0:0.1 12 5.430.1 0.29
28 4.50.1 11 5.0:0.1 0.29+0.01
29 4.130.1 11 5.0 0.2720.01
30 5.310.03 12 5.3:0.3 0.30
Average 4.6%0.3 11 5.240.2 0.28+0.02
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TABLE XXIL

TPI Lamellas Epoxidized in Cellusolve at O C,'Prgpared in a
Hexane Solution at 20 C. M/D=1.6, M _=3.5x10" (IGD)

Days <A> <B> Ls(nm) Fe
5 12 4.3:0.1 5.410.1 0.2720.01
7 13 4.8+0.2 5.920.1 0.26
8 14 4.3+0.1 6.1+0.1 0.2430.01
= 12 4.2+0.1 5.330.2 0.26
10 13 5.4:0.2 5.8:0.2 0.3010.01
11 12 5.3 5.4+0.1 0.31+0.01
12 i5 5.2+0.1 6.7120.1 0.25
12 16 4.7+0.1 6.9+0.5 0.23+0.01
14 13 3.810.1 5.7+0.4 0.22
i4 14 5.8+0.3 6.3:0.6 0.29+0.01
15 12 4.7 5.530.1 0.2810.01
Average 13+1 4.8+0.5 5.940.4 0.26+0.02

112




TABLE XXIII

Results of Epoxidation of Fractionated TPI in 2-Ethoxy
Ethanol at O C from a Hexane Dilute Sclution at Tc=20 C,
Mv=3.5x105 and M/D=4.8

M/D Days <A> <B>» Ls({nm) Fe

4.8 4 14 6+0.1 6.4+0.1 0.29
4.8 8 12 3.8+0.2 5.44£0.3 0.23
4.8 12 i3 4.5 5.6x0.1 0.26
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TABLE XXIV

Results of Lamellas Epoxidized in a Cellusolve Suspension
at 0 C,. M/D=1.6, Prepared in a Dglute Hexane Solution at
Tc=20 c, Mv$5.8x10 (IGD)

Sample Days <A> <B> Ls(nm) Fe
164 5 12 4.6¥0.2 5.430.2 0.27
165 7 13 4.7 5.830.2 0.2610.01
166 9 12 4.610.1 5.41+0.2 0.27+0.01
167 11 13 4.7+0.1 5.6t0.2 0.27
Average 1311 4.7+0.1 5.6+0.2 0.27
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TABLE XXV
Results of Unfractionated TPI Lamellas Epoxidized in a
2-Ethoxy Ethanol Suspension at O C. Tc=10. Prepared from a

qilute Hexane Solution. M/D=1.6.

Time-Days U Ls(nm) Fe
___________ g S
9 4.31+0.1 5.130.2 0.27+0.01
13 3.3 4.9:0.3 0.22
15 4.540.1 5.14+0.1 0.27:0.01
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TABLE XXVI
Epoxidation and Hydrochlorination results for TPI Lamellas
Grown from an Amyl Acetate Solution at 20 . C, using

Unfractionated TPI

4] <A)> L F
-] e
Epoxidized 5.44+0.8 12+1 5.4+0.3 0.3+0.02
Lamellas
* Hydro- 4.8+40.5 1142 5.0+0.9 0.29+0.01
chlorinated
Lamellas

* Woodward and Tischler
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TABLE XXVII

Results of Epoxidation of TPI Lamellas in a 2-Etho§y
Ethanol Suspension at 0 C. T =10 C, M/D=1.6 and Mv=2.3x10 .
' Grown in an amyf acetate solution.

Days <B> <A> Ls(nm) Fe
10 4.6 1441 6.11+0.5 0.27
4 540.4 14+1 6.1+0.5 0.27
12 5.6+0.1 14 6.1+0.5 0.27
0.3 2.5+1 1541 6.6+0.5 0.15
0.5 2.5 15+1 6.61+0.5 0.15
Average 4i:0.1 1411 6.3+0.5 0.22
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Results
C, Grown

TABLE XXVIII

of Epoxidation of TPI Lamellas in Cellusolve at
Mv=2.3x10

from

a

Hexane Solution at

M/D=1.6

<A>

10

C.

5

o 0o o O

10
12
12
12
16

Average

N

w v 00NN N !

RN NN D WL W N

W
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13
1331
11
15+1

12

© 0 o o0 o O o ©o o O o

.2810.01
.28£0.01
.27
.37+0.01
.36+0.01
.37£0.01
.37
.27
.22
.36

.31+0.05

(o)
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TABLE XXIX

Effect of MNolecular Weight on Dencity and Epoxidation

Results for TPI Lamellasa

M,x10 S 1-Hc° No.Epox. (Fe)fd <B>fe cg)ff
0.0% ©.40 S C.22:.01 7.03.4 1432
©.07 0.45 & 0.29 €.0 3E22
0.22 0.47 7 0.284.01 4.04+.3 1322
0.67 0.49 4 0.2€4.0:2 4$.84.2 1442
2.3 ©.50 € 0.24 4.64.1 1541
3.5 0.50 11 0.26+.02 4.E+.5 1342
5.8 0.49 4 0.27 “.7s.1 1341
1.6° 0.50 12 0.29:+.01 5.7+.3 1441

a. Groun by seeded crystallization from 0.1%(w/v) hexane

solution at Tc=20 C epoxicdized in 2-ethcxyethancl at O C.

b. Unfractionated TP

c. Noricrystalline fraction from density measurements

d. Fraction of TPI unite epoxidized in suspercsion

e. Average nurber of TPI unite in the epoxidizeZ block
f. Average number of TPI urnite in the unepoxidized block
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TABLE
Effect of Crystallization Temperature(Tc) on Density and .

Epoxidation Results for TPI Lamellas® v

Tc l-wa No.Epox. (Fe)fc <B>fd <A>fe Lsf

({ ¢ Detms. '

10 0.50 10 0.31+.05 6.0x1 13zx1 51+0.7
20 0.50 6 0.24 4.6¢.1 15+1 6+0.5
30 0.44 5 0.27+.01 5.6+.1 16 720.1

a. Grown by seeded crystallization from 0.17%(w/v) hexane
solution using a TPI fraction with Mv=2.4x105 and
epoxidized in 2-ethoxyethanol at O C.

b. Noncrystalline fraction from density measurements

c. Fraction available for epoxidation

d. Average number of monomervunits per fold

e. Average number of monomer units in crystalline traverse

f. Average crystalline thickness along-chain direction
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IV.DISCUSSION

TPI crystals are assumed to be composed of chain folding
lamellas with crystalline and amorphous noncrystalline
components. The latter consists of, mainly, these chain
folas which appear at the surfaces of the crystal. Thus,
the surface epoxidation of the crystal results in regular
block copolymers that may be schematically represented, as
shown in Fig. 36.

Information about the dist;ibution of molecular wéights in
a polymer is often the goal of a fractionation experiment.
Such information requires the measurement of weight and
molecular weight of each fraction. One requirement of
successful fractionation is that the sum of the weight and
the fractions should be equal to that of the original
weight of the polymer (111). Some possible explanations for
the 1loss of polymer during the fractionation could be -
(1) poor coagulation of the lower molecular weight
fractions;(2) adsorption of the polymer on the glass
walls of the beaker; (3) cross linking of higher molecular
weight fractions, which could not be used for further
fractionation. The lower molecular weight fractions were
recovered in this fractionation, hence the loss of polymer

was caused mainly by (2) and (3).

When single lamellas are grown by the precooling method the

initial dissolution temperature(Td) is not important if the
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sample is dissolved completely. The unfractionated TPI was
crystallized with Td=50, 60 or 70 C and with Tc=20 C in
0.1%(w/v) hexane solution and the same type of lamellas
were formed. The precipitation temperature Tp is also not
important as far as the morphology is concerned. Whether
the fraction wasz precipitated at Tp=—6 or O with constant
crystallization temperature (Tc=10, 20), the single lamella
formed had the same oval shape as it was seen under the
electron microscope and the same endotherm from DSC
measurements (58c). Previous studies by both Kuo (74) and
Anandakumaran (84) show that the form begins to appear
only at crystallization temperatures of 15 C and under.
More specifically, high molecular weight TPI lamellas grown
by a direct method at Tc=20—30 C showed only the form.
The same lamellas grown at Tc=10 C showed the form. Low
molecular weight crystals grown by the direct method at
Tc=0 C were collected 15 minutes after crystallization
commenced. Only the form was found. The same sample
collected after one Qay of crystallization produced both
and forms. In the present work it is obvious that the
nuclei necessary to bring about crystallization have been
transformed from the to form in the heating procedure,
which is not reversible, hence leaving only nuclei. This
transformation is probably induced by the lower stability of

the form and a swelling effect at elevated temperatures.
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Heating well above the redissolution temperature leads to
the destruction of all the existing nuclei. The
number of nuclei is also dependent on the rate of heating
to Tr after an initial crystallization at Tp. Normally, the
number of nuclei per gram of polymer increases with
decreasing the heéting rate and is mainly controlled by Tr’
hence regulating the shape and size of the crystals (97).
Generally, in this work, Tr was at the clearing temperature
of the suspension or 1-2 degrees higher. A molecular weight
effect on Tr was found in this work. The cleariﬁg
temperature of aggregates initially crystallized at 0 C at
a heating rate of 0.3 C/min increased from 34 C to 37 C

when the molecular weight was increased from Mv=1.6x105 to

3.5x105.

The lamellar thickpess for wvariocus polymers such as
polyethylene(6), TPBD(119) and 1,4 trans polyisoprene(120)
decreases with decreasing Tc at high temperatures and then
becomes invariant. A similar effect was observed in this
study for TPI also. An increase in the lamellar crystalline
length along the chain direction from 5.7 to 6.5 to 7 nm
with increase in the crystallizafion temperature from 10 to
20 to 30 C respectively was observed. When the
" ecrystallization temperature decreases and therefore the
supercooling increases, the 1lamellas also become more

susceptible to defects, penetration, reaction and

destruction. Another variable is the crystallization time.
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The increase in the DSC endotherm temperature with increasing
Tc’ reported by Woodward et al (87), is characteristic of
lamellar crystals. This is due to an increase in the
lamellar thickness with an increase in the crystallization
temperature. A gimilar effect has been reported (95, 99)
for melt crystallized TPI. The DSC endotherms did not show
any observable changes with Mn' A small decrease in density
was found on changing the Mn from 0.26x105 to 2.9x105. An
increase in crystallinity with decreasing Mn down to about
Mn of 104 was reported for polyethylene (75-76) and for
various polyalkene oxides (77-80) crystallized from the
melt. However at Mn below 104 a decrease in crystallinity
occurs for a number of these polymers, including
polyethylene(PE), (76) polyethylene oxide(PEO), (78) and
polyhexanemethyleneoxyde (PHO), (79). For melt crystallized
PE(79), PHO(79) and POM(80) a dramatic decrease in the
basal surface free energy with decreasing molecular weight
has been shown. The density variation observed in bulk
crystallized polyethylene is explained (113) in terms of
the presence of tie molecules or reduced mobility in high
molecular weight fractions. 1In this study an increase in
density of dried mats of TPI crystals is observed (Table
XXX) with an increase in the crystallization temperature.
This 1is due td an increase in the crystalline /amorphous

ratio as Tc increases. A large discrepancy exists,
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however, between Fe’ as obtained for crystals in suspension
from C-13 NMR analysis, and the noncrystalline fraction,
(1-wc), as obtained by density measurements on dried mats
(tables 29-30). A density variation and a decrease in
crystallinity with decreasing Mn in the 5,000-30,000 range
was reported (44, 57) for solution crystallized TPDB
lamellas epoxidized in suspension. The reacted fraction is
usually smaller than (1-wc). Possible explanations for
this discrepancy are the following:

(1) An introduction of disorder upon drying the lamellas.
Density measurements may show a higher ratio of the
noncrystalline component due +to lamellar collapse and
rearrangement upon drying. (2) Thé failure of the two
component model in obtaining the crystallinity from density
measurements . The total noncrystalline fraction
calculated from density measurements assumes that
the crystals contain a component with a density the same as
that of the unit cell obtained by x-ray diffraction and a
component that is completely amorphous as found in the melt
but corrected to room temperature. (The difference between
mat and suspension crystals is not resolved at present and
it is seemingly dependent on the technique of measurement
or may have to do with the detailed surface structure) and
(3) Incomplete reaction of the noncrystalline component due

to a significant fraction of noncrystalline material not
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available for chemical reaction. Evidence for (1) and (2)
(114) has been shown for polyethylene lamellas.
Experimental results(11i5) and calculations using space
filling models for polyethylene (116) suggest that _fa’ as
extrapolated from the mélt, is larger than the fold surface
density. However, solid state C-13 NMR results for TPBT
lamellas (65) agree with those from density measurements.
These results(65) also suggest that complete reaction does
occur in the noncrystalline component. Therefore'ruling out
possibilities(2) and (3), the only viable explanation is
possibility (1), where lamellar collapse occurs during the
drying process, increasing the noncrystalline component
present during density measurements. Evidence for molecular
collapse has been found in this work. Fe that was obtained
from surface epoxidized low molecular weight TPI lamellas,
using C-13 NMR, show a better agreement with (i—WC) values
than similar experiments on higher molecular weight
samples. Due to changes in both (Fe) and (1—WC) ford -TPI,
the discrepancy between them decreases as the molecular
weight 1is decreased below 67,000.(table XXIX). As the
molecular weight is decreased the number of chain ends
increases and any fold crowding that would occur in TPI
lamellas should be diminished if these chain ends are
noncrystallizing. A decrease in fold crowding would be

expected to reduce the amount of disorder introduced in TPI
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lamellas on drying, to increase the penetration of the
surface or to do both. However, the increase in (Fe)f is
accompanied by an increase in <B>f with <A>f remaining
constant suggesting that further penetration is not the
process occurring. In earlier work (53, 74) a decrease in
(1-wc> with decreasing molecular weight at small values of
M for amyl acetate grown lamellar structure was found.
The results are similar to those reported in this
work for hexane grouwn lamellas; however, this change
was attributed ( 74 )} to the presence of very short
cilié, using an analysis similar to that discussed
below. The value for <A>f is equal to the average number of
monomer units in a chain traverse through the crystal core,
if the epoxidation reaction is confined to the surface
regions. Measurements of lamellar thickness for dilute
solution grown lamellas of polyethylene using low angle x-
ray measurements and electron microscopy show that this
parameter stays constant with decreasing molecular weight
when the crystallization temperature and the solvent are
kept constant and increases with increasing TC(G). Kern et
al (117) found on solution crystallization that there is a
broad range ofv molecular weights where the effects on
thickening are negligible. Arlie et al(118) found that
seven fractions of molecular weight between 1,000 and 3,500

always crystallized from the melt fully extended. At higher
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molecular weights up to 25,000 folded crystals resulted but
the number of folds depended critically on the
crystallization temperature. Therefore the constancy of
<A>g forok -TPI vs. molecular weight and the change with T

is in agreement with that work. <B>f appears to remain
constant at 5 with an increase in crystallization
temperature, although considerable fluctuation occurs. The
results are in agreement with those found for
hydrochlorinated TPI lamellas carreid out by Woodward and
Tischler(106). The value of <B>f is related to the average
number of monomer units per fold and the average number per
crystallizing chain end combined. The effect of chain ends
should diminish with increasing molecular weight and, as
observed, <B>f should become constant and equal to the
average number of monomer units per fold assuming full
penetration of the fold surface, and a small lateral
surface contribution. The lateral surface area has been
previously estimated (53) to be approximately 2% or less,
depending on the preparation, and  can, therefore, be
neglected. From moleculer models, a tight 110 adjacent
reentrant folds can be made with three TPI repeat units.
Therefore, the experimental value suggests adjacent reentry
with some fold looseness or a mixture of tight adjacent

reentrant folds with some nonadjacent reentrant ones(53). A

quantitative relationship between the surface fraction, Fs’
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the number of monomer units per fold, U, the number average
degree of polymerization, Nn, the average number of monomer
units in two chain ends, C, and <A>f is (44, 74)

1—FS=<A>f{1+(U—C)/Nn}/{U+<A> } Eq.7

f
Calculation of C from eq. 7 with the data in table 29 was
carried out for theol-TPI lamellas prepared at 20 C with Mv
of 7,000 and 5,000; values used in the calculations were:
<A>f=14, an average of values found over the complete

qolecular weight range, U=4.7, an average of the <B>f
values for the fractions with MV of 22,000 or greater,
Nn=Nv/1'2 and Fs=FeC is found to be 8 and 10 for Mv of
7,000 and 5,000, respectively. If Fs is set eqpal to 1-wc,
the calculated value of C would be smaller than U due to
the decrease in 1-wc with decreasing molecular weight; in
fact, previously, using density results a C of zero was
obtained(74). This is not believed‘to be correct, as
discussed above. An equation relating <B>f at any molecular
weight to U and C can be obtained by extension of a
treatment given by Schilling, Bovey and Woodward(57). 1In
here C is believed to be a linear function of L, and is
represented as C=alL/R. The total number of isopréne units
per number average chain at the lamellar surface is given
by <B>f(Fn+1) where Fn is the number of folds per chain. In

terms of U and C

<B>f(Fn+1)=UFn+C—2 Eq. 8
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since the carbon atoms in two units, one in each chain end,
will not contribute to the some resonances as the carbon in
the rest of the noncrystallizing reacted chain end due to a
different chemical shift. The total number of isoprene
units per number average chain is (44):

Nn=<A>f(Fn+1)+UFn+C Eq. 9
Combining egs. 8 and 9 to eliminate Fn gives

C={Nn<B> +2¢A> _+U(¢cA> _+¢B>» +2—Nn)}/{<A> +<¢B>» Eq. 10

£ £ £ £ £ £

Using the some <A>f and U values as in the calculations
above gives C€ of 12 and 14 for Mv of 7,000 and ‘5,000,
respectively. An average value of C found from this work is
therefore 11+2. In using egs. 7 and 10 to calculate C it
was assumed that the contribution of the lateral surfaces

to Fe and (B>. is negligible and that all of the chain ends

f
are noncrystallizing. The value for C agrees with that for
<A>f within experimental error ane therefore the average
length of noncrystallizing chain ends is about one half of
the crystallite thickness.

The kinetics of the epoxidation of peracids with TPI has
been shown to be first order with reépect to the peracid
and also first order with réspect to the double bond
concentrations(94). It was found in the present study also,
that the rate of the reaction of TPI single crystals at the

surface depend on both the number of double bonds available

for reaction and peracid. It is evident that the peracid
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will react first with the accessible double bonds at the
folds and then will réact with the 1less accessible inner
bonds. This result is consistent with data given by
Schilling, Bovey and Woodward(54, 57) on epoxidation with
peracid. While suspended in the solvent the lamellas are
separated from each other except in the vicinity of the
screw dislocation(121). There is little cohesion between

the faces of adjacent lamellas.

It was found in a study by J.Xu that when §§—TPI lamellar
structures in suspension are epoxidized the amount of
reaction taking place depends on the liquid medium used.
Since the larger Fe values found exceed the noncrystalline
fraction calculated from density measurements, it appears
that penetration of the crystalline core of the lamellas
occurs. As Fe increases, B> increases aﬁd <A> fluctuates
which suggests that the penetration occurring takes place
principally from the lateral surfaces but not from the fold
surfaces. The double bonds on the chains at the lateral
surfaces are expected to react immediately. If the
attractive forces between the epoxidized chains and the
liquid medium exceed those between epoxidized TPI and TPI
units and if the folding is reentrant along an exposed fold
plane, the reacted lateral chains could separate from the
rest of the crystal and allow reaction of the next row of

chains formerly inside the core. This would give a mixture
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of block copolymer and completely epoxidized TPI. As the
amount of completely reacted chains increase, <«B> would
increase but <«A>» would not change. The decrease in
dissolution temperature for a 65/35 TPI—epoxidized TPI
block copolymer with the increase in Fe for various liquids
(see tables IX and X) supports this mechanism. Some of the
results from a study of the chlorination of polyethylene
lamellas uwere explained in terms of penetration from the
lateral surfaces (112). In another investigation the amount
of reaction taking place during hydrochlorination of TPI
lamellas and lamellar structures is also found to depend on
the reaction medium used (106). That study was carried out
on ol -TPI lamellar structures prepared at various
temperatures; the hydrochlorination was done in two
different liquids as a function of time. The differences in
¢A> and <«B> with time for the reaction products from the
two 1liquids are explainable in terms of penetration. The
electron microscopy studies carried out earlier onok -TPI
lamellas. TPI lamellas epoxidized in amyl acetate showed
considerable erosion at the sides as well as holes through
the interior parts after reaction even to short times for
the higher molecular weight fractions(53). 1In the present
work very little if any discernible change in the appearance
of the lamellas was found after reaction in 2-ethoxyethanol.

Also, the Fe values reported in the earlier epoxidation
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study were 0.33 and 0.43 for molecular weights of 2.6x10&
and 6.9x104 and a 20 C crystallization temperature in amyl
acetate. Comparison with values of Fe from the present wofk
obtained at the some crystallization conditions for ot -TPI
lamellas show that when amyl acetate is used Fe is 1larger
than when 2-ethoxy ethanol is employed; the difference
decreases with decreasing molecular weight suggesting that
penetration of reacted lamellas by amyl acetate decreases
with molecular weight, as found earlier from electron
micros:opy studies. 2-ethoxy ethanol is a nonsolvent for
both TPI and epoxidized TPI.The <«A> and <B»> values obtained
remain constant after an initial period for crystals grown
at 20 C and 30 C. This indicates that penetration of the
epoxidizing agent into the crystal core does not occur or
that completely reacted chains are washed away. The
crystalline stem length along the chain direction, LS, ‘can
be calculated from the average number of unreacted monomer
units <A>, by multiplying <A> by the chain repeat distance,
R(96). The average number of reacted monomer units, B>, is
equated to the average number of monomer units in the chain
fold, U. This assumes that not only is the reaction in the
crystal core negligible, but also lateral surfaces are

small compared to the folds.

The observation of chain folding of linear macromolecules

on crystallization immediately raised a number of questions
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fundamental +to the understanding of crystalline polymers.
Three types of folds have been proposed for polymer single
crystals: (I) Irregular adjacent re-entry (loose folds).
(IT) Regular adjacent re-entry (tight félds). (III) Switch
board or non adjacent re-entry folds. In deciding on the
appropriateness of a model it is instructive to calculate
the average number of monomer units per fold from the fold
regions amorphous content, as done for TPI copolymers in
the last section (page 81), When a copolymer is prepared it
consists of blocks of unreacted polymer unite
alternating with blocks of reacted units. The number of
repeat units in the unreacted blocks will depend on the
crystal thickness along the chain direction, as determined
by the crystallization temperature and solvent. The average
gsize of the reacted blocks is dictated by the average
number of monomer units per fold. The average size will be
smallest and the width of the size distribution sharpest
for the reacted blocks if only adjacent reentry, using the
minimum number of chain units occurs. If fold looseness is
present due to noncrystallizing chain ends then a
distribution of fold lengths, ranging from tight to loose,
is expected and a big wvalue of Fe’ the extent of
epoxidation, will be obtained. The largest valuesg for the
average fold length and the broadest size distributions are

expected if a significant amount of nonadjacent reentry
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takes place. For TPI the number of monomer units per fold,
B, increases with TC and is higher at low molecular weights
(MV=O.05x105 and 0.O7x105). U values for surface epoxidized
TPBD lamellas with a Mn of 1.7x104 and 4.4x104 have been
found by Schilling, Bovéy and Woodward using C~13 NMR to be
2.4, 3.0 and 4.9. Therefore at comparable molecular weights,
the number of monomer units per fold for TPI 1lamellas is
about 0-2 fold larger than that for TPDB lamellas. U values:-
for TPBD fractions were'reported (44) to increase with the
crystallization temperature, the same effect in the same
direction as for TPI.

When models of the fold surfaces forol -TPI have been
constructed by Mukherji and Woodward (123) wusing the
crystal structures given by Takahashi et al (96) and by
Fisher(105) a tight adjacent reentrant fold is found to
contain 3 or 4 monomer units, respectively, assuming 110
folding(122). vThese values are not much smaller than the
values obtained in this work at medium or high molecular
weights (4.740.1). This 1is evidence for a predominance of
adjacent reentry folding. When calculations for these
molecular weights were made it was assumed that
contribution of the lateral surfaces to Fe and <B> ¢ is
negligible and does not exceed more than 2% and all of the
chain ends are noncrystallizing. The average value of C

found is 12 and 14 respectively which agree with that for
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<A> within experimental error and therefore the average

3
length of a noncrystallizing chain end is about one half of

the crystallite thickness.
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CONCLUSIONS
The results of this study 1lead to the following
conclusions:
" {(I) Segmented block copolymers containing unreacted TPI
sections and epoxidized TPI sections can be prepared using
2-ethoxyethanol as the reaction medium. The unreacted block
length can be increased by increasing TC.
(II) Differences in values for the noncrystalline fraction
inok—TPi lamellas, as found by density measurements and by
chemical reaction, are believed to be due to changes taking
place on drying; these changes become less apparent at
molecular weights below a value in the 7,000-20,000 range
as a consequence of the increasing number of chain ends.
(III) In A -TPI lamellas grown from hexane at 20 C, the
.average number of monomer units per fold 1is 4.7+0.1,
suggesting nonadjacent reentry folding to be small in
amount; the average number of monomer units in the two
crystallizing chain ends is 1142,
(IV) The fraction of amorphous material on the surface of
TPI available for epoxidation and the number of monomer

units per fold, U, increase with increasing Tc'
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Appendix I

Molecular structures of TPI: (A) -structure from Bunn.

(B) -structure from Bunn. :

(C) -structure from Takahashi et al.

The unit cell due to Fisher has a=5.9A , b=7.9A , ¢=9.2A ,
~=P=90 , )y=94 . This cell corresponds to the -structure

proposed by Bunn (71).
The unit cell proposed by Takahashi et al has(73) a=7.98A
b=6.29A , c=8.87A , &+ =y=90 , f=102'0 '
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Appendix 2.

. Olefinic carbon
of (a) 25% and (b) 0%

region of the 50.3- MH1 BC spectra
solution-eporidized and (c) erystal-

eporidaed 1.4-trons-polyisoprene. Observed in CDCl et 40 °C.
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‘St;runurd formulas of two representative sequences are shown.

152




Appendix 3,

Figure §. Oxirane carbor region of the 50.3-MH: 3C gpectra

of (a) 2!% and (b) $0% solution-eporiduaed and (¢} crystal-

epoxidized 1,4-trons-polyisoprene. Observed at CDCl, at 60 °C. -
"2" indicstes residual amyl acetate.)
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#Structura! formulas of two reprasentative sequences are shown.
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Appendix 4.

a2 ;ndu(gx carbor region of the 50.%MH UC gpectra of

1,6-trans-polyisoprene. Otnerved in CDCl, 0t 40 °C.

PR solutioo-eporidized and (¢} eryswal-epoxi-

€s* indicates rasidual amy! acetate.)
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