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Abstract

THE KINETICS OF EPOXIDATION OF POLY (TRANS-1,4-BUTADIENE)
CRYSTALS IN SUSPENSION AND RELATED STUDIES

BY
PICHAI WICHACHEEWA

Adviser t Professor Arthur E. Woodward

The kinetics of the epoxidation of poly (trans 1,4-butadiene),
(PTBD), crystals in toluene suspension using m-chloro perbenzoic
acid {MCPBA) was investigated in the 6°to 21°C range by means
of infrared soectroscopy. Crystals of PTBD with Mn = 36,000
grown from heptane and from toluene solutions and crystals
with Mn = 5510 grown from heptane were studied. For toluene
grown crystals using the higher molecular weight sample, the
total number of double bonds available from reaction increases
with reaction temperature. This is not true for heptane grown
crystals from the same sample. For crystals grown from the
lower molecular weight sample, the total number of available

o odouble bonds increases within the range 6 to 12 C only. For 
all preparations investigated the epoxidation reaction is 
initially second order, first order with respect to the 
concentration of MCPBA and first order with respect to the 
concentration of the available double bonds. The second order 
rate constant is found to be dependent on molecular weight, 
on temperature and also on the crystal preparation conditions.
The bromination of crystals grown from the higher molecular
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weight sample was studied in CCI4 suspension at 0°C using an 

ultra violet spectrometer Cary 8 to follow the change in 
bromine concentration. The reaction was found to be complete 
within one hour and the % double bonds brominated being consistent 
with the epoxidation results. The infrared spectra for dried 
mats of epoxidized and brominated PTBD crystals were obtained.
It was apparent that there are some changes in the amorphous 
band at 1350 cm 1 due to reaction of double bonds in the fold 
region. The results of this investigation are discussed in 
terms of the amorphous component in the fold region of PTBD 
crystals.
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INTRODUCTION

In 19571-5', it was discovered that polyethylene when 
precipitated from dilute solution crystallized in the form Of 
platlets or lamella-like single crystals. Since this discovery,

C.single crystals from many polymers have been grown and studied < 
in an attempt to elucidate their morphology and to understand 
the details of their formation. The understanding of single 
crystal structure is considered to be a necessary background 
for the study of polymers crystallized from the melt.

When polymers crystallize from dilute solution, they usually 
do so in the form of individual microscopic crystals that exhibit 
varying degrees of morphological complexity depending on the 
particular polymer and conditions of crystallization. The 
simplest entity obtained is a monolayer crystal. An idealized 
representation of a monolayer polymer crystal is depicted 
in Fig. 1.

I *

Fig. 1 A drawing of an idealized polymer crystal.
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The lateral dimensions of polymer crystals grown from 

solution fall in the range 1-50Jjum. The habit of the crystals
ois characteristically lamellar. These lamellae are about 100 A

thick but the thickness is very sensitive to the crystallization 
conditions, particularly the crystallization ,temperature. The 
uniformity of the thickness can be deduced from detailed examination 

of electron micrographs or from the low angle x-ray diffraction 
maxima of a collection of such crystals. In many cases four 
orders of diffraction are observed and there is very good 
agreement between the dimensions obtained from the electron 
micrographs and the x-ray diffraction measurements. The
orientation of the chain molecules within the platelets has been

4-5 7-10determined from selected area electron diffraction studies ’
The patterns are usually sharp and detailed analysis indicates 
that the chain axis is preferentially oriented perpendicular 
to the wide face of the crystal; moreover, the direction of 
the a and b crystallographic axes are preserved throughout 
the platelet structure so that the designation " single crystal " 
has been commonly given to such structures.

The platelet thicknesses are usually no more than the 
order of a few hundred angstroms thick and this crystal habit 
is observed for very high molecular weight chains.' It becomes 
clear that a given molecule must traverse a crystallite many 
times to satisfy the molecular weight requirements, the crystallite 
thickness requirements and the requirements of orientation.

Therefore, the chains should fold back on themselves at the 
two lateral surfaces. The nature of the fold region has been 
the subject of intensive study and controversy.
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Two different theories have been developed describing 

the formation of polymer single crystals grown fron dilute 
solution. One theory ,as developed by Peterlin, Fischer and 
Reinholc?' suggests that the fold period is determined
thermodynamically. The other theory, which is based upon a 
kinetic approach, was given independently by Lin, Price,
Lauritzen and Hoffmann15-*®.

Some workers1^-^  reported that polymer single crystals
were perfectly regular crystalline entities and the polymer
chains are regularly re-entrant meaning the chains enter the
crystal at adjacent sites (see Fig. 2a). The fold periods

23vary slightly about some mean values . However, it is clear 
that morphological studies are inherently limited with respect 
to providing information at the molecular level. Fischer and 
Lorenz^ ^5, Jackson et. al.^5, and Flory^ measured the 
density of single crystal mats of polyethylene and arrived 
at a conclusion in favor of randon irregular polymer chain 
re-entry (non-adjacent re-entry or switchboard model,see Fig. 2b). 
Several recent studies by Peterlin, Roe, Baer, Keller and 
others support models- in which there is a distribution
of fold sizes, ranging from very short to very long ( see Fig.
2c). The models proposed are difficult to test because the 
experiments carried out by these workers involve physico­
chemical techniques. The analyses of such quantities as 
mechanical loss data, infrared spectra and heat measurements 
in term of the fold region is uncertain because it is not 
easy to separate the effect due to fold disorder from that 
due to defects in the interior of the crystals.
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' N

(a) (b)

(«)

Fig, 2 Models of chain folding packing in single crystal 
lamellae a) regular adjacent re-entry ( tight fold ), b) 
switchboard ( random non-adjacent re-entry ), c) irregular

adjacent re-entry ( loose fold ).
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31 —33Several workers have studied the infrared absorption

spectra of polymer single crystals and tried to correlate specific 
absorption bands with the fold region conformation. Krimm 
and B a n k ^ -"^ carried out an infrared study of the 71 cm 
absorption for polyethylene single crystals consisting of a 
mixture of normal and deuterated hydrocarbon; they concluded

3 6that adjacent re-entry folding is predominant. Kawai et. al. 
studied the dependence of crystallinity and fold region 
structure of polyethyene on molecular weight and their results

37support adjacent re-entry chain folding. Koenig and Agboatwalla
have given various polymer crystals different physical treatments
and then searched the infrared spectra for changes in absorption
bands which correspond to changes in the fold region morphology.

38Udagawa and Keller have found from the study of the change 
of x-ray long spacing by swelling polyethylene single crystals 
with a liquid that there is a disordered amorphous layer in 
the fold region which expands by swelling.

Attempts have been made to study the fold region of 
polyethylene crystals directly by chemical assay but the 
degradative chemical reactions employed have resulted in 
destruction of the crystals themselves, and the results are

39-41difficult to interpret. Peterlin and Keller and their coworkers 
studied polyethylene single crystals by degrading the amorphous 
portion with fuming nitric acid at high temperature (85°C).
The initial rate of weight loss, NMR intensity ratio , NMR

second moment, heat of fusion,, density of the crystals, 
molecular weight distribution by gel permeation chromatography
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and x-ray diffraction were measured as functions of the time
of acid treatment. It was found that at first the reaction
was a rapid one, followed by a markedly decreased rate. It
was assumed that during the fast part, the easily accessible
amorphous region at the crystal fold region are destroyed
and during the slow part of the reaction, the rate of nitric
acid penetration into the crystal interior diminishes
because of steric hindrance. The extend of degradation seemed
to indicate that the crystals were more than 50% amorphous
and that this component was almost all located in the disordered

42-43fold region. More recent work by Keller and coworkers 
indicated that the diminished rate is actually due to the 
accumulation of degradation products blocking the remaining 
reaction sites. It is clear that there is no reaction rate 
difference between amorphous and crystalline portions in the 
polyethylene single crystals reacted with a reagent as powerful 
as fuming nitric acid. They concluded that a milder degradative 
reagent should be used,

44Another study by Winslow et. al. using gel permeation
chromatograph to analyze molecular weight distribution of
single crystals showed that there are two peaks in a 2 : 1
ratio dominating the chromatograms. These two peaks were
related to molecular weight fractions corresponding to single
and double chain traverse lengths that were cut by nitric

29acid. In 1971 Keller reinvestigated the data again and

concluded that the fold region of the crystals consists of 
folds of various lengths, some folds buried at different



depths in the crystals. As the chains are cut at various
locations, the peaks corresponding to longer chains decrease
in intensity while those of shorter length increase. The 

45same results were obtained when annealed polyethylene
single crystals were used in the investigation.

More recently ~ ozone gas has been used to oxidized
polyethylene single crystals; the reaction was investigated
the same way as mentioned above but in addition quantitative
analysis of carboxyl groups by dilute sodium hydroxide and
infrared spectroscopy was carried out. These experiments
have been interpreted as confirming the model of adjacently
re-entrant folds of various lengths, terminating at different
depths within the crystals.

As the molecule is not of indefinite length, there will
49be chain ends (cilia). It was found by infrared studies

that the chain ends are outside the crystal lattice, and the
length of the chain outside the lattice is less than a single
traverse of the lamella. It was assumed that on the average
the length of a cilia is one-half the length of a traverse.
The fold region is therefore defined as the region which
contains chain ends and chain folds.

Based on the discussion above, it is clear that in spite
of the large number of investigations that have been carried
out on polyethylene, the need for a nondegradative
quantitative method of assaying the fold region morphology
of polymer single crystals is apparent. For this reason,
a series of investigations was started by Woodward and 

50-56coworkers on poly (trans-l,4-butadiene),PTBD, In the
following section earlier pertinent work is reviewed.
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Single crystals of PTBD can be readily grown from a 

57variety of solvents . The crystals were prepared using a
growth technigue similar to that developed by Blundell and
Keller®2 . The procedure involves a minimum temperature of
dissolution and self nucleation.

Two crystalline forms are known to exist for PTBD,
one is,stable at room temperature and transforms to the 

o 58other at 76 C by a reversible first order solid-solid 
phase transition. The low temperature form is designated 
as form I, and the high temperature form is form II.

The crystal structure of the low temperature form of
KQPTBD was given by Iwayanagi et.al. ; it is revealed by 

x-ray structure analysis that the crystal belongs to the 
monoclinic system with the space group P21/a. The unit

o- ocell with the lattice constant a = 8.63 A, b = 9.11 A,
_  o ° ,c = 4.83 A and /3 = 114 includes four separate repeat units.

Although the crystal symmetry is monoclinic, the molecular
packing ( arrangement of the center of mass of each chain
projected on the ab plane ) is hexagonal. The monoclinic
symmetry comes from a slight asymmetry of the molecule viewed
along the c-axis. The staggered succession of the plane
repeating units makes the overall molecular shape nearly
cylindrical.

The chain conformation of the high temperature form is 
similar to that of the low temperature form. A rotational 
motion occurs quite readily, causing the phase transition 
from the low temperature form to the high temperature form 
to take place without appreciable relative translation of
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83the molecules. Takayanaki et. al. concluded from the 

three discrete reflections in the x-ray diffraction pattern 
that the high temperature form of the crystal belongs to the 
hexagonal lattice. The assignment of the lattice is still 
uncertain because the x-ray diffraction pattern consists
of a diffuse spot. The dimension of the unit cell are a = 4.95 

oc = 4.66 A, the bond remains trans, but the internal
rotation angles around the two CH2“CH2 bonds are decreased

O O 0 0 .to 80 and -80 from 109 and -109 respectively. The molecular 
chains are considered to be in a considerably distorted 
state due to torsional oscillation about the C-C bonds.
Stellman et. al. ^  found that the high temperature form 
of PTBD crystals has almost constant heat capacity, indicating 
that many of the available conformation states are accessible.

The double bond in the repeat unit of PTBD reacts 
quantitatively with many reactants; peroxidation of the 
double bonds in polybutadiene has been shown to be a 
quantitative reaction^-^ , it can be used to disclose the 
number of double bonds that are available for reaction at 
the crystal fold region, and thus serves as a "chemical 
handle " on the chain folding phenomenon. Moreover, with 
this technique, an apparent non-destructive one, it is 
possible to assay the effects of different growth conditions, 
solvents and polymer molecular weights on the number of 
double bonds available for the reaction. The knowledge of

the number of double bonds available for the reaction can 
lead to a good estimate of the tightness of the folds in the

>o
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fold region of various PTBD single crystal preparations if
accurate data concerning the crystal structure and the thickness
of the crystals are known. Quantitative chemical assay on

52-53PTBD crystals was carried out by Stellman and Woodward 
by epoxidation of the double bonds in crystals suspended in 
benzene at 6°C. The crystals were grown from a number of 
solvents. It was found that depending on the crystal growth 
conditions from 14-27 % of the double bonds are available 
for reaction with m-chloroperbenzoic acid (MCPBA) for crystals 
of approximately the same thickness. This leads to an average 
value of 2.5 monomer units per fold for heptane grown crystals 
to 5 monomer units per fold for benzene grown crystals. The 
number of double bonds necessary for the tightest re-entrant

. 59fold calculated from the crystal structure given by Iwayanagi
is between 1 . 5 - 2  double bonds. Comparison of the value
of double bonds per fold from the experiments of Stellman 

52-53and Woodward led to the conclusion that re-entrant folding
is highly probable, although some fold looseness occurs.

High resolution infrared spectra have been obtained in
the 1000-1400 cm-1 region for crystal mats of PTBD grown from

50six different solvents . It was found that the ratio of
the intensity of the infrared band at 1350 cm-1, an amorphous
band, to that at.1335 cm a regularity band varies from 1.3 
to 0.1 with the solvent used for crystal preparation, the 
PTBD used and with the thermal history. The ratio is larger 
for crystals grown at temperatures well below the transition 
temperature than those grown near to it. . When the crystals 
were heated to 80°C and cooled down to room temperature, it
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was found that the infrared intensity ratio ^ 3 3 5

decreased. The values of Il350/ Ii335 for PTBD crystals 
grown from different solvents and for the crystals after 
80°C annealing are listed in Table I.

TABLE I
I '/ 1350 / T1335 f°r PTBD Crystal Mats at 25°C~>0

Sample Mn Solvent T1350 / I1335
As After 80°C
prepared annealed

PTBD-K 3.6xl04 MIBK 0.2 0.2
Heptane 0.2 0.1

Toluene-ethanol 1.0 0.4
Toluene 1.2 0.6
Benzene 0.9 0.3

Benzene cast film 0.3 -
melt form 0.5 -

PTBD-U 5510 MIBK 0.2 0.3
Heptane 0.3 0.2

Toluene-ethanol 1.3 0.2
Benzene-ethanol 1.2 0.3

Melt form 1.0 -

51Ng, Stellman and Woodward also studied PTBD crystals 
by using differential scanning calorimetry. Assuming that ̂ H t ,
the heat of transition from form I to form II, is proportion to
the crystallinity, the crystallinity was obtained for
toluene and benzene grown crystals by taking that for heptane
grown crystals as 0;8 as given by the infrared measuremennts.
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It was found that toluene and benzene grown crystals have 
a greater amorphous content than heptane grown crystals, 
in agreement with the infrared results.

Another method which can be used to estimate the total
amount of amorphous material in a solid is broadline nuclear
magnetic resonance. If conditions are such that some
reorientation motion is taking place in the amorphous component
and the crystalline regions are effectively rigid, then a
two component NMR absorption will be found, the narrow part

51being associated with the mobile regions. Ng and Woodward 
reported the measurements of NMR intensity ratios for PTBD 
crystals grown from heptane and toluene. The crystals were 
wetted with a non-protonated solvent ( CS2) which served 
as a surface penetrant. The NMR determinations were 
carried out at low temperature ( -24°to -90°C range ). If 
it is assumed that the narrow line accounts for all or 
most of the amorphous regions, toluene groxm crystals have 
a greater amorphous content than heptane grown crystals.

The crystallinities of PTBD crystals as obtained by 
various methods are given in Table II. It was concluded 
that for some preparations the total amorphous content 
exceeded that present at the crystal surface region alone.
That implied that amorphous regions do exist in the interior 
of the crystals.
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TABLE II
Comparison of Crystallinities for PTBD Crystals

Growth Condition
Crystalline

54NMR
Fraction
IR50 n51Epox-

Heptane 76 / 63 C (0.8) 0.87 0.8 0.86
Toluene 50 / 23 C 0.6 0.77 0.5 0.81
Benzene 52 / 8 C 0.5 - 0.5 0.73

The effect of heat treatment of PTBD single crystals
prepared from dilute benzene solution was studied by dilatometry,

0 3x-ray diffraction and dynamic viscoelastic measurement. .
The crystal transition temperature of the single crystals
grown from that solvent was found to be 55.5°C, 206C lower
than that of the bulk crystalized sample*^ The dynamic
viscoelastic measurement showed that the single crystals
of PTBD have two viscoelastic absorption peaks at -10°C
and 35°C respectively. The -10°C peak has been attributed
to the primary absorption (0C )• The appearance of the
primary absorption indicates that a considerable amount
of the amorphous polymer exists in the single crystal mats.
A primary absorption is caused by initiation of micro-
brownian motion of the molecular chains. After heat treatment

oof the single crystals above 55.5 C, the transition temperature 
increased to 69.5°C. At the same time, thickening of the 
lamellae occurred and the viscoelastic primary absorption 
observed in the single crystal tnaLs disappeared. These results
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suggested that the amorphous regions rapidly crystallized 
above a temperature of 55.5°C, and therefore the loose folds 
attached to the end surface of the crystal are dragged into 
the_crystalline phase to form tight folds as a result of 
the sliding diffusion of the molecules along their axes.
This is accompanied by the sudden thickening of the lamellae 
at the -crystal transition temperature. It is claimed that 
a likely possibility for the formation of loose folds was 
due to the hindering effect of 1,2 (side chain vinyl) 
impurities which can not be easily accommodated in the crystal 
component.

00
White and coworkers reported that the influence of 

the first order crystalline transformation at about 60°C 
on the infrared bands of PTBD crystals yields microscopic 
information that supports the two component microcrystalline 
model of a folded chain having loose and tight folds at the 
lamellar surfaces. Loose and tight fold surface regions are 
illustrated in Fig. 2 above. The temperature dependence 
of the band parameters of the 908 cnT^vinyl band indicates 
that 1,2 (side vinyl) units are not easily taken into the 
crystalline component, thus forming loose folds at the crystal 
fold region that account for the micro-brownian motion 
detected in the low temperature form. It was shown that 
the infrared band parameters such as integrated intensity 
and band width are excellent probes for the microscopic 
thermodynamic properties of polymers. Most significantly 
it was shown that the non-responsive behavior of the band 
width of the 908 cm-1 vinyl band of PTBD near the crystalline
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phase transition is consistent with the loose fold property
of the folded chain model.

67In 1974 Oyama et.al. reported the assignment and the
method of resolving the infrared spectrum of PTBD in the
region of 1450 cm  ̂ in order to analyze the conformation
of butadiene units in the fold. Four conformation sensitive
methylene scissoring bands were assigned by the rotational
state of the CI^-CH., rotational axes. Two bands at 1458 cm ^
and 1449 cm  ̂were assigned to the amorphous conformation,
and the other two bands at i451 cm * and 1438 cm 1 to the
crystalline conformation. From two parameters determined
experimentally and the assumption of a Lorentzian
representation for each band, the spectrum was resolved into
four bands. The average conformation in the non-crystalline
part of the as-grown crystals was considered to be nearly
the same as that for the random coil. It was concluded that
the average conformation in the non-crystalline part became
Gauche-rich. Using reasonable assumptions, the number of
trans mers.,U(T), and gauche mers,N(G), per fold of the single
crystals were estimated; N(T) =2-3 , N(G) = 3-2 for as-grown
sample and N(T) =0-1 , N(G) = 3-2 for the 80°C annealed sample.

oThe distance between adjacent chains in a fold is 4.60 A for
PTBD, and three rotational axes are included in a mer of
PTBD; therefore it was assumed that three mer folds in PTBD
single crystals may be the shortest. This fold was expected
to be tight and rigid and therefore would not show the
dispersion in dynamic, viscoelastic measurements as mentioned

63before by Takayanaki et. al. .
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Evans and Woodward"*^ studied the Raman spectra of mats
of PTBD crystals grown from dilute solution. The effect
of crystal growth temperature, of solvent and of various

othermal and mechanical treatments on the spectrum at 25 C
were explored. The changes accompanying the form I to form
II crystal-crystal transition were observed by obtaining

oRaman spectra at various temperatures in the 25-78 C range.
The spin-probe technique has been employed by Nagamura 

55and Woodward to study the nature of the surface regions 
of PTBD crystals grown from dilute heptane and toluene 
solution. The spin probe method is based on the response 
of the line shape of the ESR spectrum of a paramagnetic 
probe, usually a nitroxide radical, embedded in a polymer 
matrix to molecular motion of the matrix. The probes are 
not chemically bound but only weakly held by the polymer 
chains. The narrowing of the ESR spectrum of the nitroxide 
radical probe added to the PTBD crystals and the activation 
energy for the rotational motion of the probes were found 
to vary with crystallization solvent and annealing temperature; 
in every case heptane grown crystals showed a higher line
narrowing temperature and activation energy than toluene

« & . . grown crystals. Annealing at 80 C raised the narrowing
temperature and activation energy for crystals prepared from
both solvents, but annealing at higher temperature near to
but below the melting point, lowered both parameters again.
This confirmed earlier work concerning the dependence of
the amount of amorphous material at the crystal surface
region on the solvent (and temperature) of crystal growth.



17

In 1976 Martucelli et.al.68 reported that the bromination 
of a suspension of single crystals of PTBD is selective at the 
surface region from studies by differential scanning 
calorimetry, infrared spectroscopy and small angle x-ray 
diffraction. They interpreted their results in such a way 
as to conclude that as the thickness of the crystals was 
increased a larger number of double bonds per fold were 
brominated. This is consistent with an increase in the 
thickness of the disordered surface region with an increase 
in the crystallization temperature. The thermal behavior 
of the bulk material obtained by recrystallization of melted 
brominated single crystals of PTBD shows that CH^-CHBr-CIIBr-CI^ 
units are incorporated into the crystal lattice and lower
its degree of order and act as chain defects.

69Martucelli et. al. also investigated the morphology 
and thermal behavior of PTBD single crytals grown from heptane 
using the electron microscope, wide angle x-ray diffraction 
and differential scanning calorimetry. The thickness of 
the crystals reported by them was much greater than those 
reported earlier by Woodward et. al.88 88 and Takayanagi et. al.88. 
From the calorimetric study, convincing evidence of the 
presence of two different thermodynamic stabilities of 
crystalline blocks of form I was obtained and the relative 
amounts of each were calculated. It was found that the 
equilibrium transition temperature of form I and form II

o . 0is at 75 C and the melting temperature of form II is 139 C.
In the earlier epoxidation studies of PTBD crystals 

by Woodward and coworkers, the principal interest was in
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establishing the maximum number of double bonds reacted for 
crystals grown from different solvents; little attention was 
paid to l)any differences in the reaction rate prior to the 
levelling off period for different crystal preparations or 
to 2) reaction temperature effects. For this reason, this 
project was originated to study the rate of epoxidation in 
more detail, and the effect of temperature on the maximum 
number of double bonds available for reaction in order to 
obtain more information concerning the amorphous component 
at the fold region of PTBD crystals. The effect of temperature 
and molecular weight on the rate of epoxidation was to be 
investigated. It was expected that the differences in rate 
of epoxidation at the same temperature should be relate to 
the different types of fold region in the crystals.
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STATEMENT OF THE PROBLEM

The major purposes for this investigation were the 
following j

1) to obtain more information about the fold surfaces 
of different PTBD crystal preparations,

2) to investigate in more detail the interior amorphous 
content'of PTBD crystals,

3) to study the kinetics and the order of the epoxidation 
reaction at the surface regions of PTBD crystals suspended
in toluene,

4)to determine the effect of temperature on the number 
of double bonds available for reaction and on the rate of 
reaction, and

5) to determine the effect of molecular weight on the 
rate of epoxidation reaction.
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EXPERIMENTAL
SAMPLES

The samples of PTBD used in this investigation as 
supplied by Ube Kosan Co., Ltd. of Japan and by Uniroyal 
Inc. were found from infrared analysis, using a Perkin

53Elmer 621 spectrometer, to have more than 95% trans content
These sample were designated as PTBD-K and PTBD-U respectively
by Woodward and coworkers. For the PTBD--K sample, as
received, a number average molecular weight, Mn of 8670
(+10 %) was reported by Debell and Richardson Co. Inc.
using a Hitachi Perkin Elmer vapor pressure osmometer.
After crystallization the molecular weight was found to
increase to 36,000 ( + 10%).

The viscosity average molecular weight Mv was obtained
for PTBD-K using the following relationship derived by 

84R. Endo

[tyj = 2.9 x 10~4 Mv0,75   (1)

where is the intrinsic viscosity determined by
. . .  ousing a Ubbelohde dilution viscometer at 30 C m  a chloroform

solution. The intrinsic viscosity and the M for PTBD-K 
were 1.53 dl/g and 92,000 respectively.

The viscosity average molecular weight ( M ) for the 
PTBD-U bulk polymer was given as 11,000 ( + 10%) . After 
crystallization the number average molecular weight , M , 
was found to be 5510 ( + 10%) using a Hewlett Packard 302B 
vapor pressure osmometer.
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CRYSTAL GROWTH TECHNIQUES
Toluene grown crystals of PTBD-K were prepared by a

53method which is similar to that used by Stellman and Woodward 
A weiqht of 0.02 gm. of polymer was dissolved at 50°C in a 
test tube which contained 50 ml. of toluene. The solution 
was then filtered throuqh a sintered glass funnel and cooled 
in an ice bath for nucleation, a procedure which differs 
from that of Stellman. The solution was reheated to 50°C 
and then placed in a 23°C bath. Crystallization appeared 
complete within 10-12 hours. The suspension was filtered 
and washed with fresh toluene.

Heptane grown crystals of PTBD-K were prepared in the 
following manner. A weight of 0.01 gm. of polymer was 
dissolved at 78°C in a test tube which contained 50 ml. 
of heptane. This solution is less concentrated than 
those prepared by Stellman ( 0.01% by weight as compared 
to 0.02% by weight). It was found in preliminary experiments 
that using 0.01% solution tends to give more uniform sized 
single crystals. The solution was then filtered and left 
to cool to room temperature for nucleation of crystals.

o 0The solution was reheated to 78 C and then placed m  a 63.5 C 
bath. Crystallization appeared complete within 4-5 hours.
The suspension was filtered hot and then washed with fresh 
solvent.

Crystals of PTBD-U in heptane solvent were grown from 
0.02% solution by the same method as PTBD-K crystals. The 
polymer (0.01 gm.) "was dissolved in 400 ml. of heptane at 
69aC and then filtered and left to cool to room temperature
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for nucleation of crystals. The solution was reheated to 
55°C and then was placed in a 45°C bath. It took about 
10-12 hours for the crystallization to be complete.
EPOXIDATION EXPERIMENTS

In the epoxidation of PTBD crystals by m-chloro perbenzoic 
acid (MCPBA), one of the two principal products is m-chloro 
benzoic acid (MCBA). MCPBA has a carbonyl stretching band 
at 1735 cm  ̂ and MCBA has one at 1700 cm ^ . The comparison 
of the values of log l0 / I for the two different absorption 
peaks can be written.

A log I0 / I t cl £c
A' log T0 / I' ~ g e l  £c'
A- = k B ......(3)
A

B is the mole ratio of the two components, k is a 
constant which can be evaluated by means of a calibration 
curve in which the left hand term, calculated directly from 

the relative height of the absorption peaks, is plotted as 
ordinate and the mole ratio as abscissa.

Mixture of MCPBA and MCBA were prepared at different 
mole ratios and the infrared spectrum were run using a 
Perkin Elmer 621 spectrometer.

In the epoxidation runs, a known weight of crystals 
(50-100 mg.) suspended in 50 ml. toluene at constant 
temperature was mixed with enough MCPBA to react with 20-40% 
of the double bonds present in a particular sample. Aliquots 
of the reaction mixture were taken out at various times up



to at least 75 hours and the infrared spectrum in the 1650- 
1800 cm-'*' region were obtained at room temperature. A blank 
solution containing the same amount of MCPBA in toluene with 
no crystals present was kept at the same temperature in order 
to monitor the amount of decomposed MCPBA. The mole ratio 
of MCPBA and MCBA in the reaction mixture was calculated 
from the measured absorbance ratio at 1700 and 1735 cm 
using the calibration curve obtained from the known mixtures 
with a correction for thermal decomposition of MCPBA being 
made. The amount of double bonds reacted is egual to the 
decrease in concentration of MCPBA. Prior to epoxidation, 
PTBD-K and PTBD-U heptane grown crystals were resuspended 
in toluene.
BROMINATTON EXPERIMENTS

Bromine in CCl^ gives a very strong absorption peak 
at 416 nm. From the Beer Lambert eguation

A = E e l   (4)
A = Absorbance
c = concentration of the solution 
1 = path length of the cell 
£. = extinction coefficient
The extinction coefficient can be calculated from the 

slope of plot of absorbance against the concentration of 
the solution. Different concentrations of bromine in CCl^ 
were prepared and the spectrum run using a Cary 8 Ultraviolet 
spectrometer.
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A Known weight of crystal was suspended in CCl^, the 

flask was covered with aluminum foil and then cooled in the 
refrigerator. A known amount of bromine, enough to react 
with 30-40% of the double bonds in the polymer was added. The 
reaction seemed to be completed within one hour. The amount 
of bromine reacted with the double bonds was calculated from 
the change in the absorbance of the reaction mixture.
INFRARED SPECTRUM OF PTBD-K CRYSTAT, MATS

Crystal mats were prepared by filtration of crystals 
using millipore filters. The crystals were washed several 
times using pure liquid ( Toluene or CCl^) to eliminate 
non-polymeric reactants and products. The mats were then 
mounted between two KBr pellets. Infrared spectrum were 
obtained using a Perkin Elmer 621 infrared grating double 
beam spectrometer in the high resolution mode for as prepared 
crystal mats, surface epoxidized crystal mats, surface 
brominated crystal mats, as grown crystal mats annealed

0 0 0 iat 68, 80, find 138 C, and epoxidized and brominated crystal 
mats annealed at 90°C. The annealed crystal mats were held 
at the specified temperature for 1.5 hours in vacuum, the 
oven was then turned off, and the sample allowed to cool 
to room temperature where the spectra were run.
ELECTRON MICROSCOPE OBSERVATIONS

Crystals were deposited from suspension onto a copper 
grid which was coated with carbon. The grid was then 
shadowed with gold for better contrast. The crystals 
were usually observed under the electron microscope at 
magnifications in the range of 6000 to 25,000 times, and
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the pictures of crystals were taken directly with a plate 
camera attached to the electron microscope.

As grown, epoxidized and brominated PTBD-K crystals 
grown from heptane and toluene were observed under the 
electron microscope to monitor possible changes in surface 
morphology. It was necessary to wash the epoxidized or 
brominated crystals several times with pure liguid ( Toluene 
or acetone) to get rid of non-polymeric reactants and 
products before depositing on the copper grid. As grown 
and epoxidized PTBD-U crystals grown from heptane were also 
studied under the electron microscope.
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RESULTS

ELECTRON MICROSCOPY
Electron micrographs of PTBD-K crystals qrown from

heptane and toluene and PTBD-U crystals grown from heptane
are shown in Fig. 3,4 and 5 respectively. The PTBD-K
heptane qrown crystals are regular hexagons with a cross
section diameter of about 5-6 microns. The PTBD-K
toluene grown crystals are smaller by a factor of two
than those grown from heptane, and the shape is an elongated
hexagon with sharp regular edges. The crystal size is
approximately uniform since the crystals start to grow
simultaneously f rom nuclei already present and each
individual crystal is approximately representative of the
preparation as a whole. The thickness of the PTBD-K crystals

ogrown from heptane was found to be 95 A by Professor Brian
Newman of Rutgers university using low angle x-ray diffraction
on a brominated crystal mat. The thickness of PTBD-K toluene

53 0grown crystals was reported earlier as 94 A.
The PTBD-U heptane grown crystals were also elongated 

hexagonal crystals but consisted of serveral layers stacked 
on top of each other. The size was about 5 microns wide

Oand 10 microns long with a thickness of 82 ± 15 A. This 
value is obtained by measuring the shadow length of crystals 
from electron micrograph and then calculating the thickness 
by comparison with the shadow length of PTBD-K toluene grown 
crystals with approximately same shadowing angle.



Fig 3 Electron micrograph of PTBD-K heptane grown crystals 
( Mag. 10,600 )
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Fig. 4 Electron micrograph of PTBD-K toluene grown crystals 
( Mag. 43,000 ).
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EPOXIDATION RESULTS
A) The calibration curve

The results of the absorbance ratios ( A1735 ^
of mixtures of MCPBA and MCBA at different mole ratios are 
reported in Table III. The graph of the ratio of absorbance 
of MCPBA and MCBA is plotted against mole ratio in Fig. 6.

TABLE III
Absorbance Ratios of Various Mixtures of MCPBA and MCBA 
at Different Mole Ratios.

Mole ratio Absorbance ratio Mole ratio Absorbance ratio
MCBA / MCPBA A1?00 / A1?35 MCBA/MCPBA Ai7Q0 / Al735

0.05 0.034 0.80 1 .343

0.10 0.052 0.90 2.183

0.15 0.121 1.00 1.865

0.20 0.150 1.10 2.200

0.25 0.239 1.20 2.365

0.30 0.320 1 .30 2.433

0.35 0.369 1.40 2.965
0.40 0.476 1.50 3.141
0.45 0.586 2.00 3.883

0.50 0.603 3.00 7.170
0.60 0.883 4.00 9.069

0.70 1.068



Mo
le 

Ra
tio

 
MCB

A/M
CPB

A

4

3

2

1

0 0
A1700/A1735
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B) Epoxidation Results of PTBD Crystals.
The epoxidation of PTBD crystals was investigated 

for three preparations. The results of various epoxidation 
reaction carried out are given in Fig. 7-14 in terms of 
% double bond reacted with time. The initial amount of 
reactants used in these experiments are given in Table IV 
and V ".

TABLE IV
Initial Amount of Reactants for Epoxidation of PTBD-K Crystals 
at Various Temperatures.

Run £ Type of Temp. Wt. of Moles of Wt. of Mole of Mole ratio
Crystals °C Crystals Crystals MCPBA MCPBA db / MCPBA

3 4mg. x 10 mg. x 10

1
2

crystals
same

6
6

72.0
78.5

1.33 
1 .45

44.2
49.7

2.56
2.88

5.20
5.03

3 same 12 95.0 1.76 134 .2 7.78 2.26
4 same 21 71.5 1.32 65.8 3.81 3.46
5 same 21 95.0 1 .76 108.6 6.30 2.80

6 same 21 99.0 1.83 141.5 8.20 2.23
7
8 same

21
21

87.5
48.5

1.61 '• 
0.90

83.9
46.5

4 .86 
2.70

3.31
3.33
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TABLE V
Initial Amount of Reactants for Epoxidation of PTBD-U Crystals 
Grown from Heptane at Various Temperatures

Run # Temp. Wt. of Mole of wt. of Mole of Mole ratio
°C Crystals Crystals MCPBA MCPBA db / MCPBA

3 4mg. x 10 mg. x 10

1 6 95.0 1.76 107.3 6.22 2.83

2 6 57.0 1.06 76.0 4.41 2.40
1 12 62.5 1.16 94.6 5.48 2.12

2 12 88.9 1.65 129.0 7.48 2.21

3 12 62.5 1.16 150.5 8.72 1.33

1 16 64.5 1.19 138.9 8.05 1.48

2 16 67.5 1.25 141,1 8.18 1.53

3 16 78.0 1.44 178.2 10.33 1.39

1 21 69.0 1.27 104.8 6.08 ■ 2.09

2 21 74.5 1.38 169.0 9.80 1 .41
3 21 72.0 1.33 217.6 12.62 1 .05
4 21 91.0 1.69 227.8 13.21 1 .28



%D
.B

.

14

12

10

8

6

4

2

0 120 140 160 180
TIME— hrs.

ig. 7 % double bonds reacted vs. time for the epoxidation. of PTBD-K toluene grown crystals



CO
d

Fig.

20 40 60 80 100 120 
TIME—hrs.

8 % double bonds reacted vs. time for the epoxidation of PTBD-K toluene grown

crystals at 12°C



36

d i 5

TIME-hrs.
Fig. 9 % double bonds reacted vs. time for the epoxidation of

PTBD-K toluene grown crystals at 21°C, •  4th run,
X 5 th run, ▲  6 th run.
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Fig. 13 % double bonds reacted vs. time f o r  the epoxidation of
PTBD-U heptane grown crystals at 16°C.
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Fig. 14 % double bonds reacted vs. time for the epoxidation of
PTBD-U heptane grown crystals at 21°C.
#  1 st run, A  2 nd run, X 3 run, ■  4 th run.
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For toluene grown PTBD-K crystals it is seen
Qthat the data of the two runs at 6 C are xn good agreement

with each other. After about thirty hours, the rate
decreases considerably and reaches zero at about 120 hours.
The final percent of double bonds reacted is 14.0"',. in the
second run an additional amount of MCPBA was added at about
20 houfs of reaction; as can be seen in Fig. 7, this did
not effect the percent of double bonds reacted as compared
to the other run.

Increasing the reaction temperature for toluene
grown PTBD-K crystals is seen to have two effects. First,
the initial rate at comparable concentrations increases and
secondly, the final percentage of double bonds reacted
increases ( compare Fig. 2,3 and 4 ).

For the epoxidation of heptane grown PTBD-K 
o . . .crystals at 21 C, the initial rate is slower than that for

toluene grown PTBD-K crystals at 6°C; also the percent of
double bonds reacted levels off at 13.4 % after 100 hours
of reaction time. This is about the same value as that

53found by Stellman when the reaction was performed at a 
temperature of 0-5°C. This value is about 40 % of that 
found for toluene grown PTBD-K crystals epoxidized at 21°C. 
This indicates that the heptane grown PTBD-K crystals have 
a significantly lower amorphous content in the surface 
region than toluene grown PTBD-K crystals; also the maximum 
amount of double bonds reacted does not seem to be effected 
by the reaction temperature. Therefore the temperature 
effects found for toluene grown PTBD-K crystals are
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probably not due to penetration of the crystalline portions 
but involves reaction of amorphous parts made available by 
expansion of these portions as the temperature is increased.

In the epoxidation of PTBD-U crystals grown 
from heptane, the final percentage of double bonds reacted 
increases in the temperature range 6°to 12°C, but stays 
approximately constant thereafter up to about 21°C. The 
results show that the initial rate is increasing with 
increasing temperature.

In separate blank runs it was found that the
O othermal decomposition rate of MCPBA was negligible at 6, 12, 

and 16°C but at 21°C it was constant at the rate of 0.27x10 ^ 
moles-liters'^hours-1 during the 0-120 hours time period.

A second order rate equation can be represented 
by the expression

dx
dt = k ( a“7< ) ( b-x) .............

By integration of eq. (5) we have

1 b(a-x)
kt =   In . ..............(6)

a-b a(b-x)
When the epoxidation results of PTBD crystals 

are plotted against time, it is found that a considerable 
portion of each run (at least the first 50 % of reaction) 
can be satisfactorily represented by a second order plot, 
ie. first order with respect to concentration of each reactant. 
Second order rate plots for the various runs made are given 
in Fig. 15-21. In these plots, "a" represents the initial 
concentration of MCPBA, "b" represents the total available
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double bond concentration which is taken as the concentration
of double bonds times the total fraction of double bonds
reacted, and "x" represents the amount of double bonds
reacted at time (t). The extent of reaction,x, has been
corrected for the thermal decomposition rate for the reaction
at 21°C. It should be pointed out that the effect of the competing
thermal reaction on the second order rate equation has not
been taken into account in this analysis. It was found
that up to about 40 hour of reaction, only 5% of the total
amount of MCPBA was decomposed thermally; therefore at
shorter times, the thermal decomposition is not considered
to be significant. Deviations from a straight line plot
is certainly expected at times above 40 hours for the 21°C
runs.

For PTBD-K toluene frown crystals the reaction 
is second order up to about 60 % completion at 6°C and to 
80 % completion at 12° C and 21°C. For PTBD-IJ heptane grown 
crystals it is second order up to 65 % completion at 6°C,
50-80 % completion at 12°C, 65 % completion at 16°C and 40-50% 
completion at 21°C.

In the second order rate plots, the deviations 
were usually found to be negative ones. In some runs it is 
apparent that there is a pseudo second order rate constant 
with a smaller value. However a number of these deviations 
seem to follow those seen in the plot of % double bonds VS. 
time, and are expected to be due to experimental uncertainties 
in obtaining the results.
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The discontinuity in the plot for the epoxidation 

of PTBD-K toluene grown crystals at 6°C (Fig. 17) is due 
to an additional 2.8 x 10-^ mole of MCPBA that was added 
after 20 hours of reaction time.

The second order rate constant, k, obtained 
from the slope of the straight line portion of the plots 
in Figs. 15-21 are given in Table VI and VII. For PTBD-K 
toluene grown crystals, k increases with temperature. The 
mean rate constant for PTBD-K heptane grown crystals is 
about 6 times smaller than PTBD-U heptane grown crystals 
and about 9 times smaller than that for PTBD-K toluene 
grown crystals reacted at the same temperature. The deviation 
of the rate constant for various runs at a given temperature 
for a particular crystal preparation does not seem to be 
related to initial reactant concentrations.

The energy of activation calculated from the 
slope of the plot of the In of the rate constant vs 1/T for 
PTBD-K toluene grown crystals and PTBD-U heptane grown crystals 
given in Fig. 22 are reported in Table VITT and IX. The 
entropy, enthalpy and free energy of activation 
calculated from the energy of activation and the rate constant 
is given in Table X for this work along with values obtained 
from the epoxidation of various olefins of interest in solution.
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TABLE VI
Results for Epoxidation of PTBD-K Crystals by m-ehloro 
perbenzoic acid at Various Temperatures.

Type Run
#

Temp. 
°C

db 
Molars 
x 102

MCPBA 
Molars 
x 103

% db 
reacted

k
Molars
hrs-1

T 1 6 2.677 5.125 13.7 12.4
T 2 6 2.907 5.762

mean
14.0 
13.8 ±

13.7 
0.2 13.0 a

T 3 12 3 .519 1.556 23.1 20.7
T 4 21 2.648 7.629 27.5 25.4
T 5 21 3.520 1.259 27.7 35.5
T 6 21 3.677 1 .641

mean
30.6 
29 ± 1

26.0 
29 ± 4

H 7 21 3.241 9.728 *13 .4 1.7
H 8 21 1.796 5.391

mean
13.4 5.2 

3.5 ±

T stands for toluene grown crystals, and H for heptane grown 
crystals.
* assumed % double bonds reacted = 13.4
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TABLE VII

Results for Epoxidation at Various Temperatures of PTBD-U 
Crystals Grown from Heptane.

Run
-U.
•rr

Temp. 
°C

db x 102 
Molars

MCPBA 
Molars 
x 103

% db k 
reacted 1/moles-hrs

1 6 2.199 7.775 29.1 9.7
2 6 1.804 7.531

mean
25.3 10.5 
27.2 ± 2 10.1 ± 0.4

1 12 1.653 7.330 33.5 13.8
2 12 1 .829 8.309 30.6 13.7
3 12 1.653 1.246

mean
*32.0 *16.8 
32 ±1.5 13.8*± 0.5

1 16 1.706 1.150 33.0 14.5
2 16 1 .785 1.168 33.0 12.8
3 16 2.064 1.476

mean
30.6 18.5 
32.2 ±1.1 15.3 ± 2.2

1 21 1.905 1.905 37.0 23,9
2 21 1 .971 1.399 34.2 11.4
3 21 2.130 1.070 35.6 15.7
4 21 1.872 1.467

mean
34.8 21.2 
35.4 ±0.9 18.1 ±4.5

* assumed % db reacted = 32.0, ** mean of the first two runs
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Fig. 22 The Arrhenius Plots of PTBD Crystals. 
#  PTBD-K Toluene Grown Crystals 
■  PTBD-U Heptane Grown Crystals
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TABLE VTII
Calculation of Energy of Activation for the Epoxidation of 
PTBD-K Crystals Grown from Toluene.

k In k T°K 1/T x 103 Eact

13.1 2.57 279 3.58

20.7 3.03 285 3.51 9.01 kcal

29.0 3.37 294 3.40

Calculation of Energy 
PTBD-U Crystals Grown

TABLE IX
of Activation of the Epoxidation of 
fron Heptane.

k m  k T*K l/T X 103 Eaot

10.1 2.31 279 3.58

13.8 2.63 285 3 .51
6.13 kcal

15.3 2.73 290 3.45

18.1 2.90 294 3 .40
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TABLE X
Comparison of the Thermodynamic Parameters of Activation for 
the Epoxidation of Various Olefins.

Polymer Epox. 
Agent

k x 10"3 at T*C 
1 mole-"1 min-1 

15° 20® 30°

E 4-act
kcal

•4--AS1"
cal kcal kcal

PTBD-K ’ 
crystals

MCPBA - .0005 - 9.01 39.5 8.42 20.0

PTBD-U
crystals

MCPBA .00025 .0003 - 6.13 50.3 5.54 20.3

Poly-
isoprene

PAA 8.53 13.15 22.70 15.7 23.0 15.1 21.8

Poly-
pipery
lene

PAA 1.75 3.10 4.42 16.3 25.1 15.7 23.1

Poly­
butadiene

PAA 0.65 0.93 1.50 17.2 25.6 16.6 24.1

Stilbene MCPBA - .00006 .00009 15.1 22.9 14.5 21 .4

MCPBA stands for m-chloro perbenzoic acid, and PAA for peracetic 
acid

The electron micrographs of epoxidized PTBD crystals
are given in Figs. 23-30. For PTBD-K heptane grown crystals

. . o , . . .epoxidized at 21 C, there is no significant change as compared
to the as grown crystals; this is also true for PTBD-K toluene
grown crystals, and PTBD-U heptane crystals epoxidized at 6°C.
Epoxidation at higher temperatures led to more noticeable
effects for both PTBD-K toluene grown crystals and PTBD-U
heptane grown crystals as seen in Figs. 25 and 29.
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f l M K

Fig. 23 Electron micrograph of PTBD-K toluene gro-wn crystals 
after epoxidation at 6°C. ( Mag. 27,000 )
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Fig. 24 Electron micrograph of PTBD-K toluene grown crystals 
after epoxidation at 12°C ( Mag. 17,000 )



Fig. 25 Electron micrograph of PTBD-K toluene grown crystals 
after epoxidation at 21°C ( mag.12,000 ).
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Fig. 26 Electron micrograph of PTBD-U heptane grown crystals 

after epoxidation by MCPBA at 6°C ( Mag. 17,000 ).
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Fig. 27 Electron micrograph of PTBD-U heptane grown crystals 
after epoxidation by MCPBA at 12°C ( Mag. 10,600 ).
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Fig. 28 Electron micrograph of PTBD-U heptane grown crystals
oafter epoxidation by MCPBA at 16 c ( Mag. 19,400 ).
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Fig. 29 Electron micrograph of PTBD-U heptane grown crystals 
after epoxidation by MCPBA at 21°C ( Mag. 21,000 ).
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Fig. 30 Electron micrograph of PTBD-K heptane grown crystals
after epoxidation by MCPBA at 21°c ( Mag. 9500 ).
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BROMINATION RESULTS
The calibration plot for the absorbance of 

bromine in carbon tetrachloride vs. the concentration of 
bromine in carbon tetrachloride is given in Fiq. 31. The 
extinction coefficient which is calculated from the slope 
of the plot is 197 1 mole-1 sec-1. The results of the 
bromina'tion of heptane and toluene grown PTBD-K crystals in 
CCl^ at 0°C are given in Table X I .

TABLE XI
Bromination of Heptane and Toluene Grown PTBD-K Crystals 
in CC14 at 0°C

Growth condition % db reacted % db reacted
, st1—  run ~nd2—  run

Heptane ( 76°/ 63° ) 1 3 + 1 13 ± 1
Toluene ( 50°/ 23°) 2 1 + 1 21 ± 1

The bromination value for PTBD -K heptane grown 
crystals is in agreement with that from epoxidation results.
The bromination value for PTBD-K toluene grown crystals falls 
between those obtained by epoxidation at 6°and 12°C respectively. 
Electron micrographs as given in Figs. 32 and 33 show that 
bromination of PTBD-K heptane and toluene grown crystals leads 
to no noticeable change in the surface appearance.
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Fig. 31 Absorbance at 416 ran vs. concentrations of Bromine in CCl^
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Fig. 32 Electron micrograph of PTBD-K heptane grown crystals
after bromination at 0°c ( Mag. 17,000 ).
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Fig. 33 Electron micrograph of PTBD-K toluene grown crystals
after bromination at 0°C ( Mag. 14,000).
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69Martucolli et. al. reported a brominatjon 

study at 0*C for PTBD crystals grown from heptane solution 
at various temperatures; the results showed that the amount 
of double bond reacted is 16 % for the three preparations 
studied.

The amorphous content for PTBD crystals found 
by different methods are given in Table XII.

TABLE XII
Comparison of Amorphous Contents for PTBD Crystals.

Growth
condition

53DSC 51NMR IR50 Epoxidation Bromination 
Steliman This work

PTBD-K 
Heptane 
( 76^ 63 C )

(0.2) 0.13 0.2 0.14(0#C) 0.14(21*C) '0.13

PTBD-K 
Toluene 
( 50°/ 23 C )

0.4 0.23 0.5 0 .19 (0°C) 0.14(6*0
0.23(12°C) 
0.29(21®C)

0.21

PTBD-U 
Heptane 
( 69°/ 45*C )

0,23 0 .34(0*C ) 0.27(6®C)
0 .31 (12*0 
0.32(16®C) 
0.35(21oC)

It is seen that for PTBD-K heptane grown crystals 
the surface penetration methods give values which agree closely 
with one another independent of temperature and also agree with 
the results from the IR spectroscopy-. For the PTBD-K toluene 
grown crystals the surface penetration methods give values



varying by a factor of two depending on the temperature and 
method used, however the largest of these values is lower 
than that given by the DSC and IR methods.
INFRARED RESULTS

Infrared spectra for PTBD-K crystals after 
epoxidation and bromination are given in Figs. 34-50. The 
absorption peak frequencies and absorption intensities are 
given in Table XIII and XIV.

Q -1
Recently Krimm has reported an IR spectrum 

of PTBD single crystals, but he did not observe any bands 
below 330 cm-'*'. From this study it is obvious that there 
are peaks at 310 cm *, 280 cm \  and 255 cm ^ ; all of these 
peaks are expected from the calculation of Krimm using crystal 
vibration analysis.

For brominated PTBD-K toluene and heptane grown 
crystals, the IR spectrum shows additional peaks at 500, 585, 
690, 720, 1140 and 1220 cm”1 . For PTBD-K brominated toluene 
grown crystals the intensity of the peak at 1350 cm 1 is 
noticeably smaller.

For epoxidized PTBD-K crystals from heptane and 
toluene, additional peaks at 690, 726, 885, 1193, 1255, and 
1365 cm-1 are found. For these crystals the intensity of 
the 1350 cm-1 decreases when the temperature is raised. 
Unfortunately, the new peak at 1365 cm 1 peak interferes and 
is apparently merged with the 1350 cm  ̂ peak. The peaks in 
the 800-1200 cm * region seem to broaden with a very high 
background absorption.
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Fig. 34 IR spectrum of as-groun PTBD-K toluene grown crystals.
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Fig. 35 IR spectrum of PTBD-K toluene grown crystals annealed at 68 C
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Fiq. 36 IR spectrum of PTBD-K toluene grown crystals annealed 80 C.
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Fig. 37 IR spectrum of PTBD-K toluene grown crystals annealed at 138 C
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Fig. 38 XR spectrum of PTBD—K toluene grown crystals after epoxidation at 6 C
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Fig.- 39 IR spectrum of PTBD-K toluene grown crystals after epoxidation at and annealed at 90°C
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Fig. 40 IR spectrum of PTBD-K toluene grown crystals after epoxidation at 12°C
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Fig. 41 IR spectrum of PTBD-K toluene grown crystals after epoxidation at 12°C and annealed at 90°C
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Fig. 42 IR spectrum of PTBD-K toluene grown crystals after epoxidation at 21° C
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Fig. A3 IR spectrum of PTBD-K toluene grown crystals after bromination at 0°C



Wavelength — Microns7 8 9 10 12 15 20 30 40

a>ora

OO 1—
1500 1000 500

Frequency—Cm-1
Fig. 44 IR spectrum of PTBD-K toluene grown crystals after bromination at 0°C and annealed at 90°C
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Fiq. 45 IR spectrum of as-grown PTBD-K heptane grown crystals.
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Fig. 46 i r spectrum of PTBD-K heptane grown crystals annealed at 63°C
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Fig. 47 IR spectrum of PTBD-K heptane grown crystals annealed at 80°C
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Fig. 48 IR spectrum of PTBD-K heptane grown crystals annealed at 138°
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Fig. 49 IR spectrum of PTBD-K heptane grown crystals after epoxidation at 21 C
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Fig. 50 IR spectrum of PTBD-K heptane grown crystals after bromination at 0 C
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TABLE xrri
IR Spectrum of PTBD - K Toluene Grown Crystals

PTBD in As Annealed at T°C Epoxidized at T°C Epox^ 6 Brom- Brom^ 
Toluene" Grown 68° 80tt 138° 6° 12° 21° Ann. 90° 0°C Ann. 90°

1785(w)1785(w)
1722(s) 1725(w)17 25(w) 1725(w)

1665(w)
1630(w)1630(w) 1630(w)

1780(w) 1790(w) 
1720(w) 1720(m) 
1710(m)

1630(w)
1605(m)

1490(m) 1495(m) 
1475(w)1475(v)1475(w) 

1459(s)1459(s)1458(s) 1458(s)1458(s)1458(s)1458(s) 
1449(s)1449(s)1449(s) 1449(s)1449(s)1449(s)1449(s)

1438(m) 1438(m) 1438(m)
1409(B) 1400(w)

13S5(w) 1385(w)1370(B)1370(B)1370(B)
1355(s)1350(w)1350(w)1350(w) 1350(w)

1335(m)1335(m)1335(m) 133 5(m)1335(m)1335(m)1335(m) 
1312(w)1312(w)1312(w) 1312(w)13l2(w)1312(w)1312(w) 
1275(w)1270(w)1270(w) 1270(w) 1280(w)1285(D)

1255(w)1255(m)1255(m) 
1235(m)1235(m)1235(m) 1235(m)1235(m)1235(m)1235(m)

1212(m)
1193(w) 1193(w)1190(w)1193(w)

1725(w) 1740(w) 1720(3) 

1630(w)

1500(w)
1495(m)

1458(s) 1458(s ) 1458(s) 
1449(s ) 1449(s)

1385(w) 1385(w) 
1350(w) 1350(w)
1335(m) 1335(m) 1335(m) 

1312(w) 1312(w)

1255(w)
1235(w) 1235(m) 1235(m)

1190(w)
1150(B) 1150(B)



TABLE XIII (cont.)

PTBD in As Annealed at T°C Epoxidized at T°C Epox- 6°Brom^ Brom- 0 C
Toluene Grown 68° 80° 138® 6° 12® 21° Ann. 90s 0°C Ann. 90®C

1120(w)1120(w)1120(w)1120(w)1120(w)1120(w)1120(w) 1120(w) 1120(w)
1080(w)1075(w)1075(w)1075(w)1075(w)1070(w)1070(w)1070(w)1070(w)1075(w) 1075(w) 
1050(w)1053(s)1053(s)1053(m)1053(s)1053(s)1053(s)1053(s) 1053(s) 1053(s)

1028(w)
960(s) 965(s) 965(s) 965(s) 965(s) 955(s) 965(s) 965(s) 965(s) 965(s) 965(s)

888(rn) 885(m) 885(m) 888(m)
795(w) 800(w)

770(s) 770(s) 770(s) 770(s) 770(s) 770(s) 770(s) 770(s) 770(s)
750(w) 750(w) 760(B)
726(w) 726(w) 726(w) 710(w) 730(s)

698(w) 698(w) 698(w) 698(w) 700(w) 690(ra) 691(s) 690(s)
680(m)

545(w) 545(w)
462(s) 460(w)

445(s) 445(s) 445(s) 445(s) 445(s) 432(s) 445(s) 425(w) 445(s) 445(s)
345(w) 345(w) 345(w) 345(w) 415(w) 345(w) 345(w)
330(s) 330(s) 335(s) 330(s) 325(m) 325(m)
310(w) 310(w) 310(w)
280(w) 255(ra) 255(m) 255(ra) 230(w)
225(m) 230(m) 225(s) 225(s) 225(s)
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TABLE XIV

IR: Spectrum Of PTBD-K Heptane Grown Crystals

PTBD, in AS Annealed at T "c Epoxidized Brominated
Toluene Grown 68° 80° 138° 21° C 0#C

1722(s) 1720(vw) 1725(w) 1725(w) 1725(w) 1725(w) 1725(v)
1630(w) 1630(w) 1630(w) 1630(w)

1490(w)
1635(w)

1480(w) 1480(w) 1480(w) 1475(m)
1458(s) 1458(m) 1458(m) 1458(s)
1450(s) 1450(s) 1451(s) 

1438(m) 
1420(B)

1450(s) 
1438(m)

1450(s)1442(s)
1449(s)

1409(B) 1400(sh) 1385(w)1385(w) 1380(w) 1380(w) 1380(w)
1355(m) 1350(w) 1350(w) 1350(w) 1350(w) 1335(m) 1335(m)1335(m) 1335(m) 1335(m) 1335(m)

1312(w) 1312(w)
1275(w)

1312(w)
1275(w)

1312(w)
1275(w)

1312(w) 
1255(m)

1312(w)

1235(m) 1235(s) 1235(s) 1235(s) 1235(s) 1235(s)
1212(s) 1220(s)

1180(w)
1160(B) 1160(B)

1138(m)1135(w)
1120(w) 1125(m) 1120(m) 1120(w) 1120(w) 1120(w)

1080(w) 1075(sh) 1075(sh) 1075(w) 1075(sh) 1085(B) 1075(sh)
1050(w) 1053(s) 1055(s) 1050(s) 1050(s) 1050(s) 1053(s)

1015(sh) 965(s)960(s) 965(s) 965(s) 965(s) 965(s) 965(s)
885(m)
795(s)

770(s) 770(s) 770(s) 770(s) 770(s) 770(s)
700(m) 585(B)

550(s)
450(s) 450(s) 445(s) 445(s) 445(s) 445(s)

380(w)
345(w) 345(w) 345(w) 345(w) 345(w) 345(w)
330(s) 330(s) 330(s) 330(m) 330(s) 330(s)

290(w) 290(w) 280(w)285(w) 285(w)
255(m)255(m) 260(m) 255(m) 255(m)

235(m) 235(s) 235(s) 235(s)
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In the analysis of infrared spectrum by Krimm, 
the infrared absorption peak at 1350 cm  ̂ is assigned to the 
amorphous component and the 1335 cm  ̂ is a crystalline peak 
for PTBD single crystals. If it is assumed that the absorption 
at 1350 cm-1 is proportion to the total amorphous content of 
the crystals, the percent amorphous content of the crystals 
can be "calculated from the absorbance ratios. The results 
are summarized in Table XV.

TABLE XV
The Amorphous Content of PTBD-K Crystals from IR Measurements.

Treatment PTBD-K Heptane PTBD-KToluene
Grown Crystals Crown Crystals

As grown 21 % 35 %
.Annealed at 68°C 14 % 18 %
Annealed at 80°C 15 % 18 %
Annealed at 138aC 30 % 30 %
Epoxidized at 6 C - a
Epoxidized at 12#C - a
Epoxidized at 21°C 0 % a
Epoxidized at 6*C & Annealed at 90°C - 42 %

Brominated at 0°C 0 % 30 %

Brominated & Annealed at 90°C - 40 %

a) can not be determined due to interfering from the peak at 
1355 cm 1 .
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The amorphous content of heptane grown PTED-K

crystals is smaller than toluene grown PTBD-K crystals, but after
annealing the amorphous content becomes the same within

50experimental errors as shown earlier . After epoxidation 
and bromination the amorphous peak seems to have disappeared, 
but the amorphous content increases when the epoxidized crystals 
and brominated crystals were annealed at 90°C for 24 hours.
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DISCUSSION 
51 53 54 .In earlier studies ' * it was concluded that tne

amount of amorphous material in PTBD crystals, suspended in 
a liquid medium, available for reaction and / or penetration 
by low molecular weight subtances depends on the crystal 
preparation conditions. This investigation supports that 
conclusion and give more accurate values for the amount of 
penetration taking place during the epoxidation reaction 
between MCPBA and the available double bonds in PTBD crystals

A comparison of values of the amorphous content in PTBD
crystals obtained by five methods is given above in Table XII
Two of these methods, DSC and IR measure the total amorphous
regions in the lamellae available for reaction and / or
penetration from a liquid phase. For toluene grown PTBD-K
crystals, 40 h10% amorphous content was reported by the DSC
method, and 50 % by the IR method. The DSC value has a low
precision as shown, and the IR value is inaccurate due to
overlapping and to the low intensities of the two peaks used.
In contrast to these values the epoxidation results from this
study show a maximum amorphous content of 29 %; due to
fluctuation of the measurements, this value might be lower
by 2-3 %. Therefore it appears that there are amorphous
regions not reached by penetrants within the toluene grown

51. 54PTBD-K crystals as stated earlier *' , although due to the 
various uncertainties the question is still an open one.

The crystallization temperatures of heptane and toluene
o ogrown PTBD-K crystals are 63.5 and 23 C respectively. The 

lower amorphous content of PTBD-K heptane grown crystals is



9 5
53believed to be a consequence of grovth at a temperature 

which is twelve degrees below the crystal-crystal transition 
temperature reported for dry crystals, whereas the toluene 
grown PTBD-K crystals are precipitated fifty three degrees 
below this transition temperature. At the higher 
crystallization temperature used, a considerable amount of 
torsional motion is possible for parts of the polymer chains, 
so that they have the opportunity to arrange into ordered 
crystallites. For toluene grown PTBD-K crystals, the same 
amount of freedom of movement is not available because the 
crystallization temperature is much lower, resulting in a 
higher amorphous content.

It was found in the present study that the number of 
double bonds available for epoxidation depends on the reaction 
temperature. The increase in available double bonds with 
reaction temperature observed could be due to l) penetration 
of additional amorphous regions 2) reaction of double bonds 
in the crystalline portions 3) reaction wTith additional 
solubilized polymer or 4) a combination thereof. Since upon 
use of any of the three surface penetration methods on PTBD 
crystals, a limiting value for the amount of penetration and / 
or reaction is always reached with time at constant temperature, 
the second explanation above is not considered likely. 
Further-more, the IR spectra of brominated and epoxidized 
crystal mats show that large portions of the sample retain 
the PTBD crystal structure original present; and annealing 
of the reacted crystals .leads to an increase in the amount
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of crystal disorder,as shown by the increase in the 1350
cm *peak relative to the 1335 cin  ̂ , apparently due to
the inability of the crystal lattice to include the'c-C^

B(r ‘ o
or -CH-CH- groups.

B*r
In order to obtain information about the solubility of

PTBD crystals at the reaction temperature, 74.5 mg. of
PTBD-U'heptane grown crystals were suspended in toluene
for 9 days, and toluene was separated from the crystals.
It was found that there is no polymer residue in the filtrate.
It is concluded that PTBD-U heptane grown crystals are not

oappreciably soluble m  toluene at 21 Cj this should also be
true for PTBD-K crystals for which the molecular weight is
approximately seven fold higher.

It is concluded from the above discussion that most and
possible all of the increase in total double bonds reacted
with epoxidation temperature for toluene grown PTBD-K
crystals is due to increased penetration of amorphous parts
made available by expansion of the fold region of the crystals.
The amorphous content from bromination at 0°C and penetration 

£by CS2 at -20 C and lower (broad line NMR method) shows that 
in addition to the reaction temperature, the size of the 
penetrant is important. Both Br,; and CS? are smaller sized 
molecules than MCPBA and therefore can penetrate deeper into 
the amorphous regions at any particular temperature.

For PTBD-K heptane grown crystals on the other hand, 
all the various measures of amorphous content give about the 
same results independent of the methods and temperatures used 
(see Table XII ). This is an indication that both the fold 
region and the crystal interior are higher ordered.
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The maximum available double bonds of PTBD-U heptane

grown crystals is 2-3 fold larger than that for crystals
grown from the same solvent using PTBD-K; the amount found
by epoxidation increases in the temperature range 6-12°C and
stays approximately constant thereafter up to about 21°C.
A small change (2-3 %) is probably due to fluctuation in
the measurements especially at high reaction temperature.
A greater amorphous content for PTBD-U than for PTBD-K crystals

53were found earlier by Stellman and Woodward ' and is due to
the approximately seven fold lower molecular weight for PTBD-U.
It is expected that the lower molecular weight sample should
contain more chain ends (cilia) and therefore these should
result in more disordered material in the fold region. Bank 

49and K n m m  showed that on oxidation of polyethylene single
crystals with ozone, the absorbance at 910 cm"^ which is due
to the vinyl'end group, falls rapidly to a constant low value.
This suggests strongly that the end groups are largely excluded
from the interior of the crystals. Chemical assay on PTBD

53crystals by Stellman and Woodward also led to the same - 
conclusion.

The increase in the amount of amorphous material available
for epoxidation as the temperature is increased for PTBD-U
heptane grown crystals as compared to PTBD-K heptane grown
crystals within the same temperature range suggests that PTBD-U
heptane grown crystals also have some disordered folds.

51Ng et. al. reported direct evidence for the existence 
of an irregular fold region by following the behavior of the 
NMR narrow line with time upon addition of CS? to the dry
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material at a low temperature. Solvation of a large portion 
of the disordered region of PTBD-K toluene grown crystals 
took place immediately as indicated by the sudden increase 
in ratio; then further solvation was effected at a
slower rate as was seen by the slow increase with time for 
the ratio of I^/I^. The second stage was not found for PTBD-K 
heptane grown crystals. This also leads to the conclusion 
that the fold region in the heptane grown PTBD-K crystals 
is significantly more regular than in toluene grown PTBD-K 
crystals.

Three different types of folds have been proposed for 
polymer single crystals:

1) The irregular adjacent re-entrv (loose fold) 19

2) The regular adjacent re-entry (tight folds)
3) The switchboard or non-adjacent re-entry

22,23

.25,26folds
G 3Takayanaki et. al. proposed a crystal lamella model 

for PTBD crystals grown from benzene solvent; the model is 
a two phase structure which contains irregular adjacent 
re-entry fold making up the amorphous layer and a crystalline 
core as shown in Fig. 51.

Amorphous region 

Crystalline region 

Amorphous region

9 100 A
72 A

Fig. 51 Two component microcrystalline model for PTBD 
crystals.



<•1 nBank and Krimin showed that the study of the infrared
spectra of mixed crystals of polyethylene and perdeutero
polyethylene provides information on the structural
characteristics of the fold geometry in crystalline polyethylene.
This is possible because different patterns of foldinq place
different restrictions on the arrangement of the chain stems,
with the result that different spectra are predicted by normal
coordinate analyses for pure polymers^ and mixed crystal 

07systems . The experimental studies of the mixed crystal
polymers show that folding in the (100) plane predominates
in solution grown crystals. This result implies that adjacent
re-entry is favored; adjacent re-entry is more strongly indicated

34 35by lattice frequency studies * with which the above results
are therefore completely consistent

8 0Recently Keller e t . al. suggested a model of crystal 
lamella based on the adjacent re-entry fold which includes 
hidden folds, this is illustrated in Fig. 52.

Fig. 52 Crystal defect due to fold buried deep inside the 
Crystal.
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In deciding on the appropriateness of a model it is 
instructive to calculate the average number of monomer units 
per fold from the fold region amorphous content. The average 
number of monomer units per fold can be calculated from the 
following eguation.

(A x F) + C
------------ = B  (7)

N

A = average number of monomer units per fold
N = degree of polymerization (DP)

= number of monomer units per chain
F = number of folds per chain

= (DP) x repeat distance
 2

crystal thickness
C = average number of monomer units in both cilia
B = fraction of double bonds available for epoxidation

‘5 9The crystal structure of PTBD has been reported as
omonoclmic with a chain repeat distance of 4.83 A. " C ”

is calculated by assuming that the average length of a cilia
47is one-half the thickness of the crystal

Using eg. (7), the average number of monomer units per 
fold for heptane and toluene grown PTBD-K'crystals are found 
to be 2.4 and 5.6 respectively, and 4.0 for PTBD-U heptane 
grown crystals.

53Woodward and coworkers 'concluded that the average
number of of monomer units necessary for the tightest re-entrant

85fold should be between 1.5 and 2. Oyama et.al. showed 
that eight bonds were necessary for the shortest regular



101

(100) fold of polyethylene single crystals. The distance
between adjacent chain of a fold is 4.60 A for PTBD. Oyama 

86et. al. concluded that the shortest fold possible for 
PTBD contains three repeating units.

Comparison of these values with the value calculated 
from eq. (7) leads to the conclusion that PTBD-K heptane 
grown crystals principally contain regular re-entrant folds. 
For PTBD-K toluene grown crystals the average number of 
monomer units per fold is twice that for PTBD-K heptane 
grown crystals, this indicates a possibility of irregular 
re-entrant folds. In order to have non-adjacent re-entry 
folds there would have to be several regular re-entry folds 
present for compensation. The rate data and the temperature 
effect for PTBD-K toluene grown crystals do not support the 
presence of non-aajacent re-entry folds. It can be concluded 
that PTBD-K toluene grown crystals have irregular adjacent 
re-entry folds. The temperature effect as discussed above 
indicates that there are some buried folds. The discrepancy 
in the result from epoxidation and from IR measurement also1 
indicate a possibility of more defects in the crystalline 
region. These defects can be a combination of the following 
1) deep folds 2) chain ends inside the crystal 3) a kink 
chain defect and 4) a mosaic block, (see Fig. 53). This 
study could not distinguish the above defects.



Fig. 53 Different kinds of defects in the crystalline region, 
a) deep fold b) chain end inside the crystal, c) kink 
chain defect, d) mosaic block.
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It was concluded above that PTBD-U heptane grown crystals 

have mainly regular folds in addition to a large number of 
chain ends not included in the crystalline portions. To 
summarize the above, models of the fold region for the three 
types of crystals studied are drawn in Fig. 54.

We turn now to the effects of annealing PTBD crystals,
as prepared and after reaction, on the amorphous component.
The amorphous component of PTBD-K heptane grown crystals
as calculated from the IR absorbance ratio is smaller than
that for toluene grown PTBD-K crystals, but after annealing
it becomes the same within experimental errors,as shown 

50earlier . The amorphous content decreases when the annealing 
temperature is near to the crystal-crystal transition temperature 
and increases as the annealing temperature is raised to a 
value near the melting temperature. It appears that for 
crystals with uneven fold regions, heating just above the 
transition temperature and subsequent cooling leads to a 
more ordered internal structure and more regular folding.

After epoxidation and bromination the amorphous peak 
at 1350 cm-1 seems to disappear, because an introduction 
of epoxide groups or bromine atoms changes the polymer 
chain chemically in the fold region. When the epoxidized 
crystals and brominated crystals are annealed at 90°C for 
24 hours, the amorphous content increases. The thickening 
of crystals after annealing would result in a pulling of 
the chains into the crystal lattice which would introduce 
defects due to the inability of epoxidized and brominated 
units to fit .into the crystal lattice.



A O PTBD-K
Heptane
Grown
Crystals

PTBD-K
Toluene
Grown
Crystals

PTBD-U
Heptane
Grown
Crystals

FIG. 54
Different models of the fold region for PTBD-K crystals from 
preparations.
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In the next section below a discussion of the kinetics of 
the epoxidation reaction of various diene polymers and 
related substances will be given and those results compared 
with the results of this study.

A reaction between diene polymers and peracids ( peracetic, 
perbenzoic, perpht'nalic ) forms the basis of one of the 
analytical methods for determining the degree of unsaturation- 
in polymers*^ 6^,72^ The reaction is a convenient means 
for introducing epoxide groups into the macromolecules 
without any side reaction if the reaction is done in a non­
polar solvent and at very low reaction temperature^. This 
reaction is used for the modification of elastomers with a 
view to increasing their elastic modulus and compatibility 
with other polymers of the polyvinyl chloride and butadiene 
acrylonitrile types and for improvement of the film forming 
characteristic of diene oligomers *. The kinetics of the 
epoxidation of peracid with polybutadiene rubber in solution
has been shown to be first order with respect to both peracid

75and double bond concentration . It was found m  the present 
study that at least the first 50 of the reaction of PTBD 
single crystals suspended in toluene with MCPBA could be 
represented by a second order rate eguation. The rate increased 
as a function of temperature and followed the Arrhenius equation. 
The experimental results were processed by the least squares 
method, and the correlation coefficients were near unity.
The agreement of the temperature dependence of the rate 
constants with the Arrhenius equation is evidence of the 
constancy of the mechanism in the investigated temperature
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. . ^ . range. The neqative activation entropies AS confirmed a
transition complex formation between the peracid and the
double bonds of the polymer which had a smaller number of
degrees of freedom than the double bond unit and the peracid

7 6molecule. Poluektov et. al. studied the epoxidation kinetics 
of isoprene, piperylene, and butadiene polymers and 
copolymers with styrene, with peracetic acid . It was 
concluded that the rate of diene polymer epoxidation is much 
slower in an aqueous medium than in chloroform. This is 
believed to be due to the formation of intermolecular hydrogen 
bonds between peracetic acid and water, as well as the destruction 
of the reactive five inembered ring present in the peracetic 
acid molecules and the fracture of the intermolecular hydrogen 
bonding.

77Dogadkm et. al. showed that there are two stages m
the epoxidation of squalene with o-monoperphthalic acid.
They concluded that the first stage is evidently due to reaction
of o-monoperphthalic acid with the more reactive terminal
double bonds of squalene, which with the coiled conformation
of the squalene molecules are more accessible than the inner
double bonds. The second (slow) stage corresponds to reaction
of o-monoperphthalic acid with the inner double bonds. This

7 8is consistent with the data given by Van Duuren and Schmitt 
on the epoxidation of squalene with peracetic acid. There 
is a strong indication of such behavior from the results 
for PTBD-U crystals (see Fig. Id-17). Although the data 
seems to be scattered due to the low concentrations, it appears 
that two stages of reaction are occurring. It is reasonable
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to advance the explanation that the fast stage is due to the 
reaction of MCPBA vith the double bonds on the chain endo 
1cilia) and the slow stage corresponds to the reaction with 
the double bonds in the fold region. For the PTBD-U crystals 
grown from heptane, it is seen that the decrease in rate 
constant takes place at a value of % double bonds reacted 
of 15-20 %. This is approximately the percent of double 
bonds in the chain ends for this preparation. Therefore, 
it is possible that the double bonds in the chain ends are 
more reactive than the double bonds in tight folds.

An interesting result of the present work is that the 
second order rate constant for the epoxidation of double 
bonds in the fold region of PTBD crystals is dependent on
1) the crystal preparation condition and 2) the molecular 
weight. The double bonds in the tightest folds have the 
lowest rate constant (PTBD-K heptane grown crystals); the 
preparation believed to contain about an equal amount of 
double bonds in chain ends and in relatively tight folds 
show the next largest rate constant (PTBD-U heptane grown 
crystals) and the preparation with about double the number 
of monomer units per fold expected in a tightly fold has 
the largest rate constant (PTBD-K toluene grown crystals). 
This can be interpreted in term of the dependence of the 
reactivity of the double bonds in the PTBD chain on chain 
flexibility. The order of the greater reactivity is expected
to be :

chain ends "loose" folds
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To obtain a rate constant for the reaction of the double 
bonds in the chain ends, one can use the results for PTBD-U 
heptane grown crystals corrected for the presence of the 
relatively unreactive double bonds in the regular folds.
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CONCLUSION

The following conclusions can be drawn from this investigation:
1) The fraction of amorphous material on PTBD-single crystals 

available for epoxidation by MCPBA is found for certain 
preparations to depend on the reaction temperature.

2) The kinetics of epoxidation of PTBD single crystals 
in toluene suspension by MCPBA was shown to follow the second 
order rate equation for at least 50 % of reaction, ie. the 
rate is proportional to the double bond concentration and
to the peracid concentration.

3) The rate constant for the epoxidation of PTBD crystals 
is markedly dependent on the crystal preparation conditions 
and on the polymer molecular weight.

4) Results to date suggest that chain folding in PTBD 
crystals is re-entrant and under the right crystallization 
conditions can be predominantly regular.
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