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ABSTRACT

This work pertains to the development of high strength elastomers
potentially useful as nonthrombogenic cardiovascular prostheses. Tri-
block copolymers of the styrene-butadiene-styrene- type have been sub-
jected to surface hydroxylation via intermediate epoxides providing
reactive sites at the surface for the subsequent coupling of heparin while
retaining the unique mechanical properties of the SBS copolymers.

Curves of hydroxyl content versus the copolymer film thickness de-
monstrated the effect of swelling in the surface region on the product dis-
tribution and on the time dependence of the hydroxylation process. The
results indicated that swelling in the surface region is modified by stress
transfer to the unreacted, nonswelling core, giving rise to a lower hy-
droxyl content in thicker films than in thinner films due to separate
effects on both the epoxidation agent and on the cleavage agents, and an
exponential time dependence with the appearance of a significant induction
time.

Detailed quantitative analysis of the infrared spectra of surface
reacted samples indicated the presence of a thickness dependent diffusion
lag between the cleavage agents and the peracid, confirming the observa-
tion of a decreased hydroxyl content in thicker films. Delamination of
surface reacted samples occurred on swelling in chloroform. Through
analysis of the weights of the resulting fractions, the depth of penetra-
tion and the shape of the reaction front was estimated as a function of
time, temperature and the composition of the reaction bath.

The general applicability of this surface mod1f1cat1on scheme to
biomaterial development and the use of SBS tr1b10ck copolymers as poten-
tial biomaterials was also evaluated.

Thesis supervisor: Edward W. Merrill
Professor of Chemical Engineering
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I. SUMMARY

1.  INTRODUCTION

In order to prepare a suitable high strength elastomeric substrate
potentially useful as nonthrombogenic cardiovascular prostheses, cer-
tain triblock copolymers of the styrene-butadiene-styrene type have been
subjected to surface hydroxylation. In consequence to this treatment,
an elastomeric material modeling the laminate structure of the arterial
wall has been developed; namely, a soft hydrophilic layer bound to a
tough elastomeric substrate. The hydrophilic layer may be subsequently

rendered nonthrombogenic by fixation of heparin therein.

2.  BACKGROUND

(a) SBS Triblock Copolymers as a Biomaterial

The unique porperties of the styrene-butadiene-styrene triblock!
copolymers makes them particularly useful as biomaterials. First, be-
cause of the requirements of the ']iving-po]ymer'.anionic polymerization
technique by which they are synthesized they are ultrapure and contain
no elutable contaminants which might render them toxic to the human
system. The work of Nyilas, et al., (1970) demonstrated the strong
effect that trace contaminants and defects in the microstructure have

on the blood compatibility of silicones. Second, as a result of the

1 In contradistinction to random copolymers, these bLock copolymers
are linear macromolecules in which, beginning at one end, there is
a sequence of several hundred styrene units, .followed by a sequence
of several hundred butadiene units, and finally finished by another
sequence of styrene units about as long as the first sequence.
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thermodynamic incompatibility of the polystyrene and polybutadiene
blocks there is a phase separation in the solid phase, with the for-
mation, in a SBS triblock copolymer containing 25% po]ystyrene’, of
glassy domains of polystyrene dispersed in a continuwn of the rubbery
po]ybutadiené. However, because of the bonds betWeen the two phases,
the polystyrene domains act to keep the polybutadiene entanglements

in place, in addition to acting as particles of reinforcing filler to
give the copolymer, at body temperature, the properties of high strength
elastomer (initial modulus, 650 psi; tensile strength, 3900 psi) (All-
port and Janes, 1973). Thus without any further potentially contaminating
crosslinking or strength inducing steps, the SBS copolymer containing
approximately 25% wt. polystyrene satisfies all the mechanical require-
ments of é vascular prosthesis.

The giasﬁy domains in a 25 wt. % copolymer are cylindrical and rod-
1ike in shapez (Lewis and Price, 1971). Although they may orient them-
selves near the surface so as to extend through the surface to expose
polystyrene, the drying conditions of solvent cast films would have a
strong effect on the degree of separation of the two phases. The resulting
mixed surface which can be hydroxylated would mediate against the throm-
bogenicity of the otherwise pure, exposed polystyrene.

The polybutadiene block is generally stable to biological degrada-

1 The morphology is affected by a number of factors of which the
+ styrene content is the most important. With higher polystyrene
contents, the morphology could involve discrete phases of poly-
butadiene in a polystyrene continuum.

2 Confirmed by transmission electron mlcrographs taken in con-
junction with this work (section V-1.)
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tion (Coscarelli, 1972) and would only be subject to oxidative degrada-
tion in the presence of ultraviolet light or ozone, neither of which
are present inside the body (Hawkins, 1972).

In addition because the dimensional stability of the SBS copoly-
mer is the result of a polystyrene phase formation which may be simply
reversed by addition of a solvent for polystyrene or by raising the
temperature above the polystyrene's glass transition temperature (100°C),
the elastomef can be easily extruded or molded to giVe the required final
form. This processability is an added advantage of these materials.

(b) Surface Reaction Scheme

In order to utilize one of the techniques that has been developed
to prepare a nonthrombogenic surface (coupling of heparin to a polyhydroxy
polymer through an acetal bridge (Merrill, et al., 1970)), reactions for
producing hydroxyl groups on the surfaces of SBS tfib]ock copolymer speci-
mens were extensively studied in this thesis. By modifying only the sur-
face of the triblock copolymers, their unique mechanical properties can
be retained.

Hydroxylation of polybutadiene copolymers in solution is a well
established procedure that has, in fact, been used on SBS and SIS co-
polymers to prepare biomaterials (Winkler, 1971,Vsthop and 0'Neill, 1969).

It is established that each double bond in the polybutadiene block
is oxidized by peracetic acid to form an epoxide product which is immediately
cleaved by the acetic acid in the reaction bath, in the presence of miner-
al acid, to form a hydroxyacetate addition product (Figure I-1). The
acetaté group is then replaced by a second hydroxyl group by base hy-

drolysis; the net result being a 1,2 glycol structure.
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In this work the SBS copolymer is in the solid phase during reaction

and not in solution. Consequently side reactions take on an added
importance. Similar to the rearrangements reported by Ohloff, et al.,
(1964) in the epoxidation of various terpenes, an intramolecular
epoxide - epoxide reaction can occur to form substituted tetrahydro-

furan rings internal to the polymeric chain:
\\\\;,/’/<::fj///’g\\\v,/’/<<:fi,/”~\\\\

L >

OH

Identical rearrangements can occur intermolecularly to form cross-
linking ethers in a mechanism similar to that of epoxide ring-opening

polymerization. Vinyl or saturated acyclic ethers are equally possible:

Aside from considerations of yield, ihtermo]ecu]ar ethers resulting

from epoxide - epoxide reactions are crosslinks whiéh strongly affect

the mechanical and swelling properties of the resulting material.
Another consideration common to both the solution and surface

reactions is the different reactivities of the three double bond isomers
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in the polybutadiene block. The cis 1,4 and trans 1,4 isomers are
approximately twenty-five times as reactive as the vinyl isomer re-
sulting from 1,2 addition during the polymerization. (The micro-
structure of the polybutadiene block is controllab]e, to a certain
extent, by the choice of polymerization solvent (Allport and Janes,
1973).) However it might be supposed that due to a reduction in steric
hindrance the pendant double bonds from 1,2 addition would provide a
pair of alcohol groups, one group being secondary and one brimary,

that might be more suitable for the subsequent coupling of heparin.

In the process of hydroxylation of.bulk polybutadiene (in con-
trast to dissolved polybutadiene), peracetic acid must diffuse through
the polybutadiene phase to effect epoxidation of the polymer. The parame-
ters governing this reaction/diffusion processvare the diffusivity and
solubility of the peracid in the polymer and the kinetic constant of
epoxidation. After reaction has occurred the polymer is converted from
a hydrophobic to a hydrophilic material and the so]ubiiity of the peracid
in the polymer increases. In addition, swelling occurs sim&]taneous]y
with reaction, with an increase in diffusivity and a still further in-
crease in solubility. According to Crank (1953) this diffusivity and
solubility increase on swelling is modified by the presence of an elas-
tic network which transfers stress to the interior, unreacted nonswollen
core. Since the degree of stress transfer depends'on the relative size
of thé unreacted core and the reacted surface, the thickness of the film
has a strong éffect on the diffusion rate of peracetic acid.

In the réaction procedure used here, no attempt was made to isolate

the epoxide groups and, in fact, epoxide cleavage was encouraged. There-
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fore, the diffusion of the cleavage agents (acetic acid, water and
sulphuric acid) was also important in evaluating the structure of the
surface hydroxylated polymer. Their diffusion rates were subject to
the same stress transfer mechanism as peracetic acid but since the sol-
ubilities of the cleavage agents (especially sulphuric acid) are less
than that of peracetic acid, their diffusion rates were lower, and a
lag existed between the advancing concentration profiles of peracétic

acid and the cleavage agents.

3. EXPERIMENTAL

Experimental work was principally directed toward the determination
of and quantitative evaluation of the content of hydroxyl and other chem-
ical groups in films of the éopo]ymer as a function of time, temperature,
composition of the reaction bath, and film thickness. In addition, the
depth of penetration of the surface hydroxylatioﬁ process was estimated
by comparing the weights of unreacted and reacted material in these films.

(a) Surface Hydroxylation

Films of SBS (Shell Experimental Block Copolymer TR-41-2443, (Mw =
118,000; 27.7 Wt. % polystyrene), cast from benzene solution onto mer-
cury were suspended in a flask in a reaction medium composed of peracetic
acid (FMC, 40% peracetic acid), H2504 and varying amounts of acetic acid
and water, all maintained at a fixed temperature (30°-45°C). After suf-
ficient time had elapsed the films were removed from the bath, washed
free of acid and then the acetate groups were hydrolyzed in 2N KOH in a

separate bath. The films were dried under 1light compression.
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With a Perkin-Elmer model 521 grating infrared spectrometer, the

1

spectrum between 3,800-3,000 cm™ ' of each of the dried films was re-

corded. The area under the OH stretching peak centered around 3,430 cm']
was calculated using the formula of Ramsay. With the absorptivity of
the same peak determined from films of polyvinyl alcohol, the values of
“area cohcentration," mathematically defined as ? COH (b = film
thickness, cm; COH = local concentration of hydroxy]?groups, moles/cm3)
were determined using the Lambert-Beer law. (No other chemical groups
'present absbrb in this wavelength region.) The values of f COH’ that
is, the moles of hydroxyl groups per unit area of film, were then plotted
against the film thickness.

(b) Infrared Spectroscopy

Quantitative infrared analysis was used to follow the reaction and
to note the effect of various parameters (e.g. film thickness and time
of reaction) on the product distribution. The Lambert-Beer law extended
for a multicomponent system and written at more frequencies than absorbing
components present in the sample (an over-determined:system) formed the
basis for the quantitative analysis scheme. Due to the complexities pre-
sent in the spectra of the surface reacted samples, however, it had to
be considered as a model fitting procedure. The least squares solution
to the resulting set of Tlinear equations was giQen by (Herschberg and

Sixma, 1962):

X = (ata) lalA N (I11-5)
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where <X> = average values of area concentrations of components
present in samples (mo]es/cmz)
A = absrobances determined from spectrum
é = absorptivities determined separately

The resu]tingvarea concentrations (mo]es/cmz) were converted to 'true'
concentrations by dividing by the <X> value for polystyrene, thus elim-
inating any effect of the size of the sample, of which the spectrum was
recorded.

Qualitative spectral analysis, according to standard group correla-
tions (Bellamy, 1958), was also performed.

If the films were thin enough no further preparation was necessary
to obtain a suitable spectrum. For thicker films, however, it was neces-
sary to grind portions of the film at liquid nitrogen temperatures and
to disperse the ground polymer in carbon disulphide before suitable spec-
tra could be obtained. |

(c) ‘Delamination

Allowing samples of known area of the surface reacted films to swell
in chloroform resulted in delamination and separation of the (cross-linked)
surface reacted region from the unreacted portioh of the sample. Thrée
fractions were recovered: crosslinked gel, chloroform soluble but reacted
po]ymef fraction, and a chloroform soluble unreacted fraction. By compari-
son of the weights of these fractions, two estimates Qf the depth of pene-

tration of the reaction were obtained.
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4, RESULTS AND DISCUSSION

(a) Qualitative Spectral Analysis

Qualitative analysis of the spectrum of a surface hydroxylated sam-
ple (Figure 1-2) shows unequivocally the presence of phenyl groups (poly-
styrene), residual unsaturation (cis, trans, and vinyl double bonds),
hydroxyl groups, uncleaved epoxy rings, and unhydrolysed acetate esters.
In addition, there is spectral evidence in favour of the presence of car-
bonyl groups (from epoxide-to-carbonyl rearrangements), substituted tetra-
hydrofuran rings and acyclic ethers (from intramolecular and intermolecu-
lar epoxide - epoxide reactions, respectively). The ethers formed are
a combination of vinyl ethers, phenyl - phenyl ethers, phenyl - alkyl
ethers, and symmetric saturated ethers. (The aromatic ethers result from
nonspecific reactions of polystyrene.)

There is no definite evidence in the spectrum in favour of the pre-
sence of unsaturated allylic ethers, peroxides, primary alcohols, dioxane
structures, and tetrahydropyran structures, thus, further consideration
was not given to these structures in the development of the spectroscopic
model .,

(b) Hydroxyl Content

By analysis of the curves of extent of reaction (area concentration,
hydroxy1) versus film thickness (Figures I-3,8b), the various parameters
governing the diffusion/reaction process were evaluated.

A11 the curves of hydroxyl content (area concentration) versus film
thickness were found to show the same behaviour as in Figure I-3, an
initial linear increase in hydroxyl content followed by a gradual decrease
beyond a certain maximum value. The linear portion of the curve--AB--
defines the range of films over which the peracetic acid, under the given

experimental conditions, has diffused through the complete film, and all
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potentially reactive double bonds are presumed to have reacted. The
slope of this portion is independent of time and temperature and only
slightly dependent on the composition of the reaction bath. The value

of the slope corresponds to a 24% conversion of the double bonds to the
glycol structure in the 71% acetic acid - 23% water reaction bath.

While some of the double bonds are unreactive due to steric or electronic
effects (e.g. vinyl groups) many of the double bonds reacted to form
intramolecular or intermolecular ethers, as confirmed by the qualitative
analysis of the complete infrared spectrum.

However the maximum at C in Figure I-3 and the subsequent decrease
was not expected. In a simple sorption experiment for a given set of
experimental conditions, there is a particular film thickness at which
the weight gain per unit area would become independent of film thickness;
this film thickness being the depth of penetration of the permeant (Crank,
1956). In larger films, the polymer beyond this depth of penetration
would have no effect on the amount of permeant being absorbed. To under-
stand the anomalous behaviour in our system, the total oxygen content of
some of our samples was determined (Figure I-4). To the extent that the
assumption of a constant stoichiometric ratio (constant moles oxygen to
moles double bond reacted) is valid, the total oxygen content reflects
the number of double bonds reacted. This curve, as expected, asymptoti-
cally approaches a much higher level and at a film thickness greater than
that at point C. Thus it appears that the peracetic acid diffuses in a
normal manner through the films but a change in product distribution
occurs in the thicker films.

According to this reasoning, by addition of oxygen to the polymer,
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the polymer is converted from a hydrophobic to a hydrophilic material;
the reacted surface region of the polymer thereforé, swells in the ace-
tic acid - water reaction bath. However, this swelling behaviour is
modi fied by'the presence of the unreacted core (Figure I-5), since the

- swelling stresses near the surface are transferred by the elastic network
to the higher modulus unreacted portion of the polymer; this stress
transfer is dependent on the ratio of the size of the surface region to
that of the total material. Hence, the surface region of the thinner
films swells more than that of the thicker films enabling the slower
diffusing epoxide cleavage agents (acetic acid, water, and sulphuric
acid) to diffuse more effectively into the thinner films. (The higher
diffusivity and solubility for the cleavage agents‘a1ong the epoxidation
reaction front reduces the limiting lag between the diffusion of per-
acetic and the cleavagg agents.) As a result, c1eavage of the epoxy
rings is more nearly complete in thinner films yielding higher hydroxy]

contents in these thinner films than in the thicker ones where cleavage
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is not as complete.

Quantitative analysis of spectra of the films that had been pre-
pared at 30°C for 180 minutes in 70% acetic acid show the expected
decrease in hydroxyl concentration and the expected increase in epoxide
content with increasing film thickness (Figure I-6 , the concentration
of a given species i being reported as the fraction CL/;Ci where
gci = sum of equiva]enis of all oxygen containing spec?es). It is
glso apparent that there is no correlation of the ether content (acyclic
or cyclic) with film thickness, indicating that their formation is
directly propbrtiona] to the epoxide cdncentration and that their concen-
tration profile matches exactly the concentration profile which defines
the reaction front. The concentration profiles for the various functional
groups present are shown in Figure I-7.

This change in product distribution from a hydroxyl rich surface in
thinner films to an epoxy rich surface region in thicker films renders the
assumption made earlier with regard to a constant stoichiometric ratic in-
valid. The true value of the area concentration of reacted double bonds
then decreases with increasing thickness, due to the direct effect of the
stress transfer process on the epoxidation rate in producing a lowered
depth of penetration in thicker films.

In Figures I-8a and I-8b, the time course of the surface hydroxyla-
tion process is evident. The exponential nature of the process is evi-
dent from Figure I-8a and thé.observation of an apparent induction time
of approximately fifty minutes before there is any evidence of hydroxyl

"groups in the infrared spectrum, is evident in Figure I-8. The depth of
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penetration is, therefore, less than 0.2 - 0.3 microns (as calculated
from the OH absorptivity and the minimum peak area distinguishable in the
spectrum) with fifty minutes of reéction but is increased to a depth

on the order of 20-25 microns, a hundred-fold increase, in just 15 min-
utes. This apparent induction time is directly related to the exponen-
tial nature of the process as is seen from the time intercepts at ex-

tents of reaction of 0.2 - 0.3 x 10'6 2

moles/cm™ in extrapolated semi-log
plots of ACOH (area concentration, hydroxyl groups) versus time, which

for a 300 micron film were:

35.1°C 66 - 72 minutes

40°C 41 - 46 "
45.1°C 18 - 22 "

The exponential nature of the process is considered, also, to be due
to swelling in the surface region. As the surface region swells the
solubility of the peracetic acid in the polymer increases and the driving
force for diffusion is increased.commensurately. Hence the diffusion
rate increases with a subsequent increase in the penetration depth and
the degree of swelling at the surface due to relief of the Timiting
compressive stresses, which further increases the peracetic acid solu-
bility. This 'autoacceleration' behaviour is verified by increasing
the concentration of acetic acid in the reaction bath. Acetic acid,
being a better swelling agent for the reacted polymer, should lower
the length of the induction period since the same solubility should
be attained at an earlier time. This is shown in Figure I-9, where

the extent of reaction is greater after only twenty minutes in 93%
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acetic acid than after sixty-five minutes in 71% acetic acid.

(c) Depth of Penetration

The weights of the gel fraction from the delamfnation experiments
(see section I-3c) give directly an_estimate of the depth of penetra-
tion, Ax._ Ax'is an underestimate of the true depth of penetration
since reacted but not crosslinked material present in the advancing
tail of the reactidn front is not considered part of this depth of pene-
tration. Weights of the gel fraction (directly proportional to AX) as
a function df thickness for the runs conducted at 40°C in 71.1% acetic
acid are plotted in Figure I-10. The initial linear portion defines
the range of films through which peracetic acid has completely diffused
and for whiéh all of the material has reacted and been crosslinked to

form a gel. The distribution of gel is shown in Figure I-1la. The
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horizontal segment corresponds to the range of films for which the
stress transfer mechanism is at its maximum effectiveness and thus,
the diffusion rate is maximal. The depth of penetration (of fully
cfoss]inked material) is independent of thicknesé and dependent only
on time, temperature, and the composition of the reaction bath. The
distribution of gel in the film is shown in Figuré 1-11d.

The intermediate decrease between the linear and horizontal por-
tions is attfibuted to the increased amount of reacted polymer being
non-crosslinked material (sol) compared to the 100% crosslinked nature
of the films that account for the initial portion.. For thicknesses
beyond the one giving rise to the maximum gel weight, the reaction front
takes on thevshape shown in Figure II-11b. Because of the lower con-
centration of epoxfdes in the central portion, fewer crosslinks form
and the material in the center, while reacted, is not fully crosslinked.
As the thickness increases, the degree of overlap of the reaction fronts
decreases and the amount of chloroform soluble material (reacted sol and
unreacted polymer) increases with consequent decrease in the weight frac-
tion of gel. This increase in soluble material continues until the stage
of reaction front shown in Figure I-11c is reached. From this stage on
the decrease in the area under the reaction front - concentration profile
causes a decrease in the amount of both crosslinked gel and reacted sol,
this decrease generally arising through both a steepening of the s]dpe
of the reaction front and an actual decrease in the true depth of pene-
tration. This continues until the stage shown in Figure I-11d, is
reached which corresponds to the levelling off of the curve of weight

of crosslinked material versus thickness.



The slope of a plot of versus ﬁL- (where W

t t t
the sample before delamination and ws = weight of recovered, unreacted

= weight of

fraction) is directly proportional to an average depth of penetration
(average over the range of film thicknesses for which>ws.cou1d be mea-
sured), AS. The resulting values of ZAS and the values of 2xxca1cu1ated
from the weight of the gel fraction are shown in Table I-1. Because no
account is taken of the unreacted sites in the partially reacted sol

fraction, A_ is a slight overestimate of the true depth of penetration.

s

The differences betweenlthe two values of depth of penetration are
interpreted according to the model shown in Figure I-12. Three regions
can be distinguished: x =0 to x = Ax, fully reacted, fully crosslinked,
X .= Ax to x = AS, partially reacted, uncrosslinked, x = AS tox = ,

fully unreacted region. For example, for films reacted for 80 minutes

SR

i
|
REACTION FRONT

Vﬂ

Figure i-12. Reaction front model showing location of Ax and Ag-

at 40°C in 71% acetic acid, the fully crosslinked portion is 15u thick

and the partially reacted region extends for another 8.5 microns.
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Depth of Penetration By Delamination

ZAS

(u)
31.5
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42.5
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The reaction profile is thus not very steep and appears, then, to have

the shape shown in Figure I-11c, for these reaction conditions.

5.  CONCLUSIONS

(a) Styrene-butadiene-styrene triblock copolymers are ideally suited

for potential use as biomaterials.

(b) By surface hydroxylation of SBS copolymers, materials are prepared
which have hydroxy]l groubs near the surface but still retain the high
strength elastomeric nature of the original copolymer.

(c) Surfaée‘hydroxy1ation is a combined reaction- and diffusion-1imited
process which is modified by the simuitaneous swelling of the reacted
surface region limited, in turn, by stress transfer to the unreacted core.
As a result, the principal parameters governing the reaction/diffusion
process are the film thickness, time, and the composition of the reaction
bath.

(d) The extent of reaction as expressed by the area concentration of hy-
droxyl groups, decreases with increasing reaction due to thevdirect ef-
fect of stress transfer on reducing the diffusion rate of peracetic acid
and to the change in product distribution secondary to the increased
diffusion lag between peracetic acid and the cleavage agents (acetic acid,
water, and sulphuric acid).

(e) Surface hydroxylation is an autoaccelerative pfocess and exhibits

an apparent induction time before there is any infrared evidence of
hydroxyl formation.

(f) Swelling in chloroform results in delamination of the reacted films.

From the weights of the recovered fractions the depth of penetration of
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the reaction and the shape of the reaction front can be determined.
(g) With suitable control of time,'temperature, and the composition
of the reaction bath, depths of penetration on the order of 1 micron
or less are attainable.

(h) Quantitative and qualitative infrared analysis is an excellent
technique for determining the structure of the reacted polymer.

(i) The surface reacted scheme described here is generally applicable
to any styrene-butadiene-styrene copolymer in which polybutadiene is
the continuous phase and thus'can be used to pkepare a wide variety of
biomaterials with their mechanical requirements satisfied by proper |

choice of the substrate copolymer.
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IT. INTRODUCTION

Over the past several years many implantable devices have been de-
vised which aid the circulation of blood in diseased patients. One of
the simplest of these is the vascular prosthesis, designed to act as a
replacement or bypass for arteries or veins which have become occluded.
While Dacr04:>velour is most commonly used for these protheses, the use
of a velour limits the use of the prosthesis to those portions of the
circulatory system (principally the larger arteries) where the blood flow
rate is sufficiently fast to prevent build up of thrombin to levels suf-
ficient to activate fibrin formation. The development of a non-thrombo-
genic material suitable for these protheses would significantly extend
the applicability of vascular replacement surgery.

In order to prepare suitable high strength elasfomeric substrates
potentially useful as nonthrombogenic cardiovascular prostheses, certain
triblock copolymers of the styrene-butadiene-styrene type have been sub-
jected to surface hydroxylation. In‘consequence to this treatment, an
elastomeric material modeling the laminate structure of the arterial wall
has been deve]oped§ namely, a soft hydrophilic layer bound to a tough
elastomeric substrate. The hydrophilic layer may be subsequently rendered

nonthrombogenic by fixation of heparin therein.

1. BIOLOGICAL REQUIREMENTS

In addition to the mechanical requirements of performance, the bio-
logical environment and, in particular, contact with blood, imposes cer-
tain stringent requirements on any material that is to be implanted in

humans. These are listed in Table II-1.
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Table II-1

Biological Requirements of Blood Compatible Materials
| (Bruck, 1974)

nonthrombogenicity

no toxic or allergic reactions

no effect on cellular elements of blood

no alteration of plasma proteins or cellular enzymes

no adverse immune responses

no damage to adjacent tissue

no depletion of electrolytes

noncarcinogenic

nondegradable in biological envfronment

sterilizable
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The most difficult of these requirements to attain in practice is the
first: nonthrombogenicity. For a material to be nonthrombogenic, (i.e.
resistant to the formation of blood clots) the activation of factor XII
and subsequent po]ymerization of ffbrinogen to fibrin (intrinsic clotting
system) must be suppressed in addition to the prevention of platelet ad-
hesion and release of platelet factor III. The relevant details of throm-
bosis and the problem of evaluating nonthrombogenic'surfaces has been
critically reviewed by Salzman (1971).

While no material currently available satisfies all of the require-
ments Tisted in Table 1, certain materials can be used in particular de-
vices in contact with blood due to the nature of the dynamics of flow past
the material. ‘Qf rglevance here is the use of Dacroég>velour (E. I. DuPont
de Nemours) for vaséular prostheses. The use of Dacro‘E)and other inert
materials in vascular prostheses, however, is limited to those portions of
the circulatory system (principally the larger arteries) where the blood
flow is sufficiently fast to prevent build up of thrombin to levels suf-
ficient to activate fibrin formation.

The purpose of this thesis was to develop a material suitable for
these prostheses, that could be made actively nonthrombogenic, to extend

the applicability of vascular replacement surgery.

2.  HEPARINIZATION

One of the most successful schemes for the preparation of nonthrom-
bogenic materials is the incorporation of heparin (the natural anticoagu-
lant) into hydroxyl containing polymers such as polyvinyl alchchol (Mer-

rill, et al., 1970, Merrill and Wong, 1970). The process uses a mixture
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of glutaraldehyde and formaldehyde (with MgC1, cata]ysis) to couple the
secondary hydroxyls of heparin to polyvinyl alchohol via an acetal bridge.
The covalently linked heparin is very stable and retains most of its anti-
coagulant activity.

Heparin appears to act by complexing with antithrombin (heparin co-
factor (Rosenberg, 1973)) and accelerating the reaction of thrombin with
antithrombin to form an inactive complex (Fitzgerald and Waugh, 1956).

The action of surface incorporated heparin is discussed further by Salz-

man (1971).

3. SBS COPOLYMERS AS BIOMATERIALS

The unique properties of the styrene-butadiéne-styrene block copoly-
mers make them partfcu]ar]y useful as biomaterials.
Styrene-Butadiene-Styrene (SBS) block copolymers have the molecular

structure shown in Figure II-1.
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POLYSTYRENE--POLYBUTADIENE ---POLYSTYRENE

Figure II-1. Molecular structure of Styrene-Butadiene-Styrene block copolymer.
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Unlike a random copolymer of styrene and butadiene, a block copolymer
has an organized structure composed of two blocks of styrene units, one
at each end of a center block of butadiene units. It is prepared by
"1iving polymer' anionic polymerization techniques. The polymerization
and the properties of SBS block copolymers have been the subjects of
many recent reviews (Allport and Janes, 1973, Morton, 1972, Bradford and
McKeever, 1971). Therefore, only certain relevant aspects will be pre-
sented here.
(a) Properties

To prevent unwanted termination during anionic polymerization, close
attention must be paid to the elimination of all adVentitious impurities
from the polymerizing systems. Hence the resulting triblock copolymer
is ultrapure and as suéh contains no elutable contaminants which might
be toxic to the human system. The work of Nyilas et al (1970) demonstra-
ted the strong effect that trace contaminants and defects in the morpho-
logical microstructure have on the blood compatibility of silicone rub-
ber. Also, by virtue of the polymerization process, SBS copolymers can
be prepared with varying total and/or block molecular weights and thus,
with varying polystyrene contents. Coupled with‘the ability to vary the
microstructure of the polybutadiene block, SBS copoiymers can be prepared
with widely different properties. For example, a copolymer with 90%
polystyrene has a high impact strength, while the copolymer used in this
work containing 25 wt. % polystyrene is a high strength elastomer.

As a result of the thermodynamic incompatibility of the polystyrene
and polybutadiene blocks there is a phase separation in the solid phase,

with the formation, in a SBS containing 25% polystyrene, of discrete



-44-

glassy domains of polystyrene in a continuum of the rubbery polybutadiene
(Figure II-2). (In figure II-2, the domains are shown as spheres; the
morphology is discussed further in section III-1). However, because of
the bonds between the two phases, the polystyrene domains act to keep the
polybutadiene entanglements in place, in addition to acting as particles
of reinforcing filler to give the copolymer, at body temperature, the
properties of a high strength elastomer (initial modulus, 650 psi; tensile
strength, 3900 psi) (Allport and Janes, 1973). Thus without any further
potentially contaminating crosslinking or strength inducing steps, the
SBS copolymer containing approximately 25% by weight polystyrene satis-
fies the mechanical requirements of a vascular prosthesis.

In addition, because the dimensional stability of the SBS copolymer
is the result of a polystyrene phase formation_whichvmay be simply reversed
by addition of a solvent for polystyrene or by raising the temperature
above polystyrene's glass transition temperature (approximately 100°C),
the elastomer can be easily extruded or molded to give the required final
form. This processability is an added advantage of these materials.
(b) Degradation

In the use of polybutadiene based elastomers as vascular prostheses,
particular attention must be paid to the effects of long term ageing
(approximately 2-5 yeafs) in the biological envirdnment on the elastomer.

Potential ageing mechanisms (Hawkins, 1972) are degradation by en-
zymatic action and thermal oxidation. Due to the absence of high tempera-
tures, ozone and ultraviolet light in the body, pure thermal degradation,
ozonolysis, and oxidative photodegradation are not re1evant here (but would

be during the processing of these copolymers).
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POLYBUTADIENE

POLYSTYRENE

Figure II-2. Morphology (schematic) of a styrene-butadiene-styrene
block copolymer (approx. 25% polystyrene).
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In considering enzymatic action, no a priori remarks can be made
regarding the stability of SBS copolymers in the presence of'the enzymes
found in blood at 37°C and pH 7.4. However, from tests of elastomers
using microbes not commonly found in humans it was concluded that the
material susceptible to microbial attack is not the elastomer molecule
itself, but rather the other material in the formulation (Cosarelli, 1972).
This problem was avoided here by using these ultrapure elastomers.
Nevertheless, the enzymatic stability of SBS copolymers in contact with
blood must still be investigated.

Thermal autooxidation is a free radical process involving the addition
of molecular oxygen at relatively low temperatures to a polymer, the net
result of which, in unsaturated polymers, is chain scission and hence, de-
gradation of mechanical properties (Shelton, 1972). Initiation may be by
a variety of free radical generating processes, although the only possible
ones here might be mechanical stress or thermal decomposition of weak‘bonds
(e.g. peroxides in the surface hydroxylated layer). While the SBS copoly-
mers used in this study needed to be stabilized with an antioxident to pre-
vent thermal oxidation initiated by ultraviolet 1ight (Keelen, 1972), it
was not clear that in the absence of ultraviolet light (as in the body) and
with the presence of the surface hydroxylated layer, the oxidative stability
of the polybutadiene block would be critical. Like the enzymatic stability,
it must be studied further.

Mediating against any potential degradation process, whether it be en-
zymatic or oxidative, is the fact that polystyrene is generai]y unaffected
by these processes. As such, the reinforcement function (stress redistribu-
tion) of the polystyrene domains would remain intact and act to minimize

the effect of chain scission in the polybutadiene block on the bulk
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mechanical properties. In effect, the process of ageing would be prd-

longed.

4. SURFACE REACTION SCHEME

In order to utilize the established heparinization scheme of coupling
via an acetal bridge to a hydroxyl containiné polymer (Merrill, et al, 1970,
Merrill and Wong, 1970) (section II-2), the surfaces of our SBS copolymers
have been hydroxylated to provide reactive sites for such a coupling pro-
cedure. By modifying only the 'surface' of the frib]ock copolymers, their
unique mechanical properties were retained. This concept of a surface
modified bo]ymer for use as a blood compatible biomaterial has also been
incorporated in the microwave dfscharge graft copolymerization of polar
~ monomers 6nto certaiﬁ polymers to prepare a surface hydrogel on a sub-
strate which gave the whole material the desired bulk properties for its
use as a vascular prosthesis (Scott, et al, 1971). The technique used
here also resulted in a surface hydrogel firmly bound to an elastomeric
substrate but,‘in addition, the incorporation of heparin in the hydrogel
layer is anticipated.

Hydroxylation of polybutadiene copolymers can be accomplished in a
number of ways (Meyer, 1970). The simplest and most convenient is the
reaction of polybutadiene with preformed peracetic acid to form an epoxide
product which is then cleaved to the desired 1,2-glycol structure (see Figure
III - 3 ). Epoxidation/hydroxylation of polybutadiene copolymers in so-
Tution with preformed peracetic acid is a well-established procedure
(Dittmann and Hamann, 1971, Greenspan, 1964, Makowski,et al, 1970, Meyer,
1970, Sakaguchi, et al, 1972, Winkler, 1971) that has, in fact, been used
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on SBS and SIS (I-isopreng) copolymers to prepare biomateria]s (Winkler,
1971, Bishop and 0'Neill, 1969). However, since the ultimate purpose
was to prepare sulphonated block copolymers, the results reported there-
in are of limited applicability to this study. |

Unlike the above cite& work, the SBS copolymer was in the solid
phase during reaction in this work and not in solution. As expected,
diffusion 11mita£ions played an important part in the hydroxylation pro-
cess. To adapt these procedures to the solid phase hydroxylation, no
attempt was made to prevent the epoxide group from undergoing cleavage
reactions. In fact it was encouraged by the addition of sulfuric acid
catalyst and excess acetic acid and by raising the temperature (Swern,
et al., 1946). The above mentioned workers (Winkler, 1971, Sakaguchi, |
et al., 1972, Bishop and 0'Neill, 1969) used acid catalysed cleavage of
the epoxide to produce the glycol; in this work base catalysed hydrolysis
of the resulting ester was used. Further information on the chemistry
is given in Section III-2.

Previous work on solid phase hydroxylation is virtually non-exis-
tent. While Meyer (1970) hydroxylated a SBS copolymer asa solid film
and a patent exists for surface epoxidized polybutadiene to be used as
a can coating (N.V. de Baataafsche Petroleum Maatschappij, 1960) no at-
tempts were made to determine the kinetics of the process. The work of
Grauer (1973) and Traut (1973) was performed in conjunction with this

thesis and so their contributions to the subject will be discussed here.

5.  STATEMENT OF OBJECTIVES

The purpose of this thesis, then, was to investigate the diffusion/

reaction process associated with the peracetic acid hydroxylation of
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styrene-butadiene-styrene copolymers in the solid phase ('surface' hy-

droxylation) and to determine the properties of the resulting material.
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III THEORETICAL

1.  SURFACE MORPHOLOGY

It is fairly well established that the morphology of a styrene-
butadiene-styrene block copolymer of number'average molecular weight
greater than about 75,000, with about .25 - .30 weight fraction poly-
styrene, cast from a good solvent (e.g. benzene, toluene), consists
of discrete domains of polystyrene in a polybutadiene continuum (A11-
port and Janes, 1973). For a SBS copolymer to be used as a biomaterial
the polystyrene domains near the surface must be completely covered by
the polybutadiene; exposed polystyrene would be potentially thrombo-
genic even after surface hydroxylation. Therefore, the morphology of an
SBS copoTymer near the surface must be investigated.

(a) Domain Shape

i) Experimental Observations

Contrary to the opinion and observations of certain early investi-
gators (Beecher, et al., 1969, McIntyre and Campos-Lopez, 1970), the
shape of the discrete polystyrene domains in SBS copolymers, containing}
about 27% by weight polystyrene, is not spherical. The domain shape ap-
pears to be nearly parallel, slightly curved, cylindrical rods of poly-
" styrene in the polybutadiene matrix (Figure V-1) for solvent cast films
(using a Qood solvent for both components) (Douy and Gallot, 1971, Hen-
dus, et al., 1967, Inoue, et al., 1971, Krigbaum, et al., 1973, Lewis
and Price, 1971,1972, Turecek, 1972, Uchida, et al., 1972) for solvent

cast films annealed at 100°C (Hoffman, et al., 1971) and for compression
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molded sampies (Lewis and Price, 1971)].

The spherical domains only appear in films of block copolymers
containing 27% polystyrene cast from a poor solvent for the poly-
styrene block (e.g. cyclohexane) (Beecher, 1969, Inoue, et al., 1969,
1970) and in films of SBS copolymers containing less than 20% polysty-
rene (Soen, et al., 1972). The diameter of these rod-like domains is
on the order of 300 X (Soen, et al., 1972) (depending on‘the polysty-
rene block molecular weight and the preparation of the sample.)

A model of a random array of hard spherical particles of poly- '
styrene in a rubbery polybutadiene continuum was proposed by Ho]deﬁ,
et al., (1969) to explain the elastomeric behavior of a SBS copolymer
with 27 % (wt.) polystyrene. Beecher, et al.'s (1969) electron micro-
graphs of solvent cast and compression molded fi1ms of the same SBS
copolymer, indicated circular patterns of polystyrene dispersed in a
polybutadiene matrix. From this limited two-dimensional information,
Beecher, et al. concluded that the domains were spherical ( and not ob-
late ellipsoids or cylinders viewed end on). McIntyre and Campos-
Lopez (1970) fit their x-ray scattering data with a hexagonal close
packed array of spheres and so concluded that the domains were indeed
spherical. Despite their insufficiént consideration of other possibili-
ties, these works were cited in later reviews (Bradford and McKeever,
1971, Morton, 1972) as confirmation of Holden's model. |

The validity of Holden's model, however, is really dependent just‘

1. The polymers studied were either commercial KRATON K1101 or
experimental block copolymer TR-41-1648, whick is virtually
identical to the copolymer TR-41-2443 used intthis thesis.
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on the presence of discrete polystyrene domains. Their shape is im-
portant only in the consideration of simple models, originally developed
for filled elastomers, to quantitatively predict the mechanical proper-
ties of block copolymers. The qualitative agreement of model and ac-
tual properties would be just as good for discrete cylindrical rods as
it is for spheres (certain anistropic properties, in fact, would be bet-
ter explained).

ii) Theoretical Models

However, the nature of the interface between the domains and the
continuum is still unclear, especially with regards to the orientation
of the polybutadiene chain at the domain interface and the degree of
uniformity in the coverage of these rodlike polystyrene domains.

Inoue, et al., (1969; Uchida, et al., 1972) assumed the absence
of any mixed region between the domains and the matrix, with the poly-
mer chains oriented normal to the domain interface at the junction
point and were able to predict reasonably well (from statistical ther-
modynamics) the effect to Voldme fraction of polystyrene and the nature
of the solvent on the domain size and shape. Meier (1970) in similar
calculations was also able to predict the most stable domain shape as
a function of the block molecular weights in a diblock copolymer but
without assuming anything regarding the orientation of the chains at the
junction points. (Both theories predict that for a film of a tri-
block copolymer containing 27% polystyrene, cast from a good solvent for
both components, the most stable domain shape is the cylindrical rod;
the oblate ellipsoid was not considered.) The more recent work of Meier

(1974) and Leary and Williams (1973, 1974), has confirmed, however,
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the presence of a relatively large mixed region between the domains
(thickness on the order of one-third the domain radius). Regardless of
the specific theory used to predict the size and shape of the domains,
however, an assumption of constant densities in the domains and in the
matrix (and in the intermediate region(s)) implies a unifrom coverage of
polybutadiene at the polystyrene domain interface (i.e. at the interface
containing the junctions between the blocks).

However, the junction interface may represent only a fraction of

the surface of the polystyrene domain (see Figure III-la).

junction
points
R
« > ,
complete coverage (b) Oblate ellipsoidal
of domain surface domain; longitudinal

section showing complete
coverage of whole
(a) cylindrical domain; surface

longitudinal section '

uncovered

Figure III-1. Domain interface (schematic)

For a cylinder with radial aTignment of block ends or junctions, the ends
of the cylinder do not contain any junction points. Hence the coverage
of a cylindrical domain of polystyrene by po]ybutédiene need not be com-
pletely uniform (e.g. vacuoles could form without disrupting the farmation
of domains). An oblate ellipsoid (see Figure III-1b) on the other hand,
would have junctions distributed throughout the domain surface and hence

would be completely covered by polybutadiene.
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(b) Surface Tensions

To a certain extent, the relative surface (or interfacial) ten-
sions of polystyrene and polybutadiene control the nature of the surface
in a styrene-butadiene-styrene block copolymer. Interfacial tensionsjof
polymers have generally not been measured but they may be estimated in
a number of ways (Van Krevelen, 1972). Independent of the estimation
procedure the surface (air/polymer interface) tension of polystyrene
is greated than the surface tension of polybutadiene (approximate values:
y = 42 dynes/cm for polystyrene, y = 32 dynes/cm for polybutadiene).

On the other hand, the interfacial tension of polystyrene at the mercury/
polymer interface (as is formed in the solvent cast films prepared in
section III-2), is Tower thaﬁ that for polybutadiene, according to the
equation of Fowkes (Van Krevelen, 1972). (Approximate values: YPST/Hg‘=
15.3 dynes/cm, YPB/Hg = 16.2 dynes/cm.) The difference in tensions is
obviously much Tess.

If the hypothesis of a critical micelle concentration at which phase
separation occurs in solution, to form the domains apparent in solvent
cast films, is correct (Uchida, 1972), then the relevant interfacial ten-
sions are those of a benzene solution of the polymers. (The interfacial
tensions of the melt are virtually identica]Ito those of the amorphous
polymer as described above). Using a simple linear relationship (Adamson,
1967) and assuming the absence of any adsorption bhenomena,vthe (air) sur-
face tension of a polystyrene solution is still greater than that of a
polybutadiene solution at the same concentration (YPST/Hg < YPB/Hg would
also be true.) Assuming further, that for a SBS copolymer dissolved in a

good solvent, the degree of solvation of both the polystyrene and poly-
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butadiene blocks are'equal, then the following remarks concerning the
relationship between the surfaces of SBS copolymers and the interfacial
tensions of polystyrene and polybutadiene are equally applicable, whether
the copolymer film has been prepared by casting as a solution in a good
solvent, or from the melt.

(c) Surface Morphology

It is apparent from thé above discussion that for a given triblock
sample and sample history, there exists only one thermodynamically stable
domain shape, size and interfacial mixed region. 1In order to change this
morphology to a slightly different one there must be a decrease in free
energy resulting from some other source. Therefore the morphology near
an interface would change only in the direction that would result in that
component, that has the lower interfacial tension, being closer to the
surface. Thus polybutadiene would be the thermodynamically more favora-
ble component at the air interface (of a film of SBS copolymer cast on
mercury) and polystyrene would be the more favorable component at the mer-
cury interface. Considering the very small differences in interfacial ten-
sion involved (especially for the mercury interface) and considering the
very little effect that the polystyrene/polybutadiene interfacial free
energy has in the theories of domain formation (Meier, 1969, 1970, Léary
and Williams, 1973, 1974), it is extremely doubtfu] that these interfacial
tension differences would result in a change in the shape of the domain.
(In fact the electron micrographs of stained thin films that were cast
from a good solvent directly onto EM grids or onto mercury (Lewis and
Price, 1972), show the 'surface' morphology and not the bulk morphology

because of the extreme thinness of the films: ~500 A)
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The only conceivable effect would be in the orientation of the do-
mains. Thus for a SBS copolymer containing 27% polystyrene, the cylin-
drical domains would orient themselves parallel to the air surface so
that the polybutadiene cover along the length of these domains would be
exposed and the polystyrene domaiﬁs themselves would be buried in the
interior. (The morphology near the air interface is shown in Figure II-2.)
On the other hand, the cylindrfcal domains would orient themselves nor-
mal to the mercury surface so that the uncovered pb]ystyrene ehds would
be exposed and the free energy would be minimized. After surface hydroxyla-
tion it is then expected that the blood compatibility of the mercury side
of the interface would be different from that of tHe air side of the in-
terface. If the domains were oblate ellipsoids, on the other hand, tﬁere
would be no difference due to the absence of an uncovered polystyrene
interface.

Two other phenomena, hoﬁeyer, interfere with this strict thermody-
namic (equilibrium) morphology. First of all, the solvent cast films dry
from the center out so that it is conceivable that the orientation of the
cylindrical domains near the surface would be 'locked in' before the ef-
fect of the surface would become apparent. Thus the orientation and the
resulting surface composition would reflect the interior morphology and
be similarly randomized. Secondly, all the above arguments have considered
the equilibrium morphology exclusively. Should the film be dried rela-
tively quickly, a nonequilibrium morphology results as the glass transition
of polystyrene is passed (Lewis and Price, 1971, defman, et al., 1971).
While the effects on the mechanical properties might be disastrous, the

resulting randomization of surface compesition might be beneficial with



-57-

regard to the ultimate blood compatibility. After surface hydroxylation,
a mixed interface would be uniformly hydroxylated whf]e an interface
composed of discrete domains would result in definite regions of poteh-
tially thrombogenic sites.

(d) Effect of Processing

Although it is of little specific relevance to this thesis, the
theoretical predictions of Leary and Williams (1973, 1974) are extremely
important to the definition of melt processing conditions for SBS copoly-

- mers (especially for biomaterials). Figure III-2 shows the separation
temperatures TS and free energy of domain formation (from a random mix-
ture) at 100°C (the nominal glass transition of polystyrene) as a function
of the microstructural paranmeter 8 for the various domain shapes, for two
block copolymers containing 27 wt. % polystyrene: K1101, the commercial
Kratoﬁg)rubber of total molecular weight 100,000 and for the experimental
block copolymer TR-41-1648 of total molecular weight, 112,000 (virtually
identical to TR-41-2443). TS is the temperature at which phase separation
takes place, in the absence of solvent, to form domains from a random mix-
ture of the component:blocks. The microstructural parameter 8 defines the
size of the intermediate mixed region between the domains.

The predicted behavior of KI1101 is described for i]lustrative pur-
poses, Figure III-2a indicates that cooling of a melt leads to phase
separation first at 590°K when the lamellar (P) microstructure forms with
B = 0.4, together with spherical domains of po]ybutédiene (IS) with g = 0.1
(nearly equal to TS). Subsequent cooling would make other structures pos-
sible as their TS 1ine was passed, but these would not form unless their

AG were lower than that for the P and IS structures. For example,
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Figure II-2b shows that at 373°K the P and IS structures are nearly
equally favored, far more so than polystyrene sphéres and cylinders.
A similar process occurs in the equilibrium melt cooling of TR-41-1648
but the transitions occur at much higher temperatures (despite the only
slightly higher total molecular weight). Regardless of the sample, by
mett cooling from a sufficiently high temperature, to temperatures less
than 373°K where the polystyrene chains are immobile (glassy state)
the morphology in the resulting piece would not be one of discrete poly-
styrene domains but rather a combination of lamellae and inverted spheres
or cylinders. |

On the other hand if a film is prepared by solvent casting from a
good solvent at room temperature, the domain structure for both samples
would be discrete domains of polystyrene (cylindrical rods). If the
samples were then annealed at 400°K the sample of K1101 would have passed
through the TS for cylinders of polystyrene, the polystyrene domains would
'melt' out, and a combination of IS, IC and P doamins form due to their
thermodynamic favourability. However, for the sample of TR-41-1648, the
Ts for polystyrene cylinders would not have been passed and so the more
favourable IS, IC and P domains could not form. The maximum annealing
temperature for TR-41-1648, then, is approximately 475°K, should discrete
polystyrene domains be desired.

The observation of Keller, et al. (1970) of a cylindrical morbhology
in extruded plugs of SBS with the cylinders oriented parallel to the éx-

trusion direction should also be noted.
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2. REACTION SCHEME

To effect the surface hydroxylation of styrene-butadiene-styrene
block copolymers, the reaction between preformed peracetic acid and the
residual unsaturation of the polybutadiene block was used (Figure III<3).
Peracetic acid reacted with the double bonds in polybutadiene to form an
epoxide product (Chemical Abstracts name: oxirane) which was not isolated
but cleaved by the acetic acid present in the reaction bath to form the
hydroxyacetate addition product. This acetate was hydrolysed in base
to form the desired 1,2 glycol. (The glycol could then be used in the
heparin coupling scheme.) As noted in section II-4, the precautions
(strict limitations on temperature, reaction time and peracetic acid,
acetic acid and sulphuric acid concentrations) described in many of the
reviews on epoxidat}ons (Swern, 1949, 1953, 1971, Rosowsky, 1964),
necessary for epoxide isolation, were diéregarded. Because of the ab-
sence of olefinic unsaturation, polystyrene is considered unreactive to
epoxidation.

(a) Epoxidation: Mechanism and Kinetics

The kinetics and stereochémistry of epoxidation suggest the presence
of a highly ordered non-ionic transition state in this reaction between
the electrophilic peracid and the nucleophilic dbuble bond. Following
Swern (1971), two transition states are possible. In ngure III;4a the
original 'molecular' mechanism proposed by Bartlett (1950) is shown, in
which oxygen transfer occurs by a concerted intramolecular process via a
spiro transition state; Alternatively, a possible mechanism involving
1,3 dipolar addition to the double bond as the rate determining step (rds)

~is shown in Figure I1I-4b.
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Figure III-4, Mechanisms of epoxidation (Swern, 1961)
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Epoxidation is a second order chemical reaction, first order in
olefin and first order fn peracid. The specific value for the kinetic
constant at a given temperature depends on the structure of the olefin,
the structure'of the peracid and to a lesser extent on the solvent.
Because epoxidation is an electrophilic addition to the double bond
(nucleophile), electron donatihg substituents on the double bond en-
hance the reaction rate and electron withdrawing groups diminish it
(in the absence of steric or resonance stabilization effects)(Swern, 1947):
the converse applies with respect to the effect of substituents in the
peracid. Since peracetic acid was used exclusively in this thesis, the
effect of substituents on the peracid will not be considered further.
Vinyl units in polybutadiene have only one alkyl electron-donating
substituent whereas the cis or trans isomers from 1,4 polymerization have
two a1ky1‘substitutents. Therefore, the cis or trans double bonds, in-
ternal to the polymeric chain, are twenty-five times as reactive in
epoxidation as the vinylic uﬁsaturation, external to the main chain,
(Swern, 1947). (This is important in considering steric hindrance during
the heparin coupling reaction; hydroxylated vinyl groups should be more
reactive here than the more hindered hydroxylated cis or trans isomers.)
In addition it has been reported (Swern, 1947) that cis double bonds are
1.5 times as reactive as trans double bonds. While the difference be-
tween the reactivity of internal and external double bonds in the epoxida-
tion of polybutadiene is generally apparent (Makowski, et al., 1970, Ditt-
man and Hamann, 1971), the difference between cis and trans isomers is
generally not apparent. (The presence of a third alkyl substituent on

the double bonds in polyisoprene makes polyisoprene even more reactive to
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epoxidation than po]ybutédiene.)

The presence of electron withdrawing polar groups, such as alkoxy,
aryloxy, epoxy, corbonyl or ester groups on the carbon o to the double
bond, results in a decreased rate of epoxidation. (The conjugative
electron releasing effect of ether substituents is not efficiently trans-
ferred through the intervenihg carbon atom.) The anomalous effect of a
hydroxyl substituent on the carbon a to the double bond in increasing_
the rate of epoxidation in allyl alcohols is explained by assuming the
presence of specific hydrogen bonding between the hydroxyl group and the
incoming peracid which tends to activate the peracid (Swern, 1971).
Howevér, the presence of these polar substituents in the reacted polybu-
tadiene chain would have no effect on the reactivity of the double bond
in the neighboring reﬁeat unit:due to the damping out of these inductive
effects by the three intervening carbon atoms.

On the other hand, the double bond in vinyl ether structures is ex-
.tremely reactive towards epoxidation because of the conjugative electron
releasing effect of the lone pairs on the ether oxygen. Although the
epoxide would not be recoverable because of the extreme lability of this-
epoxide tovhydrolysis, the hydroxy acetate addition product should be
(Swern, 1971). However, this reactivity is counterbalanced by steric
factors; as a crosslink, the ether oxygen is between two tertiary carbon
atoms which limit the approach of a molecule of peracetic acid (Figure III-9),
and thus reduce the overall rate of reaction. Similar arguments would
probably apply to a double bond substituted with a tetrahydrofuran ring.

Chlorinated solvents and benzene generally provide the highest epoxi-

dation rates; ethers and other more basic solvents provide the lowest,
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although the difference is modest. The interpretation given is that the
more basic solvents hydrogen bond with the peracid. These hydrogen

bonds must be ruptured in order to achieve the required transition state
between olefin and peracid. Acetic acid as a solvent is intermediate:

a relative rate decrease on the order of 30% - 50% for a relatively
reactive olefin (less of an effect for less reactive double bonds)(Swern,
1971).

Configuration is generally retained on epoxidation (Rosowsky, 1964).
Epoxidation of a cis-olefin yields a cis-epoxide and similarly a trans-
olefin yields a trans-epoxide. Exceptions occur in the epoxidation of
altylic alcohols (cis directing effect of hydrogen bonded complex be-
tween hydroxyi and peracid) or when steric or field effects predominate
(substituted cyclohexenes and other alicyclic compounds) (Swern, 1971):

The Arrhenius activation energy for epoxidation was calculated by
Meyer (1970) to be 12 kcal/mole.

(b) Epoxide Cleavage

Epoxides are very susceptible to attack by nucleophilic reagents be-
cause of the considerab]e release of strain energy on cleavage of the
three membered ring. Both water and acetic acid are suitable nucieophi]es.
The acid catalysed cleavage relevant here, proceeds by way of the protonated

oxide H
0+

7\

While there is still somé question with regards to the molecularity of the

HC CH

reaction, the stereochemical evidence is in favour of a bimolecular

(modified A2) mechanism in which the transition state has a great deal of
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“carbonium ion character (Buchanan and Sable, 1972) (Figure III-5). The
transition state is characterized as borderline SN2 or as one in which
bond breaking is more important (i.e. more nearly complete in the transi-
tion state) than bond formation (Rosowsky, 1964). As in epoxidation,
electron-donating substituents (R], Rz) on the epoxide accelerate the re-
action by stabilizing the intermediate 'carbonium' ion.

Epokides are also cleaved under alkaline conditions. However, the
Tower reactivity of the nonprotonated epoxide must be compensated for by
using more basic reagents such as alkoxide ions or ammonia. In the ab-
sence of these reagents, base catalysed cleavage does not occur and so
will not be considered further.

Unless water i; the nucleophilescleavage of assymetric epoxides
demonstrates regioseHectivity (preference for the formaiton of one or the
other positional isomer) depending on the nature of the substituents at-
tached to the epoxide ring. For example, with acetic acid as the nucleo-
phile, mixtures of isomeric 1,2 diol monoesters are obtained on cleavage
of the epoxide. Referring to Figure III-5, if R] is a weakly electron
releasing group such as alkyl and R2 is a hydrogen atom (terminal epoxide),
a considerable proportion of the 'abnormal' isomer A is formed. The alkyl
group is able to stabilize the deve]oping carbonium ion at a vicinal car-
bon atom as ih (a) but will have little effect on the more distant carbon
atom (b). This tends to counteract the steric preference for nucleophilic
attack at the primary carbon atom (Buchanan and Sable, 1972). Therefore,
in terminal epoxides (e.g. epoxides of vinyl double bonds in pblybutadiene)
cleavage by acetic acid results in a significant proportion of primary

alcohols (with acetate esters on the C-2 atom) in addition to the normal
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slow

Figure III-5.

or

(Buchanan and Sable, 1972)

or

Al and A2 mechanisms of epoxide cleavage
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secondary alcohol product.

Acid catalyzed cleavage involves Walden inversion of configuration,
typical of an SNZ displacement and thus results in trans addition. Be-
cause of equally likely back side attacks in cis or trans epoxides (from
olefins like 2-butene or polybutadiene), the trans epoxide results in a
meso diol structure while the cis epoxide results in a mixture of erythro
and threo enanfiomers (Figure III-6). The regioselectivity of assym-
metric epoxides would, of course, affect this stereospecificity.

Acid catalysed cleavage is generally a much faster reaction than
epoxidation aS is exemplified by the already discussed difficulty in
isolating epoxides unless certain precautions are taken. For example, the
kinetic constant for’epoxidation of propylene oxide is 7 x 10'5 litres/
mole-sec. at 25°C (Swern, 1947) while at 0°C the kinetic constant for

-1

epoxide hydrolysis is 3.50 x 10'3sec (Pritchard and Long, 1956).

(c) Acetate Hydrolysis

Hydrolysis of the monoester of the 1,2 diol formed by acetic acid
cleavage of the epoxide can be effected with either basic or acidic cataly-
sis. Both are biomolecular processes involving an addition-elimination
mechanism, with addition of either hydroxide ion directly onto the ester
in basic hydrolysis or water onto the already protonated ester in acidic
hydrolysis. Acyl oxygen fission occurs to give the acid (acid salt) and
alcohol. Base hydrolysis is generally irreversible while acidic hydroly-
sis is not . However, in the presence of an excess of water, acid hydroly-
sis can also be considered to go to completion. Further details of the
mechanism are available in a recent review (Euranto, 1969).

The only additional point that requires menfion is the observed
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neighboring group participation of hydroxyl groups in the alkaline
hydrolysis of the ester bond. Internal solvation of the transition
state for attack of OH™ at the ester carbonyl group is postulated to
account for the more than expected increase in rate of alkaline hydroly-
sis of 2-hydroxy cyclopentyl acetates (Bruice and Fife, 1962).

(d) Epoxide Rearrangements

Thé tendency of ethylene oxides to undergo isomerization to car-
bonyl compounds, thermally or by acid catalysis, is well established
(Rosowsky, 1964). Hydride ion shift rather than migration of alkyl
groups appears to be responsible, resulting in the formation of a ketone
from cis 2,3-epoxy butane, for example.

Epoxide-to-ketone rearrangement is relatively slow at normal epoxi-
dation temperatures ( 40°C) with H2504 catalysis and thus, its effect is
generally not very significant. Nevertheless, this isomerization reaction
has been noted by Greenspan (1964) as a potential side reaction in the
epoxidation of polybutadienes., With more highly‘alkyl substituted epoxides
(more stable carbonium ions), the rearrangement is much less specific and
~results in the formation of a number of other products (in smaller propor-
tions): unsaturated alcohol, aldehyde, dioxane and a shifted epoxide
(Swern, 1971).

More important for the epoxidation of polybutadiene is the potential
rearrangement of epoxide to form substituted tetrahydrofuran rings. For
example, epoxidation of 1inalool and alcohols related to it does not yield
epoxides, but rather hydroxy-tetrahydrofurans and hydroxy-tetrahydropyrans
by intramolecular reaction of the appropri:ately placed hydroxy group with
the epoxy ring (Figure III-7a) (Felix, et al., 1963, Klein, et al., 1964,
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Figure III-7. Cyclization rearrangements of epoxides.
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Mousseron-Canet, et al., 1961, 1966, Mousseron-Canet and Levallois, 1965,
Ohloff, et al., 1964). Additional examples drawn from the carbohydrate
field can be found in the review of Buchanan and Sable (1972).

Because the epoxide ring can be introduced from either side of the
double bond, pairs of isomeric tetrahydropyrans and tetrahydrofurans are
formed (i.e. four products). The tetrahydrofuran alcohols are the princi-
pal products in the 'spontaneous'’ rearrangementAof epoxidized dimethyl
heptenol, while the tetrahydropyran alcohol isomers are more favourably
produced in the acid catalysed cyclization, due to the increased tendency
for epoxide ring scission at the tertiary carbon atom under acidic conci-
tions (Mousseron-Canet, et al., 1966).

Of particular interest to this thesis are the cyclization-rearrange-
ments reported by Ohloff, et al., (1964), and shown in Figure III-7b. The
epoxides were prepared by peracetic acid epoxidation of the related ter-
penes (farnesol, nerolidol). The resulting mixture of stererisomers
(termed Nerolidoloxide by Ohloff) were produced in greatér than 90% yield
with other compounds in much smaller amounts (tetrahydropyran structures?).

While these ether formations involved isoprenoid derivatives (ter-
penes) exclusively, a similar rearrangement has been noted in the anionic
polymerization of 1,2 - 5,6 diepoxyhexane (terminal epoxides) to form
tetrahydrofuran structures (not tetrahydropyran rings) in the polymeric
chain [-CH2 -[;;]-CHZ-O-]. as determined by NMR (Bauer, 1967). There-
fore, there is no a priori reason why similar reactions do not occur in the
epoxidation of polybutadienes, where the absence of tertiary carbon atoms
in the epoxide ring would result in the preparation of tetrahydrofuran

products in larger proportion than tetrahydropyran rings, as in the ‘spon-
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taneous' rearrangement described above.

This reaction has already been considered by Dittmann and Hamann
(1972) to account for the low value of the degree of epoxidation, deter-
mined by HBr titration, of polybutadiene epoxides. Because both epoxida-
tion and the subsequent cyclization are random processes, statistical

vca]cu]ations are necessary to determine the true effect of cyclization.
In a homopolymer, for example, 13.5% of the repeat units should fail to
cyclize owing to isolation between already reacted pairs of units (Flory,
1953a). By performing similar calculations, Dittman and Hamann (1972)
were able to account for the sometimes major discrepancy between..chemical
and physical epoxide numbers.

However, there is still some uncertainty in the nature of the groups
prepared by cyclization of the epoxide. Firstly, tetrahydropyran (or
larger) ring structures may be the end product of these cyclizations. The
NMR work of Bauer (1967), the absence of tertiary carbon atoms in the epox-
ides and the general stability of five membered rings makes the formation
of six (or higher) membered rings unlikely, in thé rearrangement of epox-
idized polybutadiene. Secondly, the rearrangements described by Ohloff,
et al., (1964) did not involve a net increase in the number of moles of
oxygen whereas those considered by Dittman and Hamann (1972) incorporated
a molecule of water in the rearranged product. It is also conceivable that
a mole of water could be released in a dehydration reaction during cycli-
zation. The possible structures are shown in Figure III-8a. Both cis and
trans isomers of each of these structures would be expected. Finally, the
statistical process of cyclization in polymers suggests the presence, in

the chain, of short sequences of tetrahydrofuran rings terminated by the
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Figure III-8., Possible products of intramolecular cyclization of epoxides.
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same substituents shown in Figure III-8a. A tetrahydrofuran diad is
shown in Figure III8b. The implications of these various structures on
the interpretation of the IR spectra of hydroxylated SBS copolymers is
discussed in section IV-4c.

It is also possible that a very similar rearrangement would take
place intermolecularly. The intermolecular process would involve simul-
taneous cleavage of two epoxides on two separate chains in a mechanism
similar to the intramolecular one (Figure III-8). As a result, ether
bonds would form to join the two chains (cross-1ink) with formation of
hydroxyl groups or unsaturation in the chain a to the ether (Figure III-9).
In addition, dimerization could take place to form an intermolecular di-
oxane structure.

This intermolecular rearrangement is, in some respects, similar to
the well known cationic polymérization of epoxides catalysed by Lewis
acids (Ishii and Sakai, 1969) or by acetic acid (Lebedev and Gus'kov, 1963).
A second epoxide ring acts as a nucleophile to open an epoxide ring which
has been sensitized to cleavage by the Lewis acid (or acetic acid), in a
mechanism similar to the modified A2 nucleophilic cleavage of a protonated
epoxide (section III-2c). The end result of this polymerization, in poly-
butadiene epoxides, would also be intermolecular ethers, identical to those
shown in Figure III-9, since termination of the growing species would
readily occur in the presence of water (more reactive nucleophile) or in
the solid phase with the limited availability of other epoxide groups.

Another type of epoxide rearrangement is 'epoxide migration' under
alkaline conditions (Buchanan and Sable, 1972). Since it appears that

this rearrangement involves a hydroxyl group on the carbon a to the epoxide,



=76~

(o)
R, R = H, OH
R. =R_ = OH /
1 2 \ R
R =H, R, = OH
® ®
R = H, OH

Figure III-9. Intermolecular acyclic ethers by epoxide rearrangement
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(a structure not normally present in polybutadiene epoxides), it will
not be discussed further.

(e) Additional Side Reactions

Cis/trans isomerization of alkenes is also a well known reaction
that may take place under a number of conditions: thermally, acid catalysed
(e.g. phosphoric acid) or base catalysed (NaOH with mild heating). (It
is generally recognized that for many of the modes of exchange the trans
isomer is the more thermodynamically favourable one (Mackenzie, 1964).)
While there has been no report of true cis/trans isomerization taking
place during epoxide reactions, highly substituted epoxides may rearrange
under some circumstances to form unsaturated alcohols as discussed above
(Swern, 1971). This, nevertheless, should be considered a conceivable
side reaction in pofybutadiene epoxidation, which might take place either
directly from double bond isomer to isomer or through dehydration of a
(protonated) epoxide.

A number of other side reactions may occur in the preparation of sur-
face hydroxylated SBS block copolymers. Among these may be free radical
oxidation with the formation of peroxides, lactonization from carbonyl-
epoxide reactions, oxetane formation, acyclic ether rearrangements, acetal
formation, or direct nucleophilic attack of hydroxide ions onto the double
bonds, etc. Except for free radical oxidation, all the other possibilities
are highly unlikely or insignificant considering the polymer structure
and the conditions of the hydroxylation reaction. Ih the absence of infor-
mation to the contrary, these reactions are not considered further. Free
radical oxidation and the formation of peroxides, however, is a conceivable

process and the question of the presence of peroxides in surface reacted
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SBS copolymers will be discussed further in section V-2a.

3.  INFRARED SPECTROSCOPY

The use of infrared spectroscopy for qualitative and quantitative
analysis in organic chemistry, and especially for polymers, is well eé-
tablished (Henniker, 1967). Infrared vibrational spectra occur when the
absorption of radiant energy produces changes in'the‘energy of molecular
vibration; namely, a transition between two of the discrete energy levels
of the molecule. While the number of normal modes of vibration of a par-
ticular molecule depends on the structure of that molecule, the frequency
of each vibration (i.e. the frequency of light required to cause a transi-
tion) for a certain chemical bond depends mainly on the masses of the atoms
joined by the bond and the valence force between them and only to a very
small extent by the molecular environment. This is the theoretical justi-
fication for the empirical interpretation of IR spectra based on group
frequency correlations (Bellamy, 1958). The validity of group frequency
correlations and the comparisons with spectra of model compounds were the
basis of the qualitative analysis of the spectra of hydroxy]afed SBS co-
polymers (see section IV-4 and Appendix 1). '

The quantitative application of absorption spectrometry depends on

the use of the simple Lambert-Beer law:

' T0 .
A = Tlogiolt| = abc (111I-1)
where A = absorbance
T0 = (apparent) intensity of incident radiation
T = (apparent) intensity of transmitted radiation
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a = absorptivity (extinction coefficient)(cmz/m01e)
¢ = concentration of absorbing material in sample
(mo]es/cm3)

b = path length of radiation within sample (cm)

According to the nomenclature of Ramsay (1952), TO, T. and a are
apparent quantities due to the use of finite slit widths and a is an ex-
tinctfon coefficient rather than absorptivity (both terms are used inter-
changeably here). Because corrections were not made for reflection losses
and base line procedures were used in both sample and calibration spectra,
T and T0 were equated with the transmittance at the peak and the transmit-
tance at the base line, respectively.

The absorptivity of a peak in an infrared spectra defines the inten-
sity of absorption of radiation at thaf frequency. The intensity of a vi-
bration depends on the polar nature of valence bonds and, in fact, can be
considered to be the rate of change of dipole moment along the vibration
axis. While a more sophisticated unit of absorption is obtained when the
spectral width of the peak is taken into consideration, the interfering
absorptions of neighboring peaks makes the use of this integrated absorp-
tion intensity impractical. Only for the OH stretching peak near 3450 cm’]
was this practical (and, in fact, necessary; see section IV-4d(ii)) (Ramsay,

1952):

Coo ] To
a' = pr j]ogm‘—T—dv

T 1 '
7 Bc ° 1990 (‘T‘) Vmax" 2 V172 (111-2)
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where a' = (apparent) integrated absorption intensity (cm/mole)
v = frequency (wavenumber) (cm'])
Vinax =  frequency of peak maximum
Av]/z half-absorbance peak width

Despite the difference in units, this integrated absorption intensity was
consistently used along with the extinction coefficients defined so1e1y
by the peak heights. Obviously the larger the absorptivity, the better
the precision of the quantitative analysis.

The Lambert-Beer Taw is extended to a multicomponent system (at a
single frequency v) by simply adding on additional terms, one for each
component present in the mixture:

v v Vv v v mv

A = ajbey + a2bc2 + a3bc3 tetctabe, = b § a:c. (III-3)
where m is the number of components present. This equation is set up at
m frequencies characteristic of the components in the sample and the re-
sulting set of m equations in m unknowns is solved (if the absorptivities
and path length are known) to determine the values of the m concentrations.
The frequencies chosen for the analysis are those at which just one of the
components absorbs strongly with only minor interfering absorptions of :re
other components; i.e., that set of frequencies which maximizes the abso-
lute value of the determinant of the absorptivity coefficients of the m
linear equations.

In order to improve the precision of the multicomponent analytical
scheme, an over determined system of equations is used and a least squares

solution determined by standard techniques (Clifford, 1973). Herschberg
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and Sixma (1962) and Bauman (1959) have discussed the applicability of
over-determined systems in absorption spectroscopy.

Using matrix notation, the set of n linear equations in m unknowns
corresponding to the Lambert-Beer law written at n frequencies for m

components (n > m) is:

A = abC (I11-4)
where A = vector of absorbances; length, n
a = matrix of absorptivities; dimension, n. m
b = path length
C = vector of concentrations; length, m
n = number of frequencies in over-determined system (n > m)
m = number of components in sample
Defining Xi = bci, Xi is the area concentration of component i in the

sample (mo]es/cmz), equation III-4 is rewritten:
A = aX (I11-4")

where X is the vector of area concentrations.
The least squares solution toEquation III-4' is obtained by minimizing
the sum of squared residuals. The resulting average values for the Xi’

<X> in vector notation, are defined by:

% = (a'a)TalA (111-5)

~
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(T denotes transpose; -1 denotes inverse.) The residuals which were

minimized to obtain Equation III-5 are defined by:

n
v AV - 5 oa.<X.> (111-6)

-
it

or L = A-ap (I11-6")

in vector notation.

That this is a plausible approach may be illustrated by application
of a theorem of Jacobi: the Teast squares solution <X> equals the one
obtained by taking a weighted mean of the solutions of all combinations
of m equations that can be selected from the n rows of (ﬁ,, 2), weights
being allotted proportionally to the square of the determinant of the
coefficients of each combination; that is, proportionally to the relia-
bility of each solution by the criterion mentioned before (Herschberg
and Sixma, 1962).

Herschberg and Sixam (1962) have pointed out that the validity of the
least squares solution (Equation III-5) assumes an independently known a.
However, they also demonstrated that the more formally correct solution
(since coefficients of a are subject to the same measurement errors) is not
significantly different from this least squares solution.

The <Xi> values were converted in this thesis into true "concentrations'
(independent of spectrum sample size) using polystyrene (phenyl group) as an

internal standard:

<Xi> N

F. = ‘ (II1-7)
! phenyl
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where Fiis the number of moles of component i per 100 moles of unsatura-
tion present in the original sample before reaction, and N is the ratio
of moles of phenyl groups to 100 moles of unsaturation in fhe copolymer
(here, N = 19.89).

The standard error of the estimate o can be easily calculated to be:

-
I T L S
o m\ﬂi] E \/'* e

The standard error of estimate is then utilized to calculate Ei’ the stan-

dard deviation of each value of the area concentration <X;>, due solely

to the regression:

o= ofta’a)"! | - (111-9)

in matrix notation (Clifford, 1973). The error calculations are discussed
fully in Appendix 1-C.

Because of the complexities of the spectra which were analysed in
this thesis, the scheme developed here must be considered to be a model
fitting procedure rather than a strict analytical method. The complexities
generally are the result of uncertainties in the spectral assignments and
due to the unavailability of proper model compounds for the calibration
of the quantitative analysis procedure. This is discussed further in the
experimental section (IV-4d(ii)), while the errors inherent in the use of
the Lambert-Beer law and other aspects of the procedure are discussed in

section V-6,



4, DIFFUSION AND RELATED PHENOMENA

The problem central to the hydroxylation of SBS copolymers in the
solid phase is one of diffusion with simﬁ]taneous chemical reaction of
peracetic acid through the solid copolymer. While a number of solutions
already exist to various forms of this problem (Crank, 1956, Danckwerts,
1970) the particular problem relevant to this thesis is complicated by
the simultaneous occurrence of swelling in the polymer, which in turn is
dependent on the actual size of the polymer piece (e.g.,film thickness).

A few other investigators have considered diffusional effects in
second order chemical reactions on (or in) polymers: Hermans (1947)
studied the reaction between thiosulphate ions and iodine immobilized in
gelatin while Kemp and Paul (1947) analysed gas sorption in polymer mem-
branes which contain adsorptive fillers. O0dian and Kruse (1969) studied
diffusion effects in radiation induced graft polymerization but since
saturation of the reactive sites in the polymer does not occur, their
mathematical solutions are not applicable here. (Rogers, et al., (1968)
used these diffusion effects to prepare assymmetric membranes.) Goddard,
et al., (1970) considered a reversible second order reaction, near equi-
librium in their analysis of facilitated transport in membranes. In addi-
tion, the work of Reese and Ewing (1950), Katz, et al., (1950), Zimmerman
(1960) and Barker (1962) are related.

(a) Diffusion Equations

The diffusion problem relevant to this thesis.can be described as fol-
lows: unidirectional diffusion of peracetic acid through a film of SBS
copolymer of finite thickness (and effectively infinite area), containing

25 vol. % polystyrene in isolated impermeable domains, with simultaneous
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irreversible chemical reaction of the peracetic acid and the polymer
(polybutadiene block only). Water, acetic acid and sulphuric acid are
also diffusing into the polymer causing various epoxide cleavage and
rearrangement reactions (see Figure III-10 for a description of the

coordinate system).

—X
— A =

il b '
-f P

Figure III-10. Coordinate system for diffusion equations.

The occurence of reaction near the surface of the polymer film
necessitates the use of avmodified equation for diffusion in one dimen-
sion. The activity coefficient approach of Petropolous and Roussis
(1967 a, b, 1968, 1969 a, b, c, d) is preferred to an alternative
irreversible thermodynamic approach (Frisch, et al., 1969; Wang, et al.,

1969), set up to account for time dependent anomalies in diffusion
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through glassy polymers. (Unfortunately Petropolous and Roussis evaluated
the problem of a distance dependent solubility in terms of time-lag quan-
tities only, which are of no value here.)

Instead of writing the standard equation for diffusion in one dimen-
sion in terms of concentration of the penetrant (Equation 8.6 of Crank,
1956), Petropolous and Roussis used the thermodynamic diffusivity and a
solubility coefficient and by starting from the diffusion equation with
chemical potential of penetrant as the driving force, obtained a modified

equation. This equation is rewritten for our system:

5 5 [T 8a;(x,t)
3T (Si(ai,x,t)-ai(x,t)) = Pi(ai’x’t)—-_iﬁf"“ - R, (I11-10)
where ai(x,t) = activity of penetrant i in polymer
Si(ai,x,t) = quasi-thermodynamic solubility of penetrant i
in polymer
= ¢4/3
ci(x,t) = concentration of penetrant i
PI(ai,x,t) = thermodynamic permeability of i in polymer
_ nl
D¥(ai,x,t) = thermodynamic diffusivity of i in polymer
Ri = rate of disappearance of penetrant i due to reac-
tion
x = coordinate in diffusion direction

t = time
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The boundary conditions are:

t =0, all x, a; =0,

all t, x=10 a; ;a§§ = C3/5(a$, 0, t) (111-11)
all t, x =2 =1 =0
where a? = activity of penetrant i at the surface of the polymer
= activity of component i in the bulk fluid, if no re-
sistance to mass transfer in bulk fluid
C? = surface concentration of penetrant i

i
The diffusion of peracetic acid (Cp), acetic acid (Ca) and water

(Cw) are all described by Equation III-10 but with different expression

for Ri:
oC
"~ (5%2) epoxidation - KpCplu (111-12a)
aca
Ra - \5t cleavage B kaCaCe - kpCpCu (IT1-12b)
an
RW ~ \38t) cleavage B kawCe (I1I-12¢)

The relevant boundary conditions are:

= 0
t =0, all x, Cu Cu s

C

H
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Equation III-12a defines the rate of disappearance of peracetic acid due

to epoxidation Rp in terms of the kinetic constant for epoxidation, kp,
and the concentrations of peracid, Cp, and double bonds, Cu‘ Equation

1II-12b defines the rate of disappearance of acetic acid, Ra’ due to
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cleavage of the epoxide (first term on right hand side) less the rate
of appearance from the epoxidation step (second term) (ka = the kinetic
constant of acetic acid cleavage, Ca = the concentration of acetic acid,
and Ce = concentration of epoxide groups). Similarly, Equation III-12c
defines the rate of disappearance of water, Rw, due to cleavage of the
epoxide in terms of kw’ the kinetic constant for hydrolysis of the epox-
ide and Cw, the concentration of water in the polymer. The concentrations
of each penetrant are related to the activities through Si'

The proper form for each of the defining equations for Ri should
be a sum of terms reflecting the fact that some of the functional grdups
on the polymer react at different rates (e.g. epoxidation of cis, trans
and vinyl double bonds). This is unnecessary in practice, if the differ-
) or if

= 0).

ences between the rates are negligible (e.g. kp-cis > kp-trans

some of the groups can be considered unreactive (e.g. kp—viny]
C (e.q., Cu) is then redefined as the concentration of reactive groups.

In addition, no account has been taken of the various side reactions
(rearrangements) that can take place (section III-2d). These generally

do not involve diffusing species but do, however, reduce the number of
moles of epoxide that can react with species that are diffusing (lowered
Ce in Equations III-12). It is implicitly assumed in Equations III-12
that the concentration of sulphuric acid in the polymer is beyond the
threshold level required for it to act as a catalyst in the acid catalysed
cleavage reactions. The presence of pH (or concentration of sulphuric
acid) dependence in any of the relevant rates of reaction would neces-

sitate the presence of a fourth equation of the form of III-10 for pro-

ton (sulphuric acid) diffusion with additional terms required if there
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were electrostatic forces involved in the diffusion process.

The sdlubi]ity Si(ai,x,t) reflects the degree of interaction (mix-
ing) attainable at equilibrium between the polymer at x and penetrant i,
at time t. The more compatible the penetrant and the polymer, the lar-
ger is the value of S. Since the polymer reacts and thus changes its
chemical structure, its compatibility with the penetrant, as reflected in
Si’ changes with reaction, which in turn, changes the diffusion process.
Since the penetrants of relevance are polar and the polymer is converted
from a hydrophobic rubber to a hydrophilic material, Si génera]]y increases
on epoxidation for all penetrants. However, the cleavage of the epoxide
to hydroxy-acetate groups or 1,2 diols would conceivably change Si in dif-
ferent directions for the different penetrants. S1 would then be a com-
plex function of the composition of the po]ymer;

Si is an equilibrium quantity relating the concentration of penetrant
i (related to the volume fraction) in the-polymer to the chemical potential
of component i in the polymer. It would then be of the form of the Flory-
Huggins equation but extended to a multicomponent system (three low molecu-
lar weight components and each of the different polymeric functional groups
possible) with a suitable correction for the elastic component of the free
energy, (considering the presence of entanglements, discrete domains and
stress transfer--see below) (Flory, 1953 b). While certain valid simpli-
fications can be made (e.g., defining a single average polymer composition),
an ‘algebraic expressionfor Siin terms of more fundamental variables (x fac-
tors), is not available. It should be noted that, since the pair interac-
tion parameters for the penetrants are negligible, the dependence of Si on

aj, the activities of the other penetrants, can be ignored in practice
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(except, of course, for volumetric considerations).

Since the relationship between activity and concentration (or vol-
ume fraction) has a contribution from the elastic free energy, it is
affected by any stress transfer processes which acts to reduce the
elastic free energy. Swelling occurs near the subface of the reacted
polymer which, if isotropic, would be governed by the equations de-
scribed by Flory (1953 b). However, the presence of a non-swelling
core in the elastic network causes a reduction in the level of stress
that is causing swelling to occur and hence, a reduction in the amount
of swelling and the penetrant uptake. In addition anisotropies would
probably be introduced: swelling being unrestrained in the x direction
but highly restrained in the yz plane (the plane of the film). This
stress transfer process, which is dependent on the size of the non-
swelling core (or the thickness of the film), and leads to a reduction
in surface swelling has been observed in-the diffusion of various organic
liquids through natural rubber (Southern and Thomas, 1965), the sorption
of water by keratin (Feughelman, 1959) and the diffusion of methylene
chloride in polystyrene of various thicknesses (Park, 1953).

Crank (1953) developed a model with which he was able to explain
Park's (1953) observations of thickness dependent diffusion (more pene-
trant in thinner films than in thicker films). While Crank interpreted,
what he termed 'strain-dependent diffusion', purely in terms of an effect
on the diffusivity, (by ignoring changes in surface concentration) his
model for stress trnasfer is equally applicable to effects on solubility
as well as diffusivity. Crank expected that the inner non-swollen part

of the sheet would exert a compressive force on the outer swelling region,
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>

Figure III-11: Model for strain-dependent diffusion (Crank, 1953).

causing swelling to be mainly along the direction of diffusion. At the
same time, the swollen regions would exert on the unattacked region
forces which tend to extend it and to increase the area of the sheet.

As diffusion proceeds into the sheet, the thickness of the unattacked
region decreases and the sheet increases in area as the compressive
forces are relieved (in addition to the swelling occurring continuously
in the x direction) (Figure III-11). By assuming that the area is con-
stant throughout its thickness (rectangular section), using Crank's mo-

del, we can derive:

E b
1+ O/Em (ﬁi'- 1)

A = A A | (I11-13)

13
0 b .
RS LRt Y vy
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where A

An

area of sheet during diffusion process

area of sheet in the absence of stress and at

equilibrium with penetrant
Ad = 1Jnitial area of dry sheet
b = thickness of sheet
X = depth of penetration of swelling agent(s)
= depth of penetration of reaction
0° E = Young's moduli of unswollen and swollen zones,

respectively

Am/A0 is the increase in area in a stress-free sheet, isotropically swol-
len at equilibrium, and so is equal to (Vm/V0)2/3, where Vm’ V0 are the
volumes of swollen and unswollen polymer, respectively. Thus Am/AO re-
flects the nature of the thermodynamic interaction between penetrant(s)
and polymer, To demonstrate the effect of penetrant polymer compatibili-
ty on stress modified swelling, Figure III-12 shows curves of A/Am ver-
sus g%-, with Am/AO as a parameter. The time dependence of this pro-
cess is implicit in the time dependence of the depth of penetration, A;
for Crank the time dependence arose from simple diffusion, while in this
work it arises from the simultaneous processes of diffusion and chemical
reaction.

Crank used this version of Equation III-13 to derive expressions re-
lating the strain-dependent diffusivity to the stress=free diffusivity.
He assumed that a compressive force decreases the diffusion coefficient

below that for an unstressed material and vice versa for an extensive

force, or in mathematical terms:
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transfer according to Equation III-13.
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J

m
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(I11-13)
SA

0 0
(]'l'UO—A_O')

diffusivities in swollen and unswollen regions,
respectively, when the area = A

diffusivity in swollen region and unswollen regions,
respectively, in the absence of stress

AL - A

A, -A

"mean compression in swollen region

0 mean extension in unswollen region
coefficients relating the effect of compression or
extension, respectively, on the relevant stress

free coefficients.

relatively high diffusivities, Mo Mo would probably

the effect of strain on diffusivity would be small.

However the volume effect implicit in D™ and D0 would be significant

even in an elastomer and must be considered. This effect is identical

to the concentration dependence of diffusivities due to swelling or plas-

ticization, observed in the diffusion of 'good' solvents through poly-

mers, e.g., water in polyvinyl alcohol (Crank and Park, 1969).

Similar equations can also be written to express a strain dependence

of solubility:

1 m
- <0
S_I - S_i

(I11-14)



-95.

where S}, S% solubilities of penetrant i in swollen and un4

swollen regions, respectively when the area is A

m
Si’ S? = solubilities in swollen and unswollen regions,
respectively, in the absence of stress
Yo Yo coefficients relating the effect of compression

or extension, respectively, on the relevant stress-
free solubilities
Unlike the diffusivities, the effect of strain on so]ubi]ity in an elas-

tomer could conceivably be quite significant.

It should be noted that in Equation III-11, Si and DE are expressed
as functions of activity, time, and location. the effect of strain de-
pendence necessitates the inclusion of another variable; namely, the film
thickness, b. Hence S; = S, (ai, X, t, b) and D¥ (ai, X, t, b). Sim-
plifications can be made, of course, to reduce the number of variables
that need to be considered.

The presence of impermeable discrete domains in an SBS copolymer
necessitates the use of a correction to a diffusivity that is measured in
a polybutadiene, in the absence of impermeable heterogeneities. This
correction arises from the increased diffusion path (increased tortuosity)
and would be on the order of .58 (DSBS = .58 DPB) in an SBS copolymer
containing 25% by volume spherical or parallel cylindrical polystyrene
domains in a cubic lattice oriented normal to the diffusion direction
(Barrer, 1968). For a lattice of rods oriented parallel to the diffusion
direction, the correction would be on the order of .45. Thus, it is ap-
parent that the correction would be significant if diffusivities were

used that had been measured in a homogeneous material, but these correc-
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tions are not that sensitive to small changes in morphology. There-
fore, for samples of a single SBS copolymer prepared under nearly
_1dent1ca1 conditions, slight variations in those conditions would have
but a minimal effect on the diffusion process and hence only a minimal
effect on the surface hydroxylation process. (Obviously, the application
of diffusion measurements from one SBS copolymer to a second with dif-
ferent morphology, would be subject to a significant correction.)

_In addition, the strict solution of Equation III-11 requires con-
sideration of a moving boundary, since sweiling in the x direction would
increase the thickness of the film throughout the diffusion process.

By solving Equation III-11 using Ri’ defined in III-12a with the
proper relations for Di and Si’ the concentration profile of reacted double
bonds (which is equal to the number of epoxide groups added without cleavage
or rearrangement) can be determined. Analyses of just these concentration
profiles, as a function of time would yield the true time course of epoxi-
dation (polymer reaction). However, if informaiton is needed on the pro-
duct distribution during surface reaction, all three equations of the
form of III-11 (using Ri's of Equation III-12) must be solved simultaneously.

(b) Related Solutions

Because of the complexities of the system, no attempt was made, in
this thesis, to solve the equations developed in the last section. Never-
theless, solutions to certain limiting cases have been‘considered by others
in the literature, and those relevant to the problem of chemical reaction
on polymers are discussed here.

In these related situations, in which diffusion with simultaneous

chemical reactions are treated, D and S are generally considered constant



-97-

and the governing equation is Equation 8.6 of Crank (1956). Then in
our nomenclature if both}the diffusivity and solubility are constant,

Equation III-11 with Equation III-12a reduces to:

aC 3cC .
P - - -
T D, —a—;% keCply (I11-15)

with boundary conditions:

X = 0, allt, Cp = Cp = S C
= = = 0
oC
= b P =

where S' is a Henry's law solubility coefficient (partition coefficient).

Unfortunately the various exact numerical solutions to this equation
‘as discussed by Danckwerts (1970) were presented in terms of enhanced
mass transfer coefficients, rather than as concentration profiles which
would be of interest here. Lebedev (1965), for a semi-infinite cylinder
and Petropoulos and Roussis (1969 d) for a semi-infinite slab, also solved
Equation III-15 by numerical methods for reaction of a mobile penetrant
with an immobile polymer. Unfortunately, both groups were concerned with
interpreting the observed dimensionless effective time scale of the pro-
cess in terms of the dimensionless reaction and uptake halftimes, in or-
der to determine from permeation measurements, the true rate limiting
process and the order of the chemical reaction. Their published results
are thus of little value.

Lebedev, however, did include plots of the mean concentration (aver-
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age over cylinder cross section) of the polymer reactive sites

Cu/CS , as a function of a dimensionless time T = 9%- (R =
R
cylinder radius). He showed that independent of the dimensionless

S$.2
ratio between diffusivity and the kinetic constant (a = kCEC )
. D ] L]

and independent of the ratio between initial concentration of reac-
tive sites on the 801ymer and the surface concentration of reacting
permeaht (B = E%-) » the decrease of culcg with T can be satis-
factorily described by an exponential function. In other words, in-
dependent of whether the reaction/diffusion process is subject to reac-
tion or diffusion control, the ingrease with time of the total number
of functional groups formed by reaction, in a cylinder of a given
radius, can be described by an exponential process. Therefore, from
just the observation of an exponential increase in extent of reaction
with time, it is impossible to recognize the rate determining process.
It seems Tikely that this observation is valid, regardless of the geome-
try of the system, or the presence of stress transfer processes which
modify the diffusion rate, or more generally, whether ‘the diffusivity
is a constant or not. For éxamp]e, in a kinetic limited permeation,
variations in D are irrelevant and thus, the ultimate behaviour would
still appear exponential.

Hermans (1947) noted that in the diffusion of thiosulphate ions
through gels containing immobilised iodine, a sharp boundary line separ-
ates the thiosulphate from the rest of the gel which proceeds to move
further into the gel with time. Similar sharp boundaries have been

noted in the decoloration of irradiated polymers in contact with oxy-
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gen (oxygen is a free radical scavenger) (Zimmerman, 1960, Barker, 1962).
In order to account for his observations, Hermans considered dif-
fusion into a semi-infinite slab coupled with a very rapid chemical
reaction that consumed the penetrant but had a limited capacity for it,
Because of this very rapid chemical reaction, the concentration gradient
of diffusing species is very sharp (the larger the kinetic constant,
the steeper the gradient) and Cu is practically zero in all points which
have been reacted by the diffusing molecules. Hermans assumed that at
any point x, all sites have reacted, or none. The permeant, therefore,

only exists in the region whére all sites have reacted. Figure III-13

P |
v Cu

Q) —»

unreacted

X —b
Figure III-13. Hermans' (1947) model of diffusion with simultaneous
chemical reaction.
gives a diagrammatic representation of the concentration profiles.
Then, in advance of the diffusion front, x > A, Cu = CS, whereas
behind the front, x < A, Cu = 0 and Cp(x) > 0. For this simplified

1imiting case /é is a constant or, in other words, the diffusion front
T ‘
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moves at a rate in proportion to V/t. The proportionality constant
depends on the value of the boundary conditions and the diffusion and
kinetic constants. It is expected that in the real case, where the
reaction rate is comparable with the diffusion rate, the diffusion
boundary becomesrmore curved but still moves, to a reasbnab]e approxi-
mation, at a rate proportional to the square root of time.

Barker (1962) and Zimmerman (1960) developed expressions similar
to those of Hermans for the oxygen decoloration problem but with addi-
tional assumptions. Kemp and Paul (1974) solved a similar problem
in their study of gas sorption in membranes containing adsorptive fil-
lers.

Similarly in the diffusion through a polymer (without reaction) of
a penetrant which causes 1océl swelling of the polymer, a relatively
sharp border has been observed between the swollen and unswollen regions
(Hartley, 1949). After a certain concentration of penetrant C* is
reacted, the network starts to swell with the}fina1 swollen concentration
C, being attained in a relatively short time. The diffusivity in the un-
swollen sample increases by some orders of magnitude in the swollen
region. As a consequence, the concentration is nearly constant, Cy in
the swollen section, behind the advancing front, drops to C* in a rather
narrow transition region and shows a diffusion type dependence in time
and space in front of this layer. The larger the diffusivity in this
swollen region, the steeper is the moving boundary. Crank (1956) has
calculated that this boundary should move at a rate proportional to vt,
confirming the observation of Hartley (1949). However, Peterlin (1965)

has recently reported the observation of a boundary moving at constant
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velocity (i.e. proportional to t), in‘the swelling of crosslinked
polystyrene. Perhaps, similar to Hartley's (1949) observation of a
boundary moving with constant velocity in certain oriented samples
(diffusion parallel to molecules) and considering the form of Crank's
model for strain dependent diffusion (1953) (see last section), the
presence of a boundary moving at a rate not proportional to v/t can
be considered evidence of other mechanisms affecting the diffusion pro-
cess.

In addition, other limiting cases have been considered. Reese
and Eyring (1950) and Katz, et al., (1950) neglected the reaction rate
term (kaCu) in Equation III-15, by assuming that the number of reactive
sites on the polymer were much less than the number of diffusing mole-
cules. This solution is identical to the instantaneous reaction solution
that is used to model the dyeing of textiles by reactive dyes (Peters,
1968). With an instantaneous reaction in the polymer, the diffusion
equation reduces to the simple one-dimensional expression of Fick's
second law for which the error-function solution is well known (Crank,

1956).
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Iv. EXPERIMENTAL

Experimental work was principally directed toward thg determination
of and quantitative evaluation of the content of hydroxyl and other chem-
ical groups in films of the copolymer as a function of time, temperature,
composition of the reaction bath, and film thickness. In addition the
depth of penetration of the surface hydroxylation process was estimated
by comparing the weights of unreacted and reacted material in these films.
Additional experiments were also performed for specific characterization

purposes,

1.  MATERIALS

A11 experiments were performed using experimental styrene-butadiene-
styrene block copolymer TR-41-2443 which contains 27.7% by weight polysty-
rene and was graciously supplied by Dr. T.L. Keelen of the Shell Chemical
Company, Torrance, California. The properties of the copolymer (as de-
termined by Shell) are described in Table IV-1.

The copolymer as supplied contains 0.2% antioxidant which was re-
moved. (unless otherwise noted) by fractional precipitation in methanol
(Keelen, 1972).

Preformed 40% peracetic acid (FMC Corp., Inorganic Chemicals Divi-
sion, Buffalo, New York) was used in all hydroxylations. Its composition
is listed in Table IV-2.

Reagent grade solvents were used exclusively.

2.  SURFACE HYDROXYLATION PROCEDURE

Films of SBS (Shell Experiemntal Block Copolymer TR-41-2443, see
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Table IV-1

Characterization of SBS TR-41-2443

(Keelen, 1972)

Block Molecular Weights
16,000 - 85,000 - 17,000
Composition
Polystyrene 27.7 wt. % (25.1 vol. %)
Triblock 100 %
Polybutadiene Microstructure
cis 1,4 40%
trans 1,4 49%
1,2 11%
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Table IV-2

40% Peracetic Acid, Composition, wt. %

(FMC)

Peracetic Acid 41.3%

Hydrogen Peroxide 5.1%

Acetic Acid 39.3%
Sulfuric Acid 1.0%
Water (free) 13.3%

Total Active

Oxygen 11.05%
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Table IV-1), solvent cast on mercury, were suspended in a flask in a
reaction medium composed of peracetic acid (FMC, 40% peracetic acid),

1% H250 and varying amounts of acetic acid and water, all maintained at

4
a fixed temperature (30°-45°C); After sufficient time had elapsed the
films were removed from the bath, washed free of acid and then, the ace-
tate groups were hydrolyzed in approximately 2N KOH in a separate bath.
the films were dried between microfiber glass disks under the pressure of
binder clips and then in vacuum. Additional details to those presented
in the following sections can be found in the theses of Grauer (1973) and

Traut (1973).

(a) Film Preparation

The films were cast from benzene solution onto previously cleaned
mercury within polyethylene retaining rings (.090" thick, 2.25" 0D, 1.75"
ID). The filmswere allowed to dry overnight by evaporation within a par-
tial benzene atmosphere created by the simultaneous evaporation of beakers
of benzene placed alongside the drying films. The mercury and the beakers
of benzene were all placed inside a partly closed container inside of a
fumehood with a very low draft. This care was taken to obtain uniform
films and to minimize the kinetic (polystyrene mobility) limitation to
obtaining films with the fully developed thermodynamic morphology (dis-
crete polystyrene domains in polybutadiene continuum) (Hoffman, et al.,
1971, Lewis and Price, 1971, 1972). Films varying in thickness were pre-
pared by varying the concentration and volume of benzene solution used.
Contrary to fhe observations of Krigbaum, et al. (1973), Bénard cells
(anisotropies due to convection currents set up during evaporative drying

of films) were never observed in the cast films.
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The thickness of the films was determined by a differential focusing
technique. Using a 'Microstar' optical microscope (American Optical Co.,
Buffalo, New York), at 450x magnification, each side of the film was fo-
cused on in turn and the difference between the two positions of the Tens
was noted on the calibrated scale. The true thickness is obtained by
multiplying by the index of refraction (1.533) of the pure SBS copo]ymer.
The accuracy of this procedure is usually +5%, although occasional films
were found (see section V-5) which deviated further.

(b) Peracid Reaction

The apparatus for the peracid reaction is shown in Figure IV-1. A
1500 m1. 4-necked reaction flask, fitted with a stirrer, condenser, ther-
mometer and dropping funnel was used. The temperature was maintained
constant by a heated water bath.

The 6 copolymer films attached to the teflon frame were separated
from the direct action of the stirrer by a 1.75" 0D polyethylene tube
which acted as a baffle to prevent the lateral force of the stirrer from
breaking the films. The motion of the fluid past the films was then in
a plane parallel to the films rather than normal to them. The stirrer
assembly had still to be checked before each run to insure that maximum
agitation was attained.

The reaction medium, save for the peracetic acid, was made up prior
to use. For each run 540 m1 of this acetic acid/water (and 1% sulfuric
acid) solution was added to the reaction flask and brought up to temper-
ature. Peracetic acid (approximately 60 ml) was added slowly and brought
up to temperature again before the teflon frame with attached films were

palced in the reaction bath.
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Figure IV-1. Apparatus for surface hydroxylation (peracid reaction).
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In addition to the controls on femperature_(t9}1°C) and time used by
Traut (1973), it was found necessary to determine the stirrer speed per-
iodically during the reaction and the concentration of peracetic acid
(as total active oxygen) before and after each reaction. The stirrer
speed was determined using a stroboscope (Strobotac, General Radio Com-
pany, Concord, Mass.) and was held between the 1imits of 1350-1500 rpm.
Higher stirring rates resulted in no increase in reaction extent demon-
strating the absence of any mass transfer resistance from the bulk fluid
to the film surface.

The peracetic acid (and hydrogen peroxide) concentration was deter-
mined using the procedure of Greenspan and MacKellar (1948). Three ml
samples of the reaction medium were removed from the flask just prior to
the beginning of the reaction and just before the end of reaction. The
concentration of active oxygen was held between the Timits of 1.23-1.25
gm/100 mi. The decrease in concentration of active oxygen (peracid) was
less than 1% during the reaction and so the assumption of constant bulk
concentration of peracetic acid was valid.

Because of the time required to reassemble the stirring assembly and
the reaction flask at the beginning of the reaction and disassemble it at
the end, the time of vigorous stirring (no resistance to mass transfer in
bulk fluid) cannot be controlled better than +3 minutes. Because of the
autoaccelerative nature of the process (see section V-4a) the reproduci-
bility of the reaction extents in the more highly reacted films will be
more strongly affected than in the less reacted samples (section V-4b).

Table IV-31ists the conditions under which surface hydroxylations

have been performed in this thesis and in the thesis of D.L. Traut (1973).
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Table IV-3

Surface Hydroxylation Reaction Conditions

Temperature Time (min) Reaction Bath Composition (wt. %)(a)

Acetic Acid  H,0 Active Oxygen Species(®)

30°C 180 70.2 23.7 5.1*

40°C 60 " " "o
70 ] 1 " %
90 n n "%

35°C 90 71.1 22.8 5.1

40°C 60 " " "

45°C 40 " ] "
40°C 20 : 92.5 1.4 5.1

*Traut (1973); all others this thesis

Note: (a) sum of reaction bath compositions is 99%; the remaining 1%
is H2504.
(b) weight % active oxygen spesies refers to the components of
the reaction bath that carry the active oxygen (i.e. per-
acetic acid and hydrogen peroxide).
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(c) Sample Workup

After removal from the peracetic acid reaction bath the films were
washed thoroughly in cold water to stop the reaction and remove any ad-
herent acid. The presence of peracetic acid inside the film after this
washing step would also affect the measured extent of reaction (see sec-
tion V-4b). The films were then allowed to sit in distilled water for
24 hours before being placed in approximately 2N KOH for 24 hours to
effect the hydrolysis of the acetate groups.

In order to improve this hydrolysis step it was found necessary to
conduct this hydrolysis at slightly different conditions than those
used by Traut (1973): i.e., 40°-45°C, approximately 1.8 W KOH in 10%
aqueous dioxane, agitated in a shaker bath (Warner Chilcott Water bath
Shaker, Model 2156). These modified conditions eliminated the apparent
diffusion limitation in this hydrolysis step (see section V-4b).

After hydrolysis the sample was washed thoroughly in cold water and
then allowed to sit in 10% aqueous dioxane at 40°-45°C with agitation
for 24 hours to remove all traces of KOH. The effectiveness of this
removal was tested by gqualitative emission spectroscopic analysis of
some of our samples for residual potassium (see section IV-5e). The
samples were then dried between microfiber glass disks under the pressure
of binder c]ibs and then in vacuum.

(d) Hydroxyl Analysis

The dried films were placed in the sample beam of a Perkin Elmer
model 521 grating infrared spectrometer (Perkin Elmer, Norwalk, Conn.)
and the spectrum between 3800 - 3000 cm'] was recorded. The area under

the OH stretching peak centered around 3,430 cm'] was calculated using
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the formula of Ramsay (1952), equation III-2. With the absorptivity

of the same peak determined from films of polyvinyl alchohol, the values
of ? COH (b = film thickness, cm; COH = local concentration of hydroxy]l
grougs, gm mo]es/cm3) were determined using the Lambert - Beer law

(no other chemical groups present absorb in this wavelength region).

the values of [ COH - mo1e§ of hydroxyl groups per unit area of film
(area concentration) were then plotted against the film thickness b

(see section V-4 ). The infrared spectroscopic techniquelis discussed

further in section III-4,

3.  DELAMINATION

In attempting to dissolve the samples of surface hydroxylated mater-
ial, it was discovered that a side reaction of the hydroxylation process
was a crosslinking reaction. The knowledge of this side reaction was
used in a separate experiment to determine the depth of penetration of
the reaction process.

Using a 1/2" arch punch, 1.345 cm2 circular pieces were stamped out
of the center of each of the samples that had been surface hydroxylated by
the procedure of the last section. These circular samples were weighed to
the nearest microgram using a Sartorius microbalance #1800 (Brinkmaan
Instruments, Westbury, New York). They were then placed in approximately
5 ml of chloroform for 3 - 4 days to reach equilibrium.

.Chloroform is a good solvent for unreacted SBS copolymers and a
good swelling agent for the crosslinked, hydroxylated part of the copoly-
mer films. Chloroform then acts to delaminate the surface hydroxylated

film by dissolving the interior unreacted portion leaving the reacted
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portion as a swollen gel. The gel was removed from the chloroform and
was washed with chloroform to remove any adhering soluble polymer.

The chloroform solution of polymer was precipitated in methanol (5 vol-
umes to 1) and the precipitated polymer was removed from the chloroform/
methanol supernatant (the recovery of a known amount of SBS in chloro-
form was > 98%). Both fractions were dried in vacuum and then weighed
using the microbalance.

For many of the samples, the remaining chloroform/methanol super-
natant was translucent indicating the presence of a third fraction which
did not settle out. This was recovered by evaporating the liquid to
aboqt one-tenth the original volume and then precipitating in iso-octane.
This precipitate was also dried and weighed using the microbalance. For

a number of samples no chloroform soluble fractions were recovered at all.

4., IR SPECTROSCOPIC CHARACTERIZATION

Infrared spectroscopy was used in two places in this thesis. As

noted in section IV-2, the area under the OH stretching peak at 3,430 cm']

2 in the films after

was used to determine the moles of hydroxyl groups/cm
reaction. IR spectroscopy was also used to characterize the chemical
structure of these surface reacted films and to test various hypotheses
concerning the reaction/diffusion process (see section V-6 ).

(a) Sample Preparation

The OH content (mo]es/cmz) was determined directly without any fur-
ther sample preparation by placing the reacted film in the sample beam
of the IR spectrophotometer.

For those films thinner than 25 microns the complete spectrum could
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also be obtained without further preparation. However, the thicker
fi]mé absorbed too strongly in the rest of the spectral region for
this procedure to be suitable. Portions of the thicker films were
ground at 77°K to a fine powder in a Wig-L-Bug amalgamator (Crescent
Dental Mfg. Company, Chicago, I1linois) inverted over a bath of liquid
nitrogen. The powder was then dispersed in carbon disulphide. The
unreacted polymer went into solution leaving the reacted polymer as sus-
pended particles.

The first spectra taken were of films of these dispersed particles
cast onto NaCl windows. A reference beam attenuator was necessary to
get a reasonable spectrum because of the scattering of the sample beam
by the translucent film which was really composed of discrete particles,
This procedure was only used for the samples of copolymer surface hydroxyla-
ted at 30°C for 180 minutes (Figure V-28). For the other samples a 0.5 mm
sealed liquid cell was filled with the carbon disulphide suspension of
polymer and the spectrum recorded as if it were a 1iquid solution. Much
better spectra were obtained by this method.

The baselines used are shown in Figure V-3,

(b) Instrument Parameters

A Perkin Elmer model 521 grating infrared spectrophotometer (Perkin
Elmer, Norwalk, Conn.) was used for all spectra. The spectra were run
at room temperature with the instrument in the normal operating mode:
slits programmed for constant energy, attenuator - 3 sec. full scale,
scanning at 3.3 cm—]/sec and gain set at 4.2. These settings resulted
in an accuracy (reproducibility) of +0.5% transmittance with a suitable

degree of resolution. Because of problems with the scan clutch, an in-
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ternal standard with known absorption maxima had to'be used to deter-
mine the frequencies of absorption in our samples. Polystyrene served
this purpose in our case.

(c) Qualitative Analysis

The spectra were analysed both quantitatively and qualitatively.

the qualitative analysis was accomplished by comparing the spectrum of
surface hydroxylated polymer with the spectra of model compounds, either
polymeric or of low molecular weight. (Binder, 1943, Felix, et al., 1963,
Krima, et al., 1956, Liang and Krinm, 1958, Ohloff, et al., 1964, Sadtler,
Stokr and Schneider, 1963). Detailed group frequency correlation tables
(Szymanski, 1964, 1967, Bellamy, 1958, Bomstein, 1958) were used when
available. In certain cases the results of the quantitative analysis
were used to support the exclusion of certain otherwise possible struc-
tures. The details of the assignments and how they were made are de-
scribed in Appendix I. |

As noted in section III-2, there are uncertainties‘with regard to
the nature of the substituents on the ether groups (cyclic and/or acyclic
ethers) present in the reacted polymer. These difficulties arise from
the uncertainty in the true mechanism of ether formation and from the
statistical uncertainty peculiar to polymer reactions (section III-2d).
As a result, a broad peak, made up of smaller absorptions due to each
individual structure, appeared in the IR spectra, in the region character-
istic of that structural type. The composite peak was much broader than
any of the absorption peaks due to similar structures in the model com-
pounds, the spectra having been recorded on neat specimens (thus elimina-

ting any interfering effect of hydrogen bonding differences). This was
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particularly true of the substituted tetrahydrofuran peak near 1067 cm'].

(The possible absorption frequencies of these other structures are shown
in Figure Al1-1; the similarities of these structures to those shown in
Figure III-7 should be noted). This peak broadening was of more impor-
tance to the quantitative analysis than to the qualitative analysis of
the spectra.

(d) Quantitative Ana]ySis

(i) System of Equations

As noted already in the theoretical section (section III-3), the
complexities of the system required that the results of the analysis be
considered as parameters of the spectroscopic model which best fit the
spectrum of the sample, rather thanasa true composition analysis. The
form of this model was the Lambert-Beer law written for a multicomponent
system at each frequency of interest. (AV = .g 5%bci, Equation III-3).
For improved accuracy an over-determined system1;} equations was used
with the Lambert-Beer law written at more frequencies than there were
components.

From the qualitative analysis of the reacted copolymer, the pre-
sence of 12 distinct components were detected and 22 absorptions of
analytical value were discovered. For the spectra obtained on samples
in the absence of CS2 all 22 absorptions could be used. However, the
spectra of the remaining samples were obtained in C52 suspensions so
that four of these 22 absorptions (1657, 1637, 1602 and 1493 cm™')
were completely masked by solvent absorptions. Theréfore the system of

equations used for analysis was either 22 or 18 equations in 12 unknowns

depending on the sample. This system of equations was solved according
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to the procedure of section III-3 using an IBM 1130 computer. As
noted in that section, the results of the computation were the values
of the sample area concentration <Xi> = bci’ gm moles/cm2 (b = sam-
ple absorption path length; c; = average concentration of component in
sample). Because the path length or the total sample volume was general-
ly unknown, the <Xi> values were divided by the <X> value for the pheny]l
groups which, with the assumption that the phenyl absorptions are unaf-
fected by reaction, and after multiplication by the number of moles 6f
unsaturation per mole of phenyl group, gave the relative concentrations
of each of the components in the units of moles of that %unctional group
per mole of unsaturation in the original unreacfed copolymer (Equation
ITII-7). In addition the totg] number of oxygen-containing functional
groups and the fractions of the total for each functional group were
easily computed. The computer program was also set up to perform the
error propagation calculations outlined in Appendix 1 to give an esti-
mate of the error in each of the above ‘concentrations'.

(ii) Calibration

The main reason that this analysis had to be considered as a model
fitting procedure was the absence of perfectly suitable calibration com-
pounds for the determination of the absorptivities (3?). Instead of
polymeric compounds containing the functional group of interest in an
environment comparable to that found in the surface hydroxylated sample,
low molecular weight compounds had to be used on occasion, containing
the functional group in a slightly different intra-molecular environ-
ment. Even where polymeric calibration compounds were available, be-
cause of the properties of the polymer the spectra for sohe of them had

to be run in solution (solvents: 052 and CHBr3) rather than as films;
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therefore, there were differences in the intermolecular environments
(state) between sample and calibration compounds. The calibration coh-
pounds are Tisted in Table IV -4.

An additional reason that this scheme must be considered a model
fitting procedure is that the broadness of the ether peaks (see sec-
tion IV-4c) made it difficult to compute the background interferences
due to ether absorptions at neighboring frequencies. The net result
would be a high estimate of the absorbance at these neighboring peaks,
attributed in error to the component(s) that absorb strongly at that
frequency. There would also be uncertainty in the true value of the
number of ether groups giving rise to the broadened peak.

Since each polybutadiene used for calibration contained some of the
other types of double bonds the procedure of Silas, et al. (1959) and
their assumption of 100% unsaturation was used to get the trhe absorp-
tivities for each of the three double bond types. A similar procedure
was used in determining the hydroxyl absorptivities from the polyvinyl
alchohol-polyvinyl acetate copolymer films (the copolymer was used to
avoid interferences from the crystalline environment present in a film
of polyvinyl alchohol homopolymer).

The asumption of Szymanski (1967) in dividing the absorption of
each assymmetric ether into two components one from each half of the ether
linkage, was extended here to the quantitative analysis scheme. Each half
of the ether linkage was assumed to give rise to a separate absorption
peak with its own extinction coefficient (absorptivity). The spectra
were then analysed on the basis of moles of carbon-oxygen bonds, inde-

pendent of the nature of the substituents on the second carbon of the
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Table IV-4

Calibration of IR Quantitative Analysis

sample molecular calibration calibration state

functional group . a molec.
environment compound environ.
phenyl ’“~'CH2-CH-CH2’\J polystyrene identical solution*
cis /§C=CQ\ cis 1,4
alkene ¢ CH,~—  polybutadiene  * o
trans ~ H,yC trans 1,4
alkene CH=CH
\CHz’*—’ polybutadiene: " "
vinyl ’\'CHZ'?H — 1,2
alkene EH polybutadiene " x
CH2
hydroxyl ~—~~ CH,-CH-CH-CH,~ polyvinyl  _ _CH~ fi
2 6H 6H 2 alcohol/co- CH2-(|IH-CH2 ?H film
polyvinyl OH OH
acetate
acetate »vCHz-gH-?H-CHzﬂs— polyvinyl ~CH2-§H‘~' Film
OH OAc acetate 0Ac
carbonyl CHZ-CH-CH2 literature
g value used
(methyl-n hexyl ketone)
epoxy CHZ'QEjFH’CHZ 2,3 epoxy CH3=CQ1§H-CH3 solution
butane 0
[continued]

* some of the absorptivities were determined in solid filsm by com-
parison with known absorptivities.
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Table IV-4

[continued]

. . . . b
functional group sample molecular calibration calibration state

. a molec.
environment compound environ.
5 membered | l tetrahydro- [ ] solution
cyclic ether 0 furan 0
saturated A«HZC
N\ ~

acyclic He-0-cH dicyclohexyl (S)-0<S) "
ether ~ HZC b ether
vinyl "‘H2§C ) Cﬁ,~/ 1 methoxy- “
ether y, _\_ cyclohexene <:j>—O-CH3

f-«HZC

pheny diphenyl

N\
ether /HC-O-@ ether @_0_© "

a this is the assumed molecular environment (see Discussion V-2 )

b solvents: carbon disulphide 3800 - 2900 cm™!
2000 - 1700 cn”

1350 - 625 cn”!

bromoform 1700 - 1350 cm']

o see the body for description of the ether structures.
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ether linkage. For example assymmetric vinyl ethers were assumed to be

CH
made up of two parts; the saturated part (-0- CH~CH ) with absorbance
2 CH~
maximum at 1090 cm -1 and the unsaturated = part (-0- C\CH ) with

-1 0On the other hand, symmetr1c ethers

absorbance maximum at 1210 cm
give rise to a single peak, the absorptivity of which is halved to get
the absorptivity per mole of C-0 bonds. For example, acyclic saturated

~CH _CH,~
ethers ( CHE:CH 0- CH\CHZ ) have a single absorbance maximum at 1090
2

cm']. The absorptivity of the saturated part of the vinyl ether is as-
sumed to be the same as the halved absorptivity of this symmetric acyclic
saturated ether. Hence, only three acyclic ether structures (:Eﬁ-O struc-
tures) and only three sets of absorptivities are needed to characterize
fully the six possible acyclic ether structures.

As noted in section IV-2 the area under the OH stretching peak

-1 was used to define the absorbance at 3430 cm'].

centered at 3430 cm
On the assumption (Bellamy, 1958) that the absorbance at each wavenum-

ber in this peak reflects a certain number of hydroxyl groups with a cer-
tain hydrogen bond strength, the maximum absorbance merely reflects that
hydrogen bond which is most numerous. Therefore, shifts in the maximum
peak indicate only changes in the distribution of hydrogen bonding.

Hence the area under the peak should reflect the number of hydroxyls pre-
sent irrespective of the type of hydrogen bonds present or the location of
the peak. Thus the area of the OH peak in the hydroxylated SBS samples
could be compared to the area of the OH peak in polyvinyl alcohol -

polyvinyl acetate copolymer films which was centered at 3340 cm']--a

1

90 cm~ ' shift.

Because only a small amount of carbonyl (less than 1%) was present in
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our spectra, a literature value of the absorptivity at 1710 cm'] was

used (Cross and Rolfe, 1951) of a suitable model compound (methyl-n
hexyl ketone). The errors, so involved, were assumed to be of little
consequence.

Further detafls of the calibration are given in Appendix I.

5.  ADDITIONAL CHARACTERIZATIONS

(a) Unreacted SBS Copolymer

i) density

The density of unreacted SBS copolymer (TR-41-2443) was determined
by weight measurement in air and in methanol.

ii)‘ IR and NMR

To confirm the Shell composition analysis of the SBS copolymer
(Table IV-1) the infrared analysis scheme presented in section IV-4 was
used on solvent cast films of the copolymer, and the proton NMR analysis
method of Mochel (1967) was used oncarbon tetrachloride solutions of the
copolymer.

(b) Electron Microscopy

Films of the SBS copolymer were prepared for electron microscopy
by casting a 12% benzene solution of the copolymer onto glass. The
films were then annealed under vacuum at 120°C for 1 hour to fully develop
the thermodynamically favorable morpho]ogy; The antioxidant was not re-
moved from the polymer prior to preparation of the films.

Carbon replicas of the films were prepared according to standard

techniques (Barr, 1973, ASTM, 1973) and examined up to magnifications of
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75,000x ",

In addition thin slices of the films were cut and stained for 144
hours in osmium tetroxide solution before being embedded in epoxy resin 2
(Bradford, 1974). Even though difficulties were encountered in sec-
tioning, a few good sections 600 R in thickness were obtained using an
LKB Ultrotome III (LKB Instruments, Rockville, Maryland). The area near
the surface of the films was examined up to magnifications of 160,000 x
in order to determine the morphology at the surface of the copolymer
films.

(c) Epoxidation Kinetics

The kinetics of the epoxidation reaction in solution was determfned
at 40°C in the presence of two amounts of acetic acid: 17 wt. % and
34 wt. %. To a solution of copolymer in chloroform in a 4-neck round
bottom flask, maintained at 40°C by a heated waterbath, with attached
stirrer, condenser, thermometer and dropping funnel, the desired amount
of acetic acid and 12N HZSO4 (1% by weight of aqueous phase) was added.
Sufficient peracetic acid to give an active oxygen/double bond mole
ratio of 1.1 was added to start the reaction. At appropriate intervals
samples of the reaction mixture were removed and analysed for peracetic
acid and hydrogen peroxide content according to the method of Greenspan
and MacKellar (1948). Difficulty was encountered because of the two

phase nature of these samples. From the total active oxygen content,

1. The collaboration of Prof. Vander Sande of the M.I.T. Center for
Materials Science and Engineering and Captain D. Barr of the U.S.
Army Materials and Mechanics Reasearch Center, Watertown, Mass.,
is gratefully acknowledged

2. The collaboration of Dr. E.B. Bradford, DIG Physical Research, Dow
- Chemical Company, Midland, Michigan is gratefully acknowledged
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the extent of reaction could be calculated and the solution phase
kinetic constants for the epoxidation of SBS was determined (section
IV-Zb) .

Conditions used were:

Volume Fraction Acetic Acid .22 .43
Initial Concentration (moles/liter):
active oxygen .159 .119
double bond .149 .108

(d) Oxygen Analysis

For the films, surface hydroxylated at 30°C for 180 minutes in 70%
acetic acid, total oxygen content of the films was determined by an in-.
ert gas fusion procedure (Central Analytical Facility, Center for Mater-
jals Science, M.I.T.). By determination of the weight per unit area of
these films, the oxygen contents in weight % were converted to the units
of moles of oxygen/cmz.

(e) Emission Spectra

Qualitative emission spectra (Central Analytical Facility, Center
for Materials Science, M.I.T.) were used to determine the presence of

potassium and other inorganic contaminants in two of the surface hydroxyla-

ted films.
(f) Ageing

Pieces of surface hydroxylated polymer (40°C, 70 minutes, 71% HAc)
along with pieces of unreacted polymer (1/2" by 1/2" by .021" thick) were

set aside to age for five months in various environments. The conditions
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Table IV-5

Conditions for Ageing of SBS (reacted and unreacted samples)

1)
2)
3)
4)

5)

6)

dry, in vacuum, wrapped in aluminum foil (dark)
70% relative humidity, in air, wrapped in aluminum foil (dark)
70% relative humidity, in air, under normal room lighting

in sterile solution, open to atmosphere, under normal
room lighting

in sterile solution, open to atmosphere, wrapped in
aluminum foil (dark)

in sterile solution, closed to atmosphere, wrapped in
aluminum foil (dark)

Composition of sterile solution:
pH 7.4
0.9 gm % NaCl
10 m1/100 ml NaH2P04-Na0H buffer
5 mi/ 100 m1 formalin
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used are listed in Table IV-5.

(g) Water Absorption

The swelling in water of some of the surface hydroxylated films

was determined usingthe 1.345 cm2

pieces of polymer prepared for delam-
ination (section IV-3). Before being placed in chloroform, these al-
ready weighed samples were allowed to swell to equilibrium in distilled
water. They were then weighed on a Sartorius analytical balance

#2600 (Brinkman Instruments, Westbury, New York) to determine the amount
of water absorbed. After redrying, the samples were placed in chloro-

form for delamination (section IV-3).

(h) Biological Tests

Films of SBS copolymer (.025" and .021" thick), surface reacted at
| 40°C for approximately 20 minutes in 93% acetic acid (along with unreacted .
films as controls) were evaluated for blood compatibility by a whole blood
clotting time test (Merrill, 1974). Tubes were formed by placing folded-
over triangular pieces of the film, between two pieces of silicone rub-
ber, in the jaws of 2" binder clips.

A few grams of SBS TR-41-2443 after precipitation in methanol to re-
move the antioxidant were incubated in the presence of cleaned soil micro-
organisms. The solid copolymer was the only source of carbon. The sam-
ples were incubated for several weeks before they were examined for
evidence of growth of the microorganisms.

(i) 'Hydroxylation' of Polystyrene

The assumption of polystyrene inertness of peracetic acid reaction
was tested by allowing polystyrene to react under conditions similar to

the solution and surface reactions of the SBS copolymer.
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i) Solution

The same apparatus as that described in section IV-5c was used.
To a mixture of 500 gm of 1% polystyrene (Dow Chemical Co., Midland,
Michigan) in chloroform, IQO ml acetic acid and 2 ml 12NH2504,s9.2 ml
40% peracetic acid was added slowly. After 127 minutes at 40°C, the
polymer was precipitated in methanol and then redissolved in chloro-
form. The portion of precipitate which did not dissolve in chloro-
form was removed and dried in vacuum. The soluble portfon was re-
precipitated in methanol and vacuum dried. An infrared spectrum of a
film of the soluble material was recorded.

ii) Solid Phase

A thin film of polystyrene, the infrared spectrum of which had
been previously recorded, was placed in a typical surface hydroxyla-
tion reaction bath for 90 minutes (40°C, 71% acetié acid, 1.25 wt. % ac-
tive oxygen). After washing thoroughly in distilled water and drying
in vacuum, its infrared spectrum was recorded.

(i) Miscellaneous

13¢ NMR and laser Raman spectra of the reacted copolymer were also
obtained. These are reported in Appendix 2 along with notes on the
dyeing of the surface reacted films with toluidine blue, contact angle
measurements on the original copolymer, and the solution phase reaction

between peracetic acid and SBS copolymer.
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V. RESULTS AND DISCUSSION

1.  SURFACE MORPHOLOGY

Figure V-1 is a transmission electron micrograph of a sample of
SBS copolymer, showing the region near the air interface of the sol-
vent cast film. The surface appears fairly smooth, despite the dif-
ficulty encountered in sectioning the films. The morphology of the
copolymer away from the surface is readily seen to correspond with
that observed by others in similar block copolymers (section III-la):
namely, strings and circular islands 6f polystyrene-rich regions in a
stained polybutadiene-rich matrix. The circular patterns are presum-
ably the cylindrical domains viewed in cross-section. From the micro-
graph the diameter of the domains is approximately 100 K.

It is also apparent that this morphological structure extends up
until the surface. However, at the surface, the fairly regular matrix
structure is replaced by a thin region (~150 K thick) of almost uni-
form clarity, broken by only an occasional streak of stained material.
This surface region is even clearer than the interior of the polystyrene
domains. Therefore, it is believed that this thin region is an arti-
fact caused by the embedding process and, in fact, represents the epoxy
which has diffused into the surface of the polymer and has disturbed the
true surface morphology. Hence, this TEM micrograph is inconclusive
with respect to the composition of the surface.

Figure V-2a,b,c are carbon replica micrographs of the air surface
of two different samples of SBS copolymer. Figure V-2a and b shows two

different areas of the same sample at slightly different magnifications



Figure V-1. Transmission electron micrograph of SBS TR-41-2443,

showing the region near the air interface of the
film solvent cast from a benzene solution.

(Dr. E.B. Bradford, Dow Chemical Co.)



Figure V-2. Carbon replica micrographs of the air surface of SBS
TR-41-2443 ((a), (b), Capt. D. Barr, U.S. Army Materials and
Mechanics Research Center; (c), Prof. J. Vander Sande, M.I.T.
Center for Materials Science and Engineering).
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while Figure V-2c is of a different sample at much higher magnifica-
tion. Both samples were prepared under identical conditions. 1In
Figure V-2a, the surface has a fine grainy appearanée, which is mag-
nified in Figure V-2c and appears to have a regular almost spherical
structure (diameter =~ 200 R). This grainy surface, however, is not
apparent in the micrograph of V-2b, even though it is but a different
area of the same sample shown in V-2a. The reason for this difference
is not clear at all, but is presumably related to differences in drying
rate experienced by different areas of the film during the casting pro-
cess. This only emphasizes the great difficulty often encountered in
preparing samples of uniform surface and demonstrates a probable rea-
son for the variability of much of the blood compatibility data already
presented in the literature (Bruck, 1974).

Neverkhe]ess, considering the frequency of observation of this
grainy surface structure, it is assumed that this is a good example
of the surface morphology that can be expected in solvent cast films.
Unfortunately, an unequivocal explanation for this structure is made
impossible by the absence of surface composition information. These
grains or roughness in the surface could be exposed polystyrene do-
mains, that are extending out through the surface. This, while not
definitely excluded, is considered unlikely because: 1) the contact
angle of water on SBS described in Appendix A2-E is much different than
that on polystyrene (it is not very similar to that of polybutadiene
either, but there may be other reasons for this); 2) the surface tension
of polybutadiene is greater than that of polystyrene and so, within

certain limitations discussed in section III-1c, the cylindrical domains
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should orient themselves parallel to the air surface rather than normal
to it, to minimize the amount of polystyrene exposed at the air surface
and 3) the diameter of the domains seen in the carbon replicas is ap-
proximately twice the diameter of the domains seen in the TEM micro-
graphs (200 R versus 100 R). Alternatively, these bumps could result
from polystyrene domains near the surface, but not exposed, forcing up
the polybutadiene cover surrounding these domains to give the surface
the rough grainy appearance. While this hypothesis is consistent with
the existing experimental observations there is, unfortunately, no
independent confirmatory evidence available.

Although the actual nature of the surface morphology is still
indeterminate, this latter hypothesis is considered to be a valid esti-
mate of the true situation. Hence it is conc]uded that the air surface
of SBS copolymers, containing 27% (wt.) polystyrene, is rich in poly-
butadiene and thus, the scheme developed here to eventually prepare

blood compatible biomaterials is a feasible procedure.

2.  CHEMISTRY OF SURFACE HYDROXYLATION

(a) Qualitative Spectral Analysis

The infrared spectrum of a film of SBS copolymer which had been
surface hydroxylated for 65 minutes, at 40°C, in a reaction bath con-
taining 71% acetic acid is shown in Figure V-3. The assignments of the

1 are given in Table Al-1 in

peaks in the region between 4000 - 625 cm”
Appendix 1. (The baselines used for the quantitative analysis are also
shown in this spectrum.)

From qualitative analysis of this spectrum and others, there is
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evidence for the presence in the sample, of phenyl groups (polysty-
rene), unsaturation (unreacted polybutadiene), hydroxyl groups, un-
cleaved epoxide groups, and unhydrolysed acetate esters. In addition,
there are a number of functional groups apparent which can arise
through the variety of side reactions discussed earlier in section
III-2d,e: carbonyl, substituted tetrahydrofuran rings, saturated
acyclic ethers, acyclic vinyl ethers and phenyl ethers.

The reason for the presence of acetate and epoxide groups after
the base hydrolysis is interpreted in terms of a diffusion limitation
during the cleavage and hydrolysis reaction steps. These limitations
are discussed further in section V-6.

The carbonyl groups are presumed to arise from an epoxide-to-car-
bony1 reakrangement, catalysed by acid. (Even after improved acetate
hydrolysis, the peak at 1710 cm'] still appears in the spectrum). The
non-aromatic ethers (both cyclic and acyclic) are considered to arise
from the epoxide rearrangements, reported by Ohloff (1964) and discussed
earlier (section IV-2d). Because of the multiplicity of structures
possible from such rearrangements (Figure III-7,8), each of which has
a fairly distinctive infrared absorption maximum (Figure IV-Z), broad
peaks are found in the spectrum at frequencies characteristic of the

1 which has been assigned

group (see especially the broad peak at 1067 cm~
to the tetrahydrofuram ring).

It is, however, much more difficult to account for the presence
of aromatic ethers. In order to test the assumption of polystyrene un-
reactivity in epoxidation, polystyrene homopolymer was reacted in solu-

tion, and as a So]id film, under conditions similar to those used for
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the SBS copolymers (section IV-5i). The film of polystyrene showed
no evidence of reaction, owing to a diffusion limitation, making per-
acetic acid unable to react with the polymer beyond a few Angstroms
(the true surface). The polystyrene in solution, however, definitely
had reacted: the spectrum after reaction of still soluble polymer
showed evidence of phenyl - phenyl (v = 1240 cm']) ethers and a very
small amount of phenyl - alkyl ethers (v = 1090 cm']). In addition, a
minute amount of cros;-]inked gel was found, presumably formed by the
action of these phenyl ethers as crosslinks. Thus it appears that poly-
styrene can react with peracetic acid, although in a very non-specific
manner. On the assumption that there is no adventitious olefinic unsat-
uration in homopolymer polystyrene, these ethers could conceivably form
‘ via an oxygen mediated free radical reaction which couples two phenyl
groups together or couples a phenyl group to a backbone carbon atom
despite the steric hindrances involved in this latter crosslinking
reaction. If there were olefinic unsaturation in polystyrene, the
ethers could conceivably result from electrophilic substitution of a
protonated epoxide directly onto the ring. Either (or both) of these
mechanisms can account for the formation of aromatic ethers in surface
hydroxylated SBS. The diffusion limitation noted in the reaction of a
polystyrene film would not be relevant here because of the relatively
significant mixed region between polystyrene domains and polybutadiene
matrix (section III-1b; Meyer, 1974, Leary and Williams, 1973, 1974).
The presence of unsaturated acyclic ethers (other than vinyl ethers)
could not be distinguished from the spectrum. The allylic part of the

ether in model compounds, like 3-methoxy cyclohexene-1, absorbs in the
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same location as the saturated part with nearly identical absorptivity.
Apparently the double bond in the allylic ether does not withdraw
enough electrons from the carbon-oxygen bond to significantly affect

' the absorption of infrared radiation by the ether linkage (as occurs in
vinyl ethers). Similarly 1,4 dioxane rings and tetrahydropyran struc-
tures could not be differentiated from the tetrahydrofuran structures
as both types of cyclic ether absorb in the same region. However,
spectra of substituted dioxane structures (é.g. 2,6 dimethyl - 1,4

dioxane) show a complex of peaks in the 1160 - 1090 cm']

a very sharp peak near 880 em™ !

region and
The absence of these other peaks
here, makes it extremely doubtful that there is a significant amount
of dioxane structure present in the sample.

The question of the presence of peroxide groups in the sample is
not clear. Peroxides arise by a variety of free radical processes
and have C-0 absorptions identical to acyclic ethers and an 0-0 absorp-

], in the same location as the major epoxy absorptions.

1 1

tion near 880 cm~
By comparison of the ratio of epoxy absorbances at 882 cm™' and 807 cm”
(corrected for known interfering absorptions) to the, ratio of absorpti-
vities at these two peaks, a decision should be able to be made regard-
ing the presence or absence of peroxide groups. In many of the spectra,
calculation of this ratio indicates the presence of unaccounted for

absorbance at 882 cm'].

This could be attributed to peroxide absorp-
tion if it were not for some complicating factors: 1) this discrepancy
in the absorption at 882 cm'] is only apparent in some but not all of

the spectra, indicating peroxide is not uniformly present in the samples,

2) gehera]]y, in the spectra where this discrepancy is noted, the absorb-
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ance at 807 cm'] is very small and, as such, changes in the location of

the baseline (which, as is noted in section V-6a, is drawn fairly arbi-
trarily) would have a drastic effect on this absorbance, 3) while the in-
clusion of the peroxide absorbance in the quantitative scheme eliminated

the residual absorbance at 882 cm'] and yields a smaller sum of the squared
residuals, the reduction in the number of degrees of freedom in the analyti-
cal scheme dominates. The net result is a larger standard error of the es-
timate, indicating a poorer fit of the model when peroxides are included.
Finally, 4) in some of these spectra, an additional peak is apparent at

1

820 cm™'; the shift may reflect small sample-to-sample differences in struc-

]

ture. This 820 cm™ ' may be the true epoxide peak (with absorptivity that of

the 807 cm'] peak in 2,3 epoxybutane) and thus, the comparison should be made

1 1 and the absorbances in

between the absorptivities at 882 cm  and 807 cm”
the sample at 882 and 820 en”! (not 807 cm']). Either the change in base-
line or the change in absorption frequency can fully account for the resid-

], and so, it is unclear whether there are perox-

ual absorbance at 882 cm”
ides present or not. Because the distinction was not important to this
thesis, and because of the lack of unequivocal evidence in favourof the pre-
sence of peroxides, the carbon-oxygen peaks in the 1240 - 1090 cm'1 region
were assigned exclusively to acyclic ethers rather than to acyclic perox-
ides. The presence of peroxides, however, cannot be unequivocally excluded
either.

A hypothesié concerning the formation of primary alcohols in the
surface hydroxylation as terminal groups after chain scission was tested
by similar arguments. Primary hydroxyl groups can be distinguished from

1

secondary alcohols by the shift of the C-0 peak from 1090 cm™' in secon-
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1

dary hydroxyls to near 1050 cm™  for primary groups. This absorption

is unfortunately masked by the tetrahydrofuran absorption near 1067 cm’],
and since the absorptivity of OH groups near 3430 cm'] is nearly iden-
tical for both primary and secondary groups, primary alcohols cannot

be distinguished at all in the spectrum. Although the quantitative
data fit very well in this region without assuming the presence of pri-
mary hydroxyl groups absorbing near 1050 cm'], this cannot be considered
conclusive with regards to their exclusion in a chemical (spectroscopic)
model of the reacted polymer. Quantitatively, it is not important,

since primary and secondary hydroxyls have nearly the same absorptivity
at 3450 cm'], but qualitatively it is, in considereig whether chain scis-
sion occurs at all.

In the absence of information to the contrary, the presence of tetra-
hydropyran and dioxane ring structures, peroxides and primary alcohols
were considered to be absent in developing the quantitative spectroscopic
model of the reacted polymer (section III-3 and IV-4d). These difficul-
ties in making a definitive qualitative analysis contributed to the de-
cision to consider the quantitative analysis scheme a model fitting pro-
cedure rather than as a true analytical method. _

Additional remarks concerning the structure of the hydroxylated
polymer are made in section V-6.

In the spectrum shown in Figure V-3, hydrogen bonding is apparent
in the width of the OH stretching peak at 3430 cm'1. The half«intensity
width of the peaks in the spectra of surface hydroxylated SBS were in
the range of 200-280 cm'] (no correlation of peak height and peak width

was apparent), but in the calibration spectra of a copolymer of poly-
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vinyl alcohol and polyvinyl acetate the width was approximately 290

], however). Using Bellamy's (1958) as-

+ 10 em™) (maximum at 3340 cm”
sumption that the absorbance at each wave number in the OH stretching

peak reflects a certain number of hydroxy]vgroups with a certain hydro-
gen bond strength andAthat the maximum absorbance merely represents

that hydrogen bond which is most numerous, the differences in calibra-
tion and SBS OH peaks can be related to differences in the degree of
hydrogen bonding only. Thus, while the copolymer of vinyi alcohol

and vinyl acetate has a slightly broader distribution of hydrogen

bonds than hydroxylated SBS, the most numerous hydrogen bond is stronger
in the copolymer that the one corresponding to the peak maximum in SBS.
This is interpreted to indicate the presence of a greater quantity of
weaker hydrogen bonds in the SBS. This is expected when the variety of
structures (ethers) that can be bonded with the OH peak to form relatively
weak hydrogen bonds is considered. (In the calibration sample, only
acetate groups are present to form hydrogen bonds weaker than the strong
hydroxy1-hydroxyl hydrogen bonds).

Presumably the sample-to-sample differences in the width of the OH
peak in the hydroxylated SBS samples are the result of a combination of
sampte-to-sample differences in chemical structure (see section V-6) and
sample-to-sample differences in the approach to equilibrium of hydrogen
bond formation (kinetic limitations in hydrogen bond formation). These
differences in the approach to equilibrium could probably be eliminated
by annealing at a suitable temperature to allow the hydrogen bond struc-
ture, with minimum free energy, to form without kinetic restriction.

However, no such time dependent effect was noticed in the degree of hydro-
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gen bonding in films of the copolymer of polyvinyl alcohol and poly-
vinyl acetate.

Hydrogen bonding of the ether peaks was not particularly signifi-
cant. The widths of the ether peaks of the calibration compounds in
solution (CSZ) were generally 1 - 2 cm'] smaller than the widths as
neat specimens. The ether peaks in the samples of hydroxylated polymer
were much wider, however, and this is attributed to the multiplicity
of structures present rather than to the specific effect of hydrogen
bonding (section IV-4c). (Some of these ethers are probably hydrogen
bonded to hydroxyl groups which may increase the width of the ether
peaks more than in the pure neat specimens but this hypothesis cannot
be tested.)

Comparison, however, of the width of the trans double bond peak at
967 cm-] in crystalline trans polybutadiene homopolymer, and unreacted
and reacted SBS copolymer, indicated that these double bonds, in films
of the block copolymer, were in a high state of interaction. The half-
intensity widths were:

Av (v = 967 cm'])
1/2

trans 1,4 polybutadiene (film - crystalline) 25 cm']

" " " (CS2 solution) 13
SBS TR-41-2443 25
SBS TR-41-2443 (reacted) 20

The trans double bond peak in polybutadiene is obviously wider when
the polymer is in the ordered state rather than in solution. The crystal-

line state enables the double bonds to interact with each other efficiently
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and results ina broadened peak. The width of the same peak in the

SBS samples is interpreted to indicate the presence of similar kinds
of order (interaction) among the polybutadiene blocks. This order may
not be as regular as that found in a crystallite, but is sufficiently
regular to cause the peak broadening observed. The reduced width in
the reacted SBS sample merely reflects the greater concentration of
non-trans double bonds with which the double bonds are not able to
interact.

(b) Solution Phase Kinetics

In order to test the effect of acetic acid on the kinetics of epoxi-
dation, the concentration of active oxygen during a solution phase epoxi-
dation was monitored during the reaction (section IV-5c). For a single

order chemical reaction,
Ky
A+B——>C
a plot of 1n %%%%%%; versus time, should yield a straight 1ine with slope
equal to [(A)° - (B)°]k], where (A)°, (B)° are the initial concentrations
of A and B, respectively, and k1 is the second order kinetic constant of
the reaction (Daniels and Alberty, 1966).

Since epoxidation is known to be a second grder chemical reaction
(section III-2a), deviations in a plot of 1n§%§%— versus time (CO, Cu =
concentrations of active oxygen and double bonds respectively at time t;
CB,
unaccounted for peracetic acid consuming reactions or the presence of

C; = initial concentrations) would indicate the presence of either

double bonds which react at different rates. Because of the known pre-

sence of both internal and external (vinyl) double bonds in polybutadiene,
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curavature is expected in these plots.

The results of runs performed in two volume fractions of acetic
acid (.22, .43) with most of the remaining reaction bath being chloro-
form are presented in Figure V-4, Higher concentrations of acetic acid
could not be tested because of precipitation of the polymer. Cu(t) was
computed from the stoichiometry of the reaction knowing C;, C;, and Cp(t).
The conversion of double bonds is also reported as an ordinate on the
' right hand side of Figure V-4.

Figure V-4 shows that the expected non-linear curves were obtained
for the epoxidation of polybutadiene. As the internal (more reactive)
double bonds are.reacted, leaving the less reactive vinyl double bonds,
the effective kinetic constant (proportional to the slope) decreases.

In order to calculate better estimates of the kinetic constants (rather
than the effective one calculated using (Ca - CG), where Ca is the ini-
tial cohcentration of double bonds present, regardless of reactivity),

it is assumed that 88% of the double bonds react with the kinetic constant
calculated from the slope at time zero, while the remaining 12% react

at a rate corresponding to the slope at 88% conversion (88% is the aver-
age of the two available values for % internal (cis/trans) double bonds:
Shell (Table IV-1), 89%, this thesis (section V-6), 87%). Thus the kinetic
constant at 0% conversion is: k, = s]opeo%/(ca - .8808) and the kinetic

0

constant at 88% conversion, k88 = S]()pe88%/(co° - .120;). bThese are esti-

mates of the true kinetic constants for epoxidation of cis/trans double
‘ C,C°
0~u

bonds and vinyl double bonds respectively, since the ordinate of 1In
C C?
in the curves of Figure V-4 must be modified in a complex (unknown) u"o

way to be able to get the true values of the kinetic constants. The kinetic
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constants (liters/mole-min) determined from the slopes were:

volume fraction k at 0% k at 88% k

0
acetic acid conversion conversion k88
.22 .170 .0055 31
.43 .108 .0058 19

Considering the difficulty in measureing the concentration of active
oxygen at high extents of reaction (low concentrations of active oxygen),
the ratio of the rates of reaction at high and low conversions (approxi-
mately equal to the ratio of reactivities of internal to external dou-
ble bonds) is in good agreement with the literature value; i.e., 19 or

31 relative to 25 (section III-2a).

The slope of the curves at each point is proportional to the effective
kinetic constant at that time. This effective kinetic constant is a com-
plex function of the individual kinetic constants for 1,4 double bonds
and 1,2 double bonds, and the relative amounts of each type of double
bond. Changes in the slope of the curve, then, with time, reflect changes
in the relative amounts of the reacting components. Thus, in the reaction
curve for .22 volume fraction acetic acid, as the reaction proceeds the
ratio of internal/external double bonds decreases continuously, as indi-
cated by the monotonic decrease of the effective kinetic constant from
the value of the kinetic constant of the reaction of internal (trans/cis)
double bonds until that of the external (vinyl) double bonds. In the
presence of a 1arger amount of acetic acid (volume fraction .43) the

effective kinetic constant initially is lower ( ~35% lower) than that in
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22 volume % acetic acid, but it decreases more slowly in the early stages
(1ess curvature), with the reaction curve intersecting the other one
near 85% conversion and then decreasing further to a 'final' value, al-
most identical with the one observed in the smaller amount of acetic
acid.

As was discussed in section III-2a, acetic acid decreases the rate
of olefin epoxidation by about 30 - 50% for a reactive olefin and less so
for nonreactive olefins. This is confirmed by theée experiments: doub-
1ing the amount of acetic acid (with commensurate decrease in chloroform
content) decreases the initial reactivity which is contributed to mainly
by the more reactive trans/cis double bonds. The reactivity of the
vinyl double bonds is also reduced but to a lesser extent. Hence, as the
vinyl double bonds contribute increasingly to the reaction rate, this
lesser effect of acetic acid on the vinyl double bonds appears as a slower
decrease in the effective kinetic constant. This continues until 85 - 90%
conversion, at which point the acetic acid can only affect the reactivity
of the remaining vinyl double bonds, an effect which cannot be determined
by this procedure, and the kinetic constants at 88% conversion appear
identical (within experimental error).

The kinetic constant for epoxidation of internal double bonds deter-
mined here is in reasonable agreement with that given by Meyer (1970)

(k ~.3 litres/mole-min), considering the difference in solvent system
(22 volume % acetic acid versus 4-5% acetic acid) and the fact that the

value determined here is an estimate of the true constant.
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3. MODEL CONCENTRATION PROFILES

From the results to be described in the following three sections, a
model of the concentration profiles in Surface reacted styrene-butadiene-
styrene block copolymers has been developed. The full model is presented
in this section to aid in the understanding of the contributions of each
of the experiments to the development of this picture of the diffusion/
reaction process in SBS copolymers.

The time history of the concentration profiles in a single film is
shown in Figure V-5 and the concentration profiles after a certain time
period in films of varying thickness is shown in Figure V-6. In both of
these figures, the concentration of reacted unsaturation (1 - Cu/Cg) is
plotted versus the distance into the film. These profiles then show the
time course and qualitative shape of the reaction front--the front which
separates reacted, swelling material from unreacted, nonswellable material.

Initially the material is completely unreacted (Figure V-5a). After
the region near the surface has reacted the concentration profile of
reacted polymer appears as in Figure V-5b: very sharp boundary between
the swelling, reacted material and the unreacted material. The reaction
front has a slope inversely proportional to the effective diffusion/reac-
tion rate (Hartley, 1949, Hermans, 1947), which, in the initia] stages of
the process, is relatively low because of the efficient transfer of swel-
1ling stresses to the much larger unreacted core. The solubility and dif-
fusivity of peracetic acid are relatively low at this stage and thus dif-
fusion is slow. The sigmoidal shape of the curve is the direct result of
the limited number of reactiVe sites in the polymer. As reaction proceeds

further, the compression forces in the swelling reacted region behind the
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various times of reaction (constant film thickness);
(a) to (e), increasing time (Cr/C8 = fractional con-
version of double bonds).
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front are relieved (the interior core is decreasing in size), the diffu-
sion rate is increasing and the slope of the reaction ffont decreases
(Figure V-5c). Eventually the two reaction fronts, proceeding from

each side of the film, meet and overlap to get the near Fickian profile
as in Figure V-5d. The stress transfer mechanisms are almost ineffective
because of the partial reaction (partial swelling) in the central region.
A delay in the diffusion of the swelling agent (slower diffusion rate
than the coupled reaction - diffusion of peracetic acid) would make the
transfer of stress effective despite the presence of reacted double
bonds throughout the material. Finally, when all the double bonds have
reacted, peracetic acid is able to diffuse completely through the mater-
ial and the material can be considered to be a membrane, with a horizon-
tal concentration profile. (A deviation in profile would result as tﬁé
slower reacting vinyl double bonds react. This is not a strong effect
and is ignored in Figures V-5 and V-6; CS should be redefined then to be
the initial concentration of reactive double Bonds).

Since, for a given film thickness, there is a time at which the
reaction front has a definite shape, at a given time there should be a
film, with certain thickness, in which the reaction front has the identi-
cal shape. Thus there is a correspondence between film thickness and
time; this is shown in Figure V-6. It should be noticed that the depth
of penetration decreases with increasing thickness at constant time.
Because the overall diffusion rate is less in 'thicker films, due to stress
transfer, the depth of penetration of the reaction front is less in the
thicker films (d) than in the thinner films (c). Beyond a certain thick-

ness (d), however, changes in the thickness do not have a strong effect
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Reaction fronts (model) for surface hydroxylation for
various film thicknesses (constant time); (a) to (d)
increasing film thickness (Cr/CS = fractional conver-

sion of double bonds, Sp/Snp1 = reduced solubility).
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on the degree of stress transfer and the depth of penetration and the
shape of the reaction front are nearly constant with increasing thick-
ness, While the actual magnitude of the effect depends on the poly-
mer penetrant system, it is drawn in an exagerrated form in Figure V-6.
From the figures, it is obvious the total moles of reacted material
(i.e. area under the concentration profile curves - area concentration)
decreases with increasing thickness in the range of thicknesses from
(c) to (d). |

The reduced solubility of peracetic acid Sp/S'; , where S_ = Cp/ap

p
and S™ is the solubility of peracid in the fully swollen, stress-free,

hydroiy]ated copolymer, is also shown in Figure V-6. The solubility
increases with reaction and with swelling. Since swelling depends on
the diffusion of acetic acid and water and is modified by stress trans-
fer to the interior, the solubility will not necessarily follow exactly
the curve of the reaction front. On the assumption of a slower moving
swelling front, the solubility curve is shown to be behind the reaction
front, but have a similar shape near the advancing tail (low concentra-
~ tion) of the front. Near the surface, however, due to the transfer of
swelling stress to the interior, the solubility in the fully swollen
zone (fully swollen in the presence of a compressive force) is less than
that in the absence of stress. (Because of this assumption, the swelling
agents (cleavage agents) concentration profiles match these solubility
profiles.) The thicker the film, the greater the efficiency of stress
transfer and the lower the vé]ue for Splsg near the surface ((d) versus
(c)). The diffusivity shows a nearly identical behaviour. In actual

fact, the section will not be rectangular (the area of the film in Crank's
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(1953) strain dependent diffusion model will not be constant; section
III-4) and the solubility near the surface will show a slight curva-
ture--convex towards the zero line.

In Figure V-7, the distribution of reacted-gel, reacted-sol and
unreacted material, as found in the chloroform delamination experi-
ments (section V-5) is shown. In the interior of the film, 100% of the
polymer is soluble, unreacted material while near the surface, 100% of
the material is cross-linked and forms a gel in chloroform. Inter-
mediate between these two is the reacted, but stilt chloroform-soluble,
material (fewer crosslinks/chain). Closer to the surface most of the
reacted material forms a gel, but near the advancing tail of the reac-
tion front,_the epoxide group concentration is too low for crosslinking
to be sighificant. - The reacted material in this region does not form
a gel in chloroform but also does not precipitate out in methanol and
is separable from the fully unreacted fraction.

The concentration gradient, as interpreted from the IR data of
section V-6, of each component in the surface hydroxylated SBS copolymer
is shown in Figure V-8. Tetrahydrofuran ring structures’, intermolecular
ethers and carbonyls do not depend on the presence of a cleavage agent
for their formation; they depend solely on the formation of epoxides via
the action of diffusing peracetic acid on the polymer. Thus the profile
of these groups matches the shape of the reaction front. The unreacted
double bonds profile, obviously, has a form complementary to the reaction
front. The formation of hydroxyls, however, depends on the presence of
other molecules which also have to diffuse through the polymer and as

assumed here, permeate more slowly than the peracetic acid. Hence, the
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Figure V-8. Typical concentration profiles of oxygen-containing
) functional groups.
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hydroxyl concentration profile is a little steeper than the reaction
front and is shifted to a position behind the front because of the
additional diffusion limitation. The epoxy concentration profile re-
flects the competition between epoxidation and epoxide cleavage.

Thus, near the advancing tail of the reaction front (deeper into the
film), fhe epoxy concentration matches the front since the cleavage
reagents do not penetrate this far. Near the surface, however, epoxide
cleavage reduces the concentration of epoxy groups. As the concentration
of these cleavage (swelling) agents decrease due to diffusional effects,
the number of epoxide groups left uncleaved increases and then passes
through a maximum as the epoxidation reaction front is met. A similar
curve is expected for the profile of acetate groups, after base hydrolysis,
although the absolute number of these groups should be less because of

the attempt to allow the acetate hydrolysis to go to completion.
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4.  HYDROXYL CONTENT

(a) Interpretation of Results

The principal effort of the thesis was the evaluation of curves of
the extent of reaction, in terms of moles of hydroxyl groups per unit
area (area concentration), versus the film thickness before reaction

(Figures V-9, 12, 13, 14, 15). Through analysis of these curves the

TR
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~surface '«,‘V_- o :'- - Ve unit area
- "'.2”-" DA »
g
lx BRI ) ICOHdX = area concentration
reacted
b unreacted

major parameters governing the diffusion/reaction process were investi-
gated. - The area concentration is the area under the concentration pro-
file in the film and, for the hydroxyl group, is equal to ? COde, where
COH is the local concentration (at x) of hydroxyl groups 12 the film.
(a basic assumption is one-dimension uniform advance of the reaction
zone, well supported by evidence presented elsewhere-in contrast to
glassy, semicrystalline polymers which undergo crazing.) The experi-
mental procedure is discussed in section IV-2,

A11 the curves of hydroxyl content (area concentration) versus film

thickness were found to show the same behaviour as in Figure V-9: an

initial linear increase in hydroxyl content followed by a gradual decrease
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beyond a certain maxfmum value. The linear portion of the curve--AB--
defines the range of films over which the peracetic acid, under the given
experimental conditions, has diffused through the complete film, and
all potentially reactive double bonds are presumed to have reacted.
Accbrding to Traut (1973), the slope of}this linear portion was
virtually independent of time and temperature (within experimental error).
The value of the average slope (using the data from all of the reaction
conditions used by Traut in his thesis) corresponds to a 24% conversion
of the double bonds to the glycol structure (two hydroxyls/double bond)
in the 70% acetic acid - 24% water bath, This low yield is the result
of side reactions: while some of the double bonds are unreactive due to
steric or electronic effects (e.g. vinyl groups) many of the double bonds
reacted to fofm intramolecular or intermolecular ethers ( it will be re-
called that these become crossiinking points, converting the hydrophilic
reacted butadiene part of the triblock copolymer to a true three dimen-
sional network ), as confirmed by the qualitative (section V-2a) and
quantitative (section V-6) analysis of the complete infrared spectrum.
Detailed examination of the data of Traut (1973) confirmed the
time independence but the conversion increased from a low of 17% at 30°C
to a high of 26% at 45°C. However, considering the difficulty in deter-
mining the slope, the differences in conversion are not particularly
significant. In 71% acetic acid at 40°C, the slope corresponds to a
slightly higher conversion: 28 - 34% depending on how the initial line
is drawn. These differences (if significant) result from the small
effect of temperature or solvent composition on swelling in these fully

reacted material. While a more complete explanation of these effects
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are given in section V-6, the relationship is summarized here: with
increasing temperature or acetic acid content in the reaction bath

the equilibrium degree of swelling of the reacted polymer in the
reaction medium is larger (acetic acid is a better 'solvent' for the
reacted polymer than water). This increase in equilibrium swelling
affects the approach to equilibrium so that, at a given time, the
degree of swelling under these 'stronger' conditions is higher than

at lower temperatures, or with less acetic acid. With this higher
degree of swelling throughout the reaction process, crosslinking is
rendered less favourable (from volume considerations alone), and a
higher degree of hydroxylation is. obtained, even though at the end of
the process, peracetic acid permeates completely through the film under
both sets of conditions. The results described in section V-6 show
changes in the number of crosslinks of a similar order. Since the
hydroxyl area concentrations of thicker films yield more information on
the reaction/diffusion process than thinner films, the experiments de-
scribed here were performed mainly on thicker films.

The maximum at C in Figure V-9 and the subsequent decrease was not
initially expected. In a simple sorption experiment for a given set of
experimental conditions, thefe is a particular film thickness at which
the weight gain per unit area would become independent of film thickness;
this film thickness being the depth of penetration of the permeant (Crank,
1956). In larger films, the polymer beyond this depth of penetration
would have no effect on the amount of permeant being absorbed. To under-
stand the anomalous behaviour in our system, the total oxygen content

(mo]es/cmz) of some of our samples was determined (Figure V-10). To the
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extent that the assumption of a constant stoichiometric ratio (con-
stant moles oxygen to moles double bond reacted) is valid, the total
oxygen content reflects the number of double bonds reacted. This
curve, as expected, asymptotically approaches a much higher level and
at a film thickness greater than that at point C. Thus it appears that
the peracetic acid diffuses in a normal manner through the films but
a change in product distribution occurs in the thicker films; i.é., a
larger fraction in thinner films than in thicker ones of oxygen contain-
ing functional groups as hydroxyls and a commeasurately larger fraction
in thicker films as some other oxygen containing group. From the re-
sults to be discussed in section V-6 (see Figures V-27, 28) this other
species is the uncleaved epoxy ring, ___(:{;_}t:___ (In addition,
these same results render the assumption made above of a constant stoi-
chiometric ratio incorrect and the true values 6f'mo1es of reacted materi-
al would show a decrease with increasing thickness attributable to the
effect of the stress transfer process on the overall epoxidation rate.)
According to this reasoning, by addition of oxygen to the polymer,
the polymer is converted from a hydrophobic to a hydrophilic material;
the reacted surface region of the polymer therefore, swells in the acetic
acid-water reaction bath. However, this swelling behaviour is modified
by the presence of the unreacted core (Figures V-5, V-11), since the
swelling stresses near the surface are transferred by the elastic net-
work to the higher modulus unreacted portion of ﬁhe polymer; the de-
gree of stress transfer is dependent on the ratio of the size of the
surface region to that of the total material (as in Crank's model for

strain-dependent diffusion (1953), section III-4a). Hence, the surface
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Figure V-11. Reacted film model.

region of the thinner films swells more than that of the thicker films,
enabling. the epoxide cleavage agents (acetic acid, water, and sulphuric
acid) to diffuse more effectively into the thinner films (higher D, S
along the epoxidation reaction front, see last section). As a result,
cleavage of the epoxy rings is more nearly complete in thinner films,
yielding higher hydroxyl contents in these thinner films than in the
thicker ones, where cleavage is not as complete. The quantitative coh-
firmation of this is reported in section V-6.

Curves of area concentration versus film thickness of a similar
shape were obtained for a number of other conditions (Figures V-12, 13,
14, 15). Figures V-12, 13, 14 show the results for reactions carried
out at 35.1°C, 40°C, and 45.1°C, respectively in a reaction bath con-
taining 71% acetic acid and 23% water (note the differences 1n.the or-
dinate scale). Figure V-15 shows the observed area concentration/film
thickness for surface hydroxylations at 40°C, but in 92.5% acetic acid

and 1.4% water. The initial line in Figure V-14 represents the best fit
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to the values of area concentration for fully reacted films reacted for

110 minutes at 40°C, 71% acetic acid in a separate run to determine

solely the position of this line.

earlier.

The slope of this line was discussed

In all of these cases, log - log plots of concentration versus film

thickness yielded straight lines, the slopes of which are presented in

Table V-1:

Table V-1: Slopes of log - log plots of AC H

71% acetic acid

35.1°C
90 min -.509 60 min
65 "
1056 " -.397 70 "
8o "
M5 " -.382 90 "
AVERAGE -.429

Thus, the area concentration of hydroxyl groups AC

40°C

419

-.476
-.381
-.522
. 357

-.431

40

50

55

45°C

min

.388

-.422

-.308

-.379

versus film thickness, b

OH

92.5% acetic acid

40°C
20 min  -.492
25 " ..549
30 " .57

-.537

» beyond a certain

maximum value, can be empirically related to film thickness through a re-

lationship of the form:

OH
c

K
AN = k()b 2

(V-1)

K, is a measure of the time course of the reaction and is further dis-

cussed below.
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From the values of the slopes (K2) tabulated in Table V-1, it is
apparent that there is no correlation between K2 and time at a given
temperature, and that for reactions in 71% acetic acid, there is no
correlation between the average value of K2 énd the temperature. How-
ever there is a definite increase in the absolute value of K2 in going
from reactions in 7f% acetic acid to 92.5% acetic acid. The value of
K2 is interpreted as a measure of the transfer of stress from the
swelling surface to the unreacted core. A larger absolute value for
Ko (as for the 92.5% acetic case) is interpreted to mean that the stress
transfer mechanism reaches its maximum effectiveness at a larger b; i.e.,
it ceases to further affect the solubility or diffusivity at a larger
thickness, than}jf the absolute value of K2 were lower. Then K2 should
depend on the swelling ratio.

The absence of correlation between K2 and time or temperature, demon-
strates the smali effect that these parameters have on the swelling pro-
cess and on the stress transfer mechanism, while the addition of acetic
acid, a better solvent for the reacted polymer, has a strong effect on
the effectiveness of the stress transfer mechanism. This is consistant
with the force balance equation of Crank's (1953) model for strain depen-
dent diffusion, Equation III-13, through which, as is shown in Figure III-12,
an increase in swelling ratio (Am/AO) causes the compressed area of the
swelling zone to become its smallest at a larger value of %% H i.et, at
a larger thickness. Hence, an increase in swelling ratio, results in
the stress transfer mechanism reaching its maximum effectiveness in a
thicker film. Since time does not affect the equilibrium stress-free

swelling ratio, Am/AO, and the temperature coefficient of swelling is
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small, it is not surprising that there is no correlation between these

parameters and K2. Similarly, the increase in the absolute value of

K2 observed in 92.5% acetic acid is consistant with the increase in the
swelling ratio extending the range before maximum effectiveness of the

stress transfer mechanism occurs.

In Figure V-16a, the time course of surface hydroxylation is shown
more c]early by plotting area concentration of hydroxyl groups versus
time, for a number of film thicknesses for reactions at 40°C, and 71%
acetic acid. The exponential nature of the process is more apparent
in this figure than in Figure V-14. 1In fact, semi-log plots of AcOH
versus time, at constant thicknesses, for all reaction conditions yield
straight Tines (Figure V-16b). The slopes of these lines can be con-
sidered effective kinetic constants, being measures of the rate of the
reaction. These slopes are related to K](t) of Equation V-1, and are
termed here the effective kinetic constant Ki (K{ =g | ). The values

~are tabulated below in Table V-2:

Table V-2: Slopes of 1n AcOH versus time, (min)']

71.1% acetic acid 92.5% acetic acid
b 35.1°C  40°C  45.1°C 40°C
60u - .0714  .0891  .1461 .0918
300u .0818  .0948  .1513 - .0762
AVERAGE:  .0766  .0920  .1487 .0840

Plots of area concentration.versus time did not yield straight lines.

To the extent that the area concentration of 300 micron films is linearly
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proportional to the depth of penetration, these curves would yield
straight lines if the process were controlled by simple swelling and/or
by a second order reaction as was found by Hartley (1949) or Hermans
(1947) for such processes (see section III-4b).

Since the deviations between K; for 60 microns and 300 microns
merely represent the difference in values of K2 (s1opes of log AcOH
versus log b) for the various times (60 microns and 300 microns were
the ends of thé log - log plots) and since there was no observed
correlation between K2 and time, these differences in Kf'are considered
random errors, and hence, only the average of the.two K{ is considered
significant. An Arrhenius plot of 1In Kf versus 1/T, yielded a straight
line (within experimental error) with slope corresponding to an Arrhenius
activation energy of 13 kcal/mole. For comparison the activation energy
of the epoxidation reaction in solution is 12 kcal/mole (Meyer, 1970).

The good agreement between the two values of activation energy is inter-
preted to show that the major effect of temperature is on the kinetic
constants gdverning epoxidation (and cleavage) with but a very small
effect on diffusion (and swelling). This is consistent with the earlier
discussion in regards to the minimal temperature dependence of swelling
as reflected in the absence of a correlation of K2 with temperature.

The exponential nature of the reaction process also aids in explain-
ing the apparent induction time observed by Traut (1973) and, most effective-
1y, observed here in the reaction at 40°C, in-the 71% acetic acid. A
reaction conducted under these conditions with thicker films for ohly

50 minutes showed virtually no sign of reaction in the infrared spectrum,

but some 15 minutes later displayed significant evidence of the formation
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of hydroxyl groups (Figure V-14). Since the: minimum OH absorbance dis-

tinguishable in the spectrum at 3430 e

is equivalent to an extent of
reaction of 0.2 - 0.3 moles hydroxy]/cm2 or, in other terms, a depth

of penetration of approximately 0.2 tb 0.3 microns, the depth of pene-
tration at 50 minutes is on the order of 0.2 - 0.3 microns, but increases
to a depth on the order of 20-25 micrbns, a hundred-fold increase, in
just 15 minutes. This apparent induction time is directly related to

the exponential nature of the process as is seen from the time inter-

2

cepts at extents of reaction of 0.2 - 0.3 moles/cm~, in the extrapolated

semilog plots of ACOH

versus time (Figure V-16b). These values for
the predicted induction time (71% acetic acid only) for a film 300

microns thick are:

35.1°C 66 - 72 minutes
40 °C 41 - 46 "
45.1°C 18 - 22 "

Although the observed induction time for reactions at 40°C is a little
higher than the range predicted from the extent of reaction at longer
times, the agreement is still quite good.

The semi-log plot for the runs in 92.5% acetic acid extrapolated
baék to give avnegative time. Combined with the lower value for K{ in
the higher acetic acid content reactions than in 71% acetic acid at
40°C, it is assumed that the slope (the value of K{) of the semi-log
plot is in error due to the imprecision in determining the true time
of reaction for a reaction of only twenty minutes duration. This is

discussed further in the second part of this section.
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Although Lebedev (1965) has suggested that an exponential jncrease
in extent of reaction with time cannot be used, by itself, to differ-
entiate between reaction and diffusion control in reactions in polymers,
all the available evidence suggests (section V-4, 5, 6) that this ex-
ponential process (and the consequent induction time) is the direct
result of stress transfer modified swelling, occurring simultaneously
with reaction. As the surface region swells, the solubility of the
peracetic acid in the polymer increases and the driving force for dif-
fusion is increased commensurately. Hence, the diffusion rate increases
with a subsequent increase in the penetration depth and the degree of
swelling near the surface (due to relief of part of the compressive
stress which limits swelling) which further increases the peracetic acid
solubility, diffusion rate and depth of penetration, etc.

This is verified in part by comparison of the extents of reaction
in 71% acetic acid and 92.5% acetic acid. Acetic acid, being a better
swelling agent for the reacted polymer, should Tower the length of the
induction time, since the same solubility should be attained at an earlier
time. While the actual induction time for the reactions in 92.5% acetic
acid is unavailable, Figure V-17 confirmed the expected behaviour: the
extent of reaction is greater after only twenty minutes in 92.5%
acetic acid than after sixty-five minutes in 71% acetic acid. (The
comparison may be between a reaction time of 25 minutes if correction
is made for the apparent error in the twenty minute run (section V-

4b); this does not affect the conclusion.
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Figure V417, Comparison of area concentration, hydroxyl in

71% and 93% acetic acid.

Hydroxylation is the result of two processes, epoxidation and
cleavage, both of which are affected, although in different ways, by
the occurence of swe]]ing in the surface region and by the modification
of this swelling by transfer of stress to the interior unreacted core.
Therefore the simple parameters used to interpret the area concentra-
tion thickness/time data are, in fact, complex variables of the relevant
diffusivities, solubilities and kinetic constants. In order to gain
a better understanding of these processes and in order to determine
the actual depth of penetration, the delamination experiments and
quantitative spectroscopic measurements to be discussed in sections
V-5 and V-6 were performed.

A similar autoaccelerative behaviour is noted in the data of Burgess

(1953) for the photo-oxidation of polyethylene (Figure V-18a) and the
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data of Winslow, et al., (1969) for the weathering of polyethylene
(Figure V-18b). Burgess's observation of an exponential increase

of hydroxyl groups with time and of an apparent induction time in a
polymer/penetrant system in which the penetrant (oxygen) reacts with
the polymer and converts it from a hydrophobic to a hydrophilic mater-
ial has obvious parallels to the surface hydroxylation of SBS copolymer.
The determination of Winslow et al., (1969), of the anomalous effect
of film thickness on the photodegradation of polyethylene (an increase
in film thickness resulting in a decrease in reaction) is identical
to our observation of the effect of film thickness on hydroxylation.
Instead of Winslow's (1969) postulate of different reaction mechanisms
near the surface and in the bulk for photo-oxidation of polyethylene,
the effect ofydiffusion and swelling (by ambient water vapor) near the
surface can account for both Winslow's and Burgesé's data. The com-
bined reaction/diffusion process as modified by stress transfer would
be nearly identical to that used here to explain very similar results.

(b) Reproducibility

It is obvious from Figure V-14 (or from the other figures) that the
scatter of points about the best fitting curve is much greater in the
curve defining the extent of reaction at 90 minutes than at 70 minutes.
This scatter is the result of a run-to-tun variation which becomes evi-
dent at a sufficiently high extent of reaction. Since a run-to-run dis-
tinction in the data was not made in Figures V-14, the area concentra-
tions of most of the films reacted at 40°C, for 90 minutes in 71% acetic
acid are replotted in Figure V-19 to show these variations. From Fig-

ure V-19 it is obvious that the curve of each run has a form similar
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to the composite curve of Figure V-14, but shifted slightly along a ver-
tical axis. (The slight variations in shape reflect the presence of
other errors--see below.) These vertical shifts are shifts in the time
scale and using the semi-log plot of area concentration versus time, a
"true' reactionvtime can be estimated for each run. These are noted

on Figure V-19 and are in the range of 90 *3 minutes. (In fact, the pre-
dicted times are all lower than the measured time.)

This run-to-run variation is caused by the already noted (section
IV-2x) difficulty in controlling the time of vigourous stirring (no
resistance to mass transfer in bulk fluid) to better than +3 minutes.
This is approximately the time required to reassemble the stirring as-
sembly and the reaction flask at the begining of the experiment and to
disassemble it at the end. For the reactions at lower extents of reac-
tion, this error is not important, but because of the 'auto-accelerative'
(exponential) nature of the reaction/diffusion process, at higher extents
of reaction this inaccuracy in the true time of reaction becomes more
important and causes a greater scatter of results. The correspondence
of this estimated error in controlling the time and the time-shifts be-
tween runs for 90 minutes reaction confirms this interpretation,

Additional sampleto-sample variations in the data occur primarily
because of the inaccuracies in the optical measurements of film thickness
(£5 microns generally). In the high thickness region, these deviations
are not important because of the very low curvature of the plots at high
thickness. The sharp curvature in the thinner film region gives this
+5% error more weight in producing observable sample-to-sample deviations.

The error in measuring the absorbance is only +1%; the error in the absorp-
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tivity is not significant as long as the absorptivity is not a function
of the absorbance concentration (see section V-6). The uncertainty in
a constant absorptivity only changes the value of the ordinate; the
relative values are unaffected.

A phenomenon relevant to the ageing of these materials was also
observed in curves of area concentration versus film thickness. The
spectrum between 3800 - 3000 cm'] was recorded a Second time for a
number of samples two to three months after the first spectrum was re-
corded. In many of these (generally the thinner films, with the higher
extents of reaction), the measured area concentration of hydroxyl groups
had increased over the two to three months period. This increase oc-
curred in films stored in the dark both in vacuum and in air. The pos-
sible sources of this error are: 1) variations within the sample,

2) ageing of the sample or 3) reaggregation of hydrogen bonds. The

first is unlikely because-these random varidtions within the sample would
appear in all of the plots of area concentration versus time as a random
scatter of the data. This was not observed. Ageing of the sample, which
results in an increase in the true moles of hydroxyl is, however, quite
unlikely. The possible known mechanisms could be cleavage of residual
epoxy rings or the hydrolysis of remaining acetate. The possibility of a
specific reaction with potassium hydroxide was rendered unlikely by the
qualitative evaluation of the emission spec¢tra showing the absence of po-
tassium in the samples which demonstrated this increase in hydroxyl con-
tent. The absence of potassium hydroxide also makes the occurrence of

a base catalysed reaction unlikely. Since the samples which displayed

this increase in hydroxyl content were subject to hydrolysis using the



-175-

conditions of Traut (1973), which were found to result in incomplete
hydrolysis of the ester, it is believed that the increase in hydroxyl
content is the result of a slow uncatalysed hydrolysis of the ester which
had been hydrolysed before the first spectra were run. The water of
hydrolysis would be the ambient water vapour in the case of the films
stored in the air or be unreleased water in the case of the films stored
in vacuum. Epoxy cleavage by the same water is conceivable, but the un-
catalysed epoxy cleavage would be even slower than uncatalysed ester
hydrolysis. The possibility of free radical oxidative reactions is dis-
cussed further in section V-7, although these cannot account for the in-
crease in hydroxyl content observed in the films stored in the dark in
vacuum,

The possibility of a slow reaggregation of the hydrogen bonds between
already existihg hydroxyl groups resulting in a sharper OH stretching
bond with a slightly different average absorptivity (as discussed in
section V-2a)would also account for the observed increase in hydroxyl con-

tent.
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5. DELAMINATION

The discovery of a crosslinking reaction occurring concurrently
with hydroxylation, made it feasible to delaminate samples of

reacted SBS copolymer by swelling in chloroform.

- o o —— — ——

gelz_ — chloroform solution
- — T of reacted sol and
unreacted fractions

Three fractions were recovered: crosslinked gel (insoluble in
chloroform), unreacted polymer (soluble in chloroform, insoluble
in methanol)‘and reacted sol (soluble in chloroform and chloroform/
methanol mixtures). Only a crude fractional precipitation was
used to separate the chloroform soluble fractions. Little control
was made of the volume of methanol added to precipitate the
chloroform soluble polymer and therefore the compoéition Timit
defining the (solubility) difference between the two fractions
was not sharp. There is thus a significant amount of scatter
in the sizes of these two fractions. (In hindsight, this could
have been executed more carefully; the conclusions would not be
much affected.) The sizes of all of the fractions was determined
by weighing to the nearest microgram.

Infrared spectra were recorded of two composite samples, one
containing the gel fractions and one of the sol fractions, from

four individual films. These sbectra showed the difference in the
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average composition of these fractions. Qualitative inspection of
the spectra showed the expected composition: the gel fraction had

a higher proportion of ether crosslinks than the sol fraction,
which, in turn, had a higher proportion of unreacted double bonds
than the gel fraction. Quantitative results according to the scheme

described in sections III-3 and IV-4 are:

Gel Fraction* Sol Fraction*
hydroxy1l 73 % 20
epoxy 11 7
tetrahydrofuran 14 3
acyclic ether 20 4

*results reported as a percentage of unsaturation originally
present in polymer; sum is not necessarily 100%.
As part of the delamination procedure the total weights before
delamination of the reacted %ilms were determined. The weights for
an area of 1.345 cm2 (the area of the arch punch used to stamp out
the films) are plotted in Figure V-20, as a function of the thickness
of the films prior to reaction. Most of the weights 1ie on a single curve.
The slope of the curve at any thickness corresponds to an overall
density of the film. For thin films, through which the peracetic
has diffused completely and 'all' double bonds have reacted (cor-
responding to the linear AB portion of Figure V-9), the overall
density (from slope at b = 0) is the true density of the fully reacted,
crosslinked surface region (or gel fraction), and is equal to 1.19 gm/cm3.

For films of intermediate thickness, the overall density (from the

slope of the curve shown in Figure V-20) is equal to the sum of the
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~products of the true densities and the volume fractions of material
with those densities. At very high thicknesses, the overall density
(p=.95) is almost identical to the density of pure, unreacted SBS
TR-41-2443 (pSBS =, 943) measured by standard buoyancy techniques.
Considering the larger proportion of unreacted material in thicker
films, this agreement between the two densities is expected. The
curvature in the plot shown in Figure V-20, then indicates the
changes in the relative volume fractions of reacted (denser) material
and unreacted (lower density) polyme;.

Although deviations in the curve are expected because of the
different proportions of reacted and unreacted material in samples
of the same thickness prepared under different reaction conditions
(different depths of penetration), this curve is considered to be
a calibration curve for the optical microscope determination of
film thickness (section IV-2a). The error in points which deviate
significantly from the Curve were attributed to errors made in the
microscope thickness measurement. These deviations had little
effect on the area concentration-thickness curves but did affect
the delamination results. Therefore, a corrected value of thickness
was used to improve the appearance of the delamination results.

(In no case did this correction affect the conclusions deduced

from these results.) This correction, when interpreted in terms of

the thickness measurement, corresponded to discarding one or two of

the individual thickness measurements which had been averaged to get
the thickness reported here. The thicknesses which were considered

to deviate significantly are indicated by solid circles on Figure V-20.
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The weights of the gel fraction as a function of thickness
are presented in Figures V-21 and V-22a, b, c. There are three
~portions to each curve: initial linear increase, smooth decrease
from a maximum value (usually estimated by extrapolation) and a
horizontal portion beyond a sufficiently large film thickness.

The initial linear portion defines the range of films through

which peracetic acid has completely diffused and for which all

of the material has reacted and been crosslinked to form a gel.

The slope of this portion is identical to the slope of the initial
portion of Figure V-20 since 99% of the material is recovered as

gel (the remaining 1% was not recovered by the fractional
precipitation in methanol,either). The distribution of gel is shown
in Figure V-23a.

The horizontal segment corresponds to the range of films for
which the stress transfer mechanism is at its maximum effectiveness.
The depth of penetration (of fully crosslinked material) is in-
dependent of thickness since the diffusion rate becomes independent
of thickness when the transfer of stress is maximal, and dependent
only on time, temperature and the composition of the reaction bath.
The reaction front then has the shape shown in Fiqure V-6d, in-

- dependent of the thickness. Therefore, the proportion of reacted
material which is fully crosslinked (gel) and the proportion of
material reacted but not crosslinked (sol) are constant and there
js a direct proportionality between depth of penetration and weight

of crosslinked gel. The distribution of gel is shown in Figure V-23d.
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Dividing the weight of gel corresponding to the ordinate of
these horizontal lines by the density of fully reacted material
(1.19 gm/cm3) and by the area of the sample delaminated (1.345 cm2)
yields values for the depth of penetration of fully reacted, cross-
linked material KZAX - the 2 arises from the fact that permeation
occurs from both sides of the film.) This is an estimate of the
true depth of penetration of the reaction, which is defined as
the depth at which a rectanqular distribution of reaction would
have a total moles of reacted material identical to the total number
of moles under the true sigmoidal concentration profile (reaction
front). Obviously the weight of crosslinked gel, corresponding to
this depth of penetration estimate, does not take into consideration
the presence of reacted but not crosslinked material. Thus, the
depth of penetrations calculated from the weights of the gel
fractions are underestimates of the true values.

In all of these plots, it is possible to draw a curve (convex
to abscissa) rather than a straight line through the gel weights
at high thickness. (See dashed curve for 70 minutes reaction in
Figure V-21) Although the accuracy of these measurements does
not warrant this curvature being drawn, an observation of an increase
in the weight of the gel portion with an increase in thickness, in
this thickness range, is consistent with the effects of increased
thickness on swelling, the rate of diffusion and the shape of
the reaction front. This increase would be interpreted to reflect
the approach of the estimated depth of penetration to the true value

with increasing film thickness; the advancing tail of the reaction
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front becomes smaller, the slope of the reaction front becomes
steeper and the proportion of reacted polymer, which is fully
crosslinked, is increased, while the true depth of penetration
remains constaﬁt. (Compare V-23d and V-23e) Therefore, the depth
of penetration estimated from the weight of gel increases with film
thickness and approaches the 1imit of the true value, as defined
earlier.

The intermediate decrease between the linear and horizontal
portions is attributed to the increased amount of reacted polymer
being non-crosslinked reacted material (sol), compared to the 100%
crosslinked nature of the films that account for the initial
portions.  For thicknesses beyond the one giving rise to the maximum
gel weight, the reaction front takes on the shape shown in Figure
V-6¢c. From this stage, on the decrease in thg area under the reaction
front concentration profile causes a decrease inthe amount of cross-
linked gel and reacted sol, this decrease arising through both a
steepening of the slope of the reaction front and an actual decrease
in the penetration of the front. This continues until the stage
shown in Figure V-6d is reached. This corresponds to the levelling
off of the curve of weight of crosslinked material versus thickness.
The range of films with decreasing gel weight for a reaction con-
ducted for 80 minutes, at 40°C,in 711% acetic acid (70 - 180 u)
agrees well with the range of maximum decrease of area concentration
with film thickness for the same runs (50-170u, Figure V-13). The

distributions of gel are shown in Figure V-23b and c.
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Figure V-24 confirms this interpretation. It is a plot of
the weight of recovered sol fraction for two of the reaction
conditions (90 minutes, 71% acetic acid and 30 minutes in 92.5%
acetic acid, both at 40°C). The plots for other runs show a similar
behaviour although the fit to the curve is not as good. The initial
increase corresponds to the lessened overlap of the two reaction
fronts and the exchange of fully reacted and crosslinked material
for polymer that is reacted but not crossliinked. The decrease
beyond the maximum corresponds to the steepening of the reaction
front that is occurrihg concurrently with the decrease in the depth
of penetration as between the stages of reaction shown in Figuré
V-6¢ and v76d. This decreasing portion also corresponds to the range
where unreacted chloroform soluble material is recovered and so, the
decrease can be considered to be the consequence of an increase in
the amount of unreacted material due to a change in shape (and size)
of the reaction concentration profile. The scatter in this curve is
caused by the absence of control of volume of precipitant in the
fractional precipitation step used to separate the soluble reacted
material from the soluble unreacted material. The slower decrease
in 92.5% acetic acid is attributable to the larger thickness at
which the stress transfer mechanism reaches maximum effectiveness.

As film thickness is increased, it is expected that changes in
the shape or size of the reaction concentration profile would have
little effect on the weight of unreacted polymer recovered, due
to the fact that, for thick films, this fraction predominates and
it is difficult to observe small shanges in large numbers. However

a relationship has been derived which relates the weight of unreacted
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polymer and the total weight of the delaminated sample (measured
before delamination) to another estimate of the depth of penetration

(AS). The relationship is derived in Appendix 3:

Wt - WS i} 2)\5 Apr (V"Z)

Wy

2

where wt weight of A cm™ of sample before delamination

ws = weight of unreacted portion of sample
| AS = depth of penetration calculated using weight of
unreacted material
A = area of sample = 1.345 cm2
Pp = density of reacted layer near surface

= density of fully crosslinked material, Oy
= 1.19 gm/cm3
The only assumption behind this relationship is that the density

of the reacted material is equal to that of the fully crosslinked
material (i.e. the sample can be split into just two velume fractions
of two different densities). This assumption is better in thicker
films where the amount of non-crosslinked but reacted material
is small. To the extent that this assumption is correct and within

the limits of accuracy resulting from the absence of proper control
wt - ws
it

(fraction of material that is unreacted) versus _W; (inverse of

during the fractional precipitation procedure, a plot of

weight of sample which, in turn, is inversely proportional to the

film thickness after reaction) should yield a straight line for each



-189-

set of reaction conditions. For every set of conditions but one
(65 minutes, 40°C, 71%HAC) a straight line was obtained and an
average depth of penetration ZAS was calculated. Figure V-25

shows a typical plot.
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06 - -T
N o a
. s L slope=2 SAf; B _
| - As i
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] . \ . aqu
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Figure V-25. Determination of As‘

The results are reported in Table V-3, along with the values for ZAX
calculated from the weight of the gel fraction. Because no account
is taken of the unreacted sites in the partially reacted sol fraction,
this depth of penetration is an overestimate of the true depth of
penetration. This estimate, however, is closer to the true values
than 2),, since the number of unreacted sites unaccounted for is
much less than the weight of the sol fraction, of which the unreacted
sites are but a portion.

The differences between the two values of depth of penetration

are interpreted according to the model shown in Figure V-26.
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Table

V-3

Depth of Penetration By Delamination

35°

2x, 2
() ()
10.4 31.5
21.3 35
28.5 42.5

92.5% Acetic Acid,

(min)
20
25
30

71% Acetic Acid

40°
2\,
(n)
8
14.5
17.5

30
43

2\
(u)
36
41
60

2X

(n)
30.0
38
47
62.5

40°C

ZXS

(u)
65
72.5
95.5

(min)

40

55

45°

21,

(u)
10.5
24
30

26
35
43
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I
REACTION FRONT

Figure V-26. Reaction front model chowing location of X, AS;
Cr = concentration of reacted double bonds”®

Three regions can be distinguished: x =0 to x = Ax’ fully reacted,
fully crosslinked, x = Ax to x = As’ partially reacted, uncrosslinked
X = AS to x =(t§ fully unreacted region. For example, for films
reacted for 80 minutes at 40°C in 71% acetic acid, the fully cross-
linked portion is 15u thick and the partially reacted region extends
for another 8.5 microns. The reaction profile is then not very steep
and appears to have the shape shown in Figure V-6c¢.

The depths of penetration Ays Ag are based on the thickness
of the polymer after reaction, not the thickness before reaction
which is used as the abscissa in the plots of area concentration.
They define, then, the position and shape of the reaction front

in the final reacted state. A depth of penetration was also calculated

from the weights of the soluble fractions, which corresponds to a
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fraction of the starting polymer that is to be reacted. It is then

a depth of penetration A; based on the initial thickness of the

films (see Appendix 3, Equation A3-6). For the reaction at 40°C,

80 minutes, 71% acetic acid, this depth of penetration is 27 microns,
to be compared with a Ag of 23.5 microns, based on the final thickness
of the sample. This approximately 15% difference in depth of penetra-
tion compares well with the 20% increase in densities between the
fully unreacted and the fully reacted material.

Semi-log plots of depth of penetration, ZAS, versus time yield
straight lines, the slopes of which are reported in Table V-4.
Semi-log plots of ZAX, however, yield more complex curves as in
Figure V-27a for reactions at 40°C in 71% acetic acid. However,

a plot of depth of penetration versus the square root of time

(Figure V-27b)gives rise to straight lines for 2X, but not for

2 Ag e (See Table V-4 for slopes; there is no available explanation
for the decrease in slope at 45Cother than experimental imprecision.)
This observation is interpreted to reflect the presence of two almost
independent mechanisms géverning the time dependence of AS and Ay

The depth of penetration for crosslinked material moves at a rate
proportional to the square root of time, similar to the rate of pene-
tration of the moving boundary in the swelling experiments of Hartley
(1949) and in the second order reaction controlled diffusion system
studied by Hermans (1947). Thus, the depth of penetration Ay 1s
assumed to be identical to the depth of the moving boundary separating
swollen (or reacted) material from unswollen (or unreacted) material.

The movement of this boundary (the reaction front)is then governed by
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Table V-4

Rates of Propagation of Reaction Front

71.1% acetic acid

(a) (b)
ZAX ZXS
35.1° 14.2 .0120
40° 20.2 .0242
45.1° 17.8 .0338
(a) from 2X, versus 1:]/2 plot

)(b) from 1n ZAS versus t plot
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similar processes to those studied by Hartley and Hermans: simple
swelling or simple reaction controlled diffusion. The depth of penetra-
tion xs based on the weight of the unreacted sample, however, moves at
a rate proportional to et similar to the rate of increase of hydroxyl
content (area concentration, hydroxyls) with time. This increase in
A with time is considered to indicate the dominant influence of stress
transfer processes in changing the shape of the advancing tail of the
reaction front (steepening the reaction front) identical to those
governing the degree of hydroxylation.

The range ( Ag = Ay ) is the size of the advancing tail which
does not significantly change with increasing time in the time periods
observed. It is apparent, however, from the shapes of the curves in
Figure V-27b that As increases faster than Ax at longer times. This
indicates that the shape of the reaction front broadens out faster than
it moves into the polymer; i.e., the front gets less steep faster, than
it actually penetrates into the polymer. This is reasonable considering
the shape of the front depends not only on the penetration into the
polymer, but also, on the relief of the compressive stresses limiting
swelling. The increase in AS is then thought of to be composed of two
parts: one part directly proportional to the increase in penetration
of reactants into the polymer (Ax) and a second part resulting from
relief of stress secondary to the increase in penetration.

Extrapolation of the Ax versus t curves also indicates the presence
of a fairly significant induction time in concordance with the observ-
ations in section V-4. However, an Arrhenius plot of the slopes of the

1
In ZAS versus time plots (a rate coefficient) versus T yields a



-196-

straight line but with a much larger slope (correéponding to an activa-
tion energy of 19,000 k cal/mole) than expected (activation energy of
epoxidation 12 k cal/mole). This is interpreted to indicate the
presence of processes other than epoxidation which have a significant
influence on the shape (and size) of the reaction front (and which have

a significant temperature coefficient).
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6. QUANTITATIVE IR MODEL

(a) Oxygen-containing Functional Groups

The resu]ts‘of the quantitative infrared modeling scheme are shown
in Figures V-28, 29, 31, 32, as plots of fi versus film thickness. (fi
is the fraction of oxygen-containing functional groups that are of one
type: hydroxyl, epoxy, acyclic ether, or tetrahydrofuran, mathematically
defined as CL/;CL.) The ethers are reported as the complete ether struc-
ture; the va]u:s from the model for half ethers were divided by two to
get the fi values. The values for carbonyl or acetate were very sma]i
(fi < .01) and, in many cases, negative (an anomaly attributable directly
to the model). Because the error associated with these fractions of car-
bonyl or acetate were genera11y larger than the values themselves, no
~attempt was made to define a correlation for these fractions on thickness,
and the values are not even reported in these figures. The fi values
are all calculated from Fi values reported on the basis of 100 moles of
unsaturation in original polymers (section III-3).

The errors, attributable to the regression or resulting from the
uncertainty in the absorptivity matrix as calculated by the procedure
outline in Appendix 1c, are not shown as error bars in these figures
but are 1isted in Table V-5, for the case of the reaction at 30°C, 180
minutes, 70% acetic acid. The conclusions derived from this data are
all made in considéeration of the limitations of the data as expressed
by their associated errors. The errors (determinate and indeterminate)
are discussed further in part b.

Figure V-28 and V-29 show the behaviour alluded to in section V-4;

namely, a change in product distribution with increasing thickness.
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Table V-5,

Fractions of Oxygen Containing Functional Groups (f.) With

Associated Errors; Surface Hydroxylation at 30°C,

for 180 Minutes, 70% Acetic Acid.

iglgkness hydroxyl epoxy tetrahy- ether carbonyl acetate
(microns) drofuran

11.6 .63+.23 .03+.09 .24+,10 .08+.04 .01x,05 0 + .04
16.2 L49+.17  .18+,14 ,20£,09 ,12+.05 .01+x,09 O = .07
22.4 .54+.19 .14+,09 .21+.08 .09+.04 .02+,05 .01z .04
31.3 .50+,17  .17+£.10 .20+£.08 .08+.04 .02+.06 .03 .05
47.5 .37+.13  .18+.14 .23+.09 .17+.07 .04+.08 .02+ .07
57.3 .36£.13  .26+.18 .21+£.09 ,11+.,06 .04+.09 .02+ .07
90.0 .34£,15 .43+.30 ,18+.11 .06+.07 .01+,12 .01x .09
191 L14+.05 .60+.30 .11+£.08 .05+.05 .07+.11 .03%..09

330 .20+.08 .47+.26 .16+.09 .14+,07 .02+.10 .01+..08
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While there is no apparent correlation (within experimental error) of
the ether fractions (acyclic or cyclic), there is a definite decrease
in the moles of hydroxyl and a definite increase in the moles of
epoxy left uncleaved with increasing thickness.

The competitive reactions involved in this change of product dis-
tribution, which results in the discrepancy between the area concen-
tration of hydroxyl groups and the area concentration of oxygen (Fig-
ure V-10), are then, epoxide formation and epoxide cleavage. This occurs
despite the fact that cleavage is generally faster (larger kinetic con-
stant) than epoxidation (section III-2b). The competition arises because
the two different permeating species required for hydroxyl formation,
permeate at different ratés. If it is assumed that the cleavage agents
(acetic acid or water) diffuse through the polymer slower than the per-
acid, at any point in time, the peracetic acid concentration profile
(the reaction front) will be ahead of the cleavage agents reaction pro-
file and there will always be a portion of the reaction front (the ad-
vancing tail), in which the concentration of acetic acid or water is
effectively zero and cleavage of the already formed epoxy rings in this
portion cannot occur. As the thickness of the film is increased, the
shape of the reaction front changes to make the reaction front steeper
and to reduce the swelling at the surface (stress transfer). This has
a more drastic effect on the already more slowly diffusing cleavage
agents by making the Timiting value of solubility occur earlier in the
film (the Timiting or cut-off solubility is the one at which the correspond-
ing diffusion rate is so low that in the time scale considered diffusion

stops and the concentration gradient is zero). As a result the propor-
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tion of uncleaved epoxide is increased (with a commensurate decrease
of the amount of hydroxyl groups) giving rise to the curves shown
in Figures V-28 and 29.

While the slower diffusion rate of water in the polymer is
directly attributable to its Tower solubility in the reacted portion
of the polymer, the slower diffusion rate of acetic acid is not as
easy to explain. Comparing the molecular size and polarity of acetic
acid and peracetic acids nearly identical diffusivity and solubility and
hence, nearly identical diffusion rates are expected. The competition
between epoxide cleavage and formation is also difficult to reconcile
with the fact that one molecule of acetic acid is formed at the site of
epoxidation from peracetic acid for each double bond epoxidized, re-
gardless of any diffusional 1imitatiqns. It thus appears that the
limiting step is actually the diffusion of sulphuric acid through the
polymer. Since a protonated epoxide is required for cleavage, any
limitation on the availability of protons would result in a reduced rate
of epoxide cleavage independent of the concentration of acetic acid or
water. Although it is difficult to comment exactly on the diffusion of
sulphuric acid or protons through the reacted swollen polymer, it is ob-
vious that if sulphuric acid or protons diffuse in association with water,
then the diffusion rate of water is the only one of importance with re-
gard . to the avai]abi]fty of cleavage agents and the slower, diffusion-
controlled cleavage rate is well accounted for. 1In all probability, an
assumption of association with water is not necessary as the diffusion
rate of sulphuric acid or protons would presumably be slower than that

of peracetic acid independent of the state of association of the acid
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(or protons).

This change in product distribution from hydroxyl or glycol for-
mation (2 moles oxygen per mole of double bond reacted) to epoxy ring
retention (1 mole oxygen per mole of double bond) with increasing
thickness renders the assumption made in the last section with regard
to a constant stoichiometric ratio of oxygen to reacted double bond
invalid. As a result the area concentration of oxygen (Figure V-10)
does not reflect the true area concentration of reacted double bonds,
which actually decreases with increasing thickness.

A similar diffusion limited competition occurs in the potassium
hydroxide hydrolysis of the acetate esters, for which the diffusing
species is the hydroxide ion (or water). Considering a polymer which
had been prepared at 40°C, for example, in the presence of a large amount
of acetic acid, and in which there are acetate groups uniformly through-
out the reacted portion, hydrolysis in aqueous base at room temperature
would be limited by the diffusion of the base (or water) into the less
swollen polymer. The limiting solubility of base (or water) in the
reacted polymer at room temperature in the presence of on]y water occurs
earlier in the polymer (at a 'smaller C) than the position of the reaction

front (see Figure V-30).

epoxidation reaction front
at time t

diffusion front of
base at' infinite' |
time » t

C

region containing unhydrolysed
groups

X

Figure V-30, Diffusion limitation in ester hydrolysis.
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There is thus a number of acetate groups that 1ie beyond the diffusion
front of base, that will not be subject to hydrolysis even after
an experiment has been taken to ‘completion'. The discovery of this
diffusion limitation in acetate hydrolysis made it necessary to modify
the conditions used by Traut (1973) to effect the hydrolysis: i.e.,
higher temperatures (40°C) were used and a swelling agent (dioxane)
was added to the hydrolysis medium (section IV-2¢).

The absence of a thickness dependence of tetrahydrofuran ring
structure formation was expected considering that it is an intra-

molecular process involving only already formed epoxide groups.

\/<)l/\/<)|/\

V

OH

The only dependence on thickness would be through any dependence of
epoxide fromation on thickness, a dependence which can not be determined
using the values of Fi‘ A similar absence of thickness dependence of
the formation of intermolecular ethers results from the absence of any
secondary diffusing molecule being required for their formation. The
direct effect of volume fraction of polymer on an intermolecular cross-
linking process, expressed by the square of a concentration(] /volume,

squared), is not important because of the low concentration of polymer
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(epoxide groups) even in the unswollen state (~. 01 moles/cm3).

In Figure V-31 and Figure V-32 the change in product distribution
described above is not apparent. Because of the first data point, the
plots of Figufe V-31 are equivocal concerning. a decrease in the hydroxyl
fraction with increasing thickness and an increase in epoxide fraction.
The plots of Figure V-32, however, show without a doubt the independence
(within experimental error) of hydroxyl and epoxy fractions with in-
creasing thickness. It appears that for these two runs, at least, which
are at reaction conditions giving rise to high extents of reaction, the
product distribution is independent of thickness and there is no diffu-
sion lag between peracetic acid/epoxidation and acetic acid (or water,
H2504)/c1eavage which was apparent in the reactions conducted at 30°C,
180 minutes or 40°C, 80 minutes. The absence of a difference in diffusion
rates is expected considering the large degree of swellihg consequent
to the relatively high extents of reaction encountered under the con-
ditions used (90 minutes, 40°C, 71% acetic acid and 30 minutes, 40°C,

93% acetic acid). With these large swelling ratios, the slightly lower
diffusion rate for the cleavage agents, relative to peracetic acid, would
have no effect on cleavage as the limiting or cut-off solubility would

be effectively identical with the limiting solubility for peractic acid
diffusion.

In the absence of a change in product distribution for these runs
an explanation is still needed for the decrease in the moles of hydroxyl
groups (area concentration) with increasing thickness observed for these
reaction conditions. It is presumed that this decrease is the result of
stress transfer mechanisms reducing the depth of penetration with increas-

ing thickness (as in the difference between the reaction fronts shown in
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Figure V-6c and V-6d). The decrease in hydroxyl content with increasing
thickness is then, the result of a reduced degree of epoxidation in thicker
films, due to a reduced diffusion rate in these films.

Unfortunately, the infrared data discussed here cannot be used to
give experimental verification of this hypothesis. (Delamination gives
indirect confirmation, section V-5.) For a test of this hypothesis, the
total number of moles of oxygen-containing functional groups must be ac-
curately known. However, because of the grinding/suspension procedure
used to prepare samples for infrared analysis (section IV-4a), a separa-
tion of the sample was effected into two fractions: a C52 soluble, un-
reacted polymer fraction and C52 insoluble, reacted polymer fraction. In
transferring the suspension to the solution cell used to contain the sample
while the spectrum is being recorded, a sampleto-sample variation results
in the relative amounts of each fraction transferred. Ideally, the ratio
of fractions transferred should be the ratio that they appear in the sam-
ple but since this cannot be controlled, a larger part is lost of one frac-
tion than the other during the filling of the solution cell. For example,

loss of part of the CS, soluble fraction would result in a low value of

2
the moles of oxygen-containing functional groups and a loss of the C32 in-
soluble fraction would result in a relatively high value for the moles of
oxygen-containing groups. Opposite considerations apply to the moles of
double bonds remaining (section V-6b).

This error is not applicable to those films which are thin enough
for good spectra to be recorded without resorting to these grinding/
suspension techniques. Unfortunately no information concerning the ef-

fect of thickness on the diffusion process can be obtained from these thin

films. However, the moles of oxygen per square centimeter of the films



-208-

reacted at 30°C for 180 minutes  were computed and the values compared
with those obtained by oxygen analysis. The agreement is quite good:
.013 moles/cm3 by IR and .011 mo]es/cm3 by oxygen analysis, in fully
reacted films.

As described in section V-2, there are three types of acyclic
ethers present in samples of surface hydroxylated styrene-butadiene-
styrene block copolymers: saturated, vinyl and phenyl ethers. Because
the ethers are measured as half ethers G}C-O structures), the other
‘ha]f of the ether structure is unknown. More detailed examination of
the relative amounts of each ether type yielded only a 1ittle more
information with regard to their structure. Generally, the number of
moles of winyl ethers (per 100 moles of original unsaturatibn) is equal
(approximately) to the moles of phenyl ether§ (both'half ether struc-
tures) present in the samp)e. Also, the fraction of the total number
of ethers that are either vipyl eithers or phenyl ethers does not
correlate with film thickness and thus, within experimental error, it
is considered independent of film thickness.

The total moles of vinyl and phenyl half ether structures was,
in most cases, less than the moles of saturated structures indicating
the feasible presence of assymmetric ethers (i.e., vinyl - saturated
alkyl ethers and phenyl - saturated alkyl ethers). Phenyl-phenyl ethers
are also possible with only the vinyl ethers present as assymmetric
ethers. In addition, the equal concentrations of vinyl and phenyl
ethers suggests the exclusive occurrence of assymmetric ethers of the
form of vinyl - phenyl ethers, although this possibility is unlikely

chemically and spectroscopically.
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Even though there are, then, three cases for the determination of
the proportions of each type of ether structure, the proportions of each
ether structure are independent of film thickness, for all three.

The three cases are:

1) A1l phenyl ethers are phenyl-phenyl ether structures, with only
vinyl ethers as assymmetric ethers.
2) AN phenyl and vinyl ethers are assymmetrically linked to
saturated ethers.
3) Al11 phenyl and vinyl ethers are phenyl-vinyl ethers and all
saturated ethers are symetric.
The fraction of each type of ether structure for each case, are listed
in Table V-6. The real situation in samples of hydroxylated SBS copoly-
mers is probably a combination of cases 1 and 2 with a negligible
contribution of phenyl-vinyl assymmetric ethers.
Further information with regards to the nature of the substituents on
the tetrahydrofuran rings formed by epoxide rearrangement (Figure III-8)
is not obtainable from the quantitative spectral information due to the
absence of any correlation of the number of hydroxyls and the number of

cyclic ether structures found in the samples analysed.
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Table V-6

Ether Structures; Fraction of Total Number of Ethers

40°C, 40°C 40°C 30°C
80 min 90 min 30 min 180 min
71.1% HAc  71.1% HAc  93% HAc  70% HAc
Half @
ethers
vinyl .44 .46 .48 .32
pheny]l .44 .46 .48 .32
Fulil
ethers
Case 1
vinyl/sat'd .44 .46 .48 .32
pheny1/phenyl .22 .23 .24 .16
sat'd/sat'd .34 .31 .28 .52
Case 2
vinyl/sat'd .44 .46 .48 .32
phenyl/sat'd .44 .46 .48 .32
sat'd/sat'd 12 .08 .04 .36
Case 3
viny1/phenyl .44 .46 .48 .32
sat'd/sat'd .56 .54 .52 .68

a thickness independent values; directly from infrared modelling
scheme
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(b) Residual Unsaturation

Application of this quantitative infrared model to films of SBS
TR-41-2443 prior to reaction, results in a microstructural composition
slightly different than that obtained by Shell (Table IV-]); The micro-

structure determined here is:

trans 47%
cis 40%
vinyl 13%

Using these values, plots of Ni/N? (where N1 = moles of double bond
isomer i remaining in sample after reaction and N? = moles of double
bond isomer i in sample prior to reaction) versus film thickness were
made. The;yalues of Ni/N?, fractional conversion of double bonds are
ca]culated'¥rom the values for Fi (equation III-7), the moles of double
bond isomer per 100 moles original unsaturation. Because absolute (and
not relative) values of the number of doub]e'bonds are used, the values
of Ni/N? are subject to the same error in transferring the two-phase
sample to the solution cell for spectrum recording, that was discussed
earlier in connection with the use of the total number of moles of oxygen-
containing functional groups. Although these plots are then subject to
a lot of scatter, since in most (thicker) films the volume fractioh of
the unreacted portion is the greater one, these errors in transferring
the sample have a small effect on the numbers of moles of double bonds
found in the spectrum and scatter is not severe.

A typical plot is shown in Figure V-33 for fhe films reacted at
30°C for 180 minutes, in 70% acetic acid. As expected the moles of
each double bond isomer increase uniformly up until a certain point,

after which they increase much more slowly. An exception is the cis



-212-

°
1

FRACTIONAL CONVERSION OF DOUBLE BOND ISOMERS N;/Ng

S o ocIs -
A TRANS
OVINYL
.4 —
3} -
02 J' —
|
I
Afk _
|
]
0 r ] ] ] | ] ]
50 100 150 200 250 300

FILM THICKNESS (microns)

Figure V-33. Fractional conversion of double bonds versus film thickness
prior to; 30°C, 180 minutes, 70% acetic acid.
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double bond which still increases quite rapidly after the sharp break in
the curve near 30 - 50 microns. This is attributed in part to the higher
reactivity of cis double bonds, but in larger part to the great difficulty
in determining accurately the concentration of cis double bonds (the %

error in the F value is approximately 80%). In some samples, the value

cis
for the concentration of vinyl double bonds was greater than that initial-
ly present. This is wholly accounted for by the errors in the regression
and is not considered to represent a true (net) production of vinyl double
bonds. As a result, some of the N1'/N? values for vinyl groups are greater
than unity.

The break in the curve near 30 - 50 microns reflects the depth of
penetration of the reaction in accordance with the value that is estimated
from the p]of of area concentration of hydroxyls versus film thickness

(Figure V-9). The subsequent increase after the break demonstrates the

relative reactivities of the three double bond types:

AMN0) 1w,
LA - 1 (V-3)
Ab Ni Ab
s (M)
where is the slope of the line at large thicknesses.
Ab

Comparing slopes of the curves of two different double bond isomers:

(s]ope)i NEAN. k.
- R (V-4)
(sTope] Man, K
i
where-E— is the ratio of the kinetic constants of epoxidation of
k
oN

isomer i and isomer k, respectively; Sfl = kiN?N peracid.



-214-

From the slopes of the curves, it is apparent that kc1's > ktrans > kviny].

The actual values of the relative rates are impossible to determine
accurately because of the uncertainties in the concentrations of each
of the double bond types (especially cis double bonds).

Although it is difficult to compare the concentrations of vinyl
ethers and trans double bonds because of the errors in handling the
two-phase ground sample, from such comparisons, it is quite apparent
that there is no correlation between the coﬁcentrations of trans double
bonds and vinyl ethers (and between trans double bonds and all acyclic
ethers) even in the spectra of thin films for which no sample grinding
~ 20, F

was required. (F ~3). The anomalous appear-

trans vinyl ethers
ance of a large amount of trans double bonds remaining in thin films
which are apparently completely reacted (show no change in further
reaction, (Traut, 1973), is then, not accounted for by the formation of
unsaturated ethers with an unreactive trans double bond as part of the
structure. The large amount of trans double bonds in thin films, is
apparent from the fractional values plotted in Figure V-33; both vinyl

and cis double bonds have values near zero in thin films. It thus appears

that the high values for trans results from interfering absorptions at

1 1

967 cm ' particularly that of the broad tetrahydrofuran peak at 1067 cm”
in the infrared spectrum. The resulting values for trans would then be
high due to the presence of unaccounted for absorption from interfering
groups (See section IV-4d(ii)). The interference would be less in thicker
films where the proportion of oxygen containing groups is much less.

Alternative explanations based on the isomerization of cis double bonds to

form trans double bonds, which are unreactive due to the presence of

neighboring electron withdrawing groups is also possible although this
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cannot be checked using the data obtained here.

(c) Errors and Assumptions

The assumptions or errors, indeterminate and determinate, involved
in infrared quantitative analysis are summarized here. The prime
assumption in quantitative analysis by absorption spectroscopy is that
the Lamber-Beer law is valid; i.e., there is a 1inear relationship
between concentration and absorbance. Although deviations from the
Lambert-Beer law are reflected in curvature of the absorbance versus
concentration calibration curves and so, are accounted for in part by
choosing the best straight 1ine through the data and the evaluation of
the standard deviation of the absorptivity, there is an indeterminate
aspect to the direct comparison of the spectra of calibration compounds
with the to be analysed sample. This results from variations in the
spectrometer conditions: the presence of a finite slit width, stray
light and nonhomogeneities in the medium which would result in scatter-
ing and variations inreflection losses produce unaccountable differences
in the spectra. It is also assumed that the radiation is monochromatic
and unpolarized, so that changes in the orientation of the sample have
no effect on the spectra obtained. All of the indeterminate errors
resulting from these sources are small, however.

More major limitations are encountered when direct comparisons of
the sample and calibration compounds are made. These arise from the
assumption that the functional group is in an environment in the
calibration sample equivalent to the environment found in the sample
to be ana}ysed, itself. This refers to both the state of the cali-

bration sample and its intramolecular environment (see section Iy-4d).
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A necessary prerequisite for this is the absence of any physical/
chemical interactions in the sample to be analysed. The errors resulting
from failure of these assumptions are indeferminate, but, as is discuséed
in section 1V-4d, are important. The indeterminate errors that result
if not all of the components present in the reacted polymer sample are
taken into consideration in the infrared model are similarly significant.
The determinate errors arising from the uncertainty in the values
of absorptivity used and from the least squares solution to the over-
determined system of equations are discussed further in Appendix 1C.
Generally, the error resulting from the uncertainties in the absorpt-
ivities accounted for 70% of the final error in the concentrations

( < Xy values), calculated from the infrared spectra.
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7. AGEING
The appearance of films of reacted and unreacted SBS TR-41-2443
that had been set aside for five months in the various environments
described in Table IV-5 are described in Table V-7. From the results
it is quite obvious that the‘major degradative mechanism in SBS copoly-
mers, reacted or unreacted is oxidative photo-degradation: samples in
the dark showed no change after five months independent of the presence
or absence of oxygen. When not stored in the dark, both reacted and
unreacted films showed evidence of ageing: 1) the unreacted SBS, after
ageing in the dry state, had a brittle surface that cracked on flexind,
indicating the presence of a less flexible, probably oxygenated surface
with the interior unreacted core maintaining its original flexibility
and 2) both reacted and unreacted SBS copolymer showed signs of yellow-
ing, presumably attributable to the ageing of the polystyrene portion,
which is known to yellow in contact with air (Hawkins, 1972). The
absence of any change in the unreacted SBS stored wet, 1in 1light and
air is the result of the surface plasticizing effect of water and the
color-hiding effect of the white swollen film (see section V-8a),
making it impossible to distinguish the above noted signs of ageing.

In addition, there was no evidence of erosion of the surfaces of
the surface reacted films when in contact with a sterile, aqueous
solution of saline at pH 7.4. The absence of any ageing or erosion
effects in films stored in the dark even in the presence of oxygen
demonstrates the absence of a limitation to the potential use of SBS
copolymers as biomaterials, resulting from changes in the film properties

while implanted in the body, over a five month period.
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Table V-7

Appearance of SBS After Ageing for 5 Months

Environment

(see Table IV-5)

dry,

dry,
dry,
wet,

wet,

wet,

light, air

dark, air
dark, vacuum
light, air

dark, open to
atmosphere

dark, closed to
atmosphere

Unreacted SBS

brittle surface,
slight yellowing

no

no

no

no

no

change
change

change

change

change

Reacted SBS

same as unreacted

no change
no change

slight yellowing at edge

no change

no change
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8. PROPERTIES OF SURFACE HYDROXYLATED FILMS

(a) General Appearance

Films which were truly surface hydroxylated (i.e., retained an
interior, unreacted core) were opaque (white) when swol1én in water.
The opacity was attributed to q1ustering of water at the reaction
front, or interface betweeﬁ unreacted and reacted polymer. The water
which was able to penetrate the reacted portion of the polymer, was
unable to diffuse beyond the reaction front because of solubility
limitations. At itssolubility 1imit, the water clustered together,
with the partially wetted polymer also clustering to form, in effect,
a 'precipitate', which as nonhomogeneties in composition act as
scattering centers to make the film appear white.

In the swollen state the surface hydroxylated materials are
very flexible with (estimated) mechanical properties approaching those
of the original unreacted SBS. When dry, however, ther surface of the
unreacted polymer is brittle and surface cracks appear if the material
is flexed. The brittle surface is the direct consequence of having
oxygenated material at the surface which has a higher glass transition
than the material in the interior continuum (polybutadiene). When
swollen with water, water acts as a plasticizer to reduce the glass
transition of the surface material and so make the surface as
flexible (if not more so) than the bulk.

The actual water uptake of the films is very'difficult to measure
because of the small film samples available and because of the difficulty
in removing all adhering water when the weight of the swollen polymer

is measured. Nevertheless, it is consistently observed that films that
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are reacted completely, absorb about 25% of their weight in water so
that in the final state, the water content is about 20% of the total,
an amount that is not enough to cause any real disruption of the material
or to significantly affect its strength. While in thicker films, that
are only partly reacted, the water uptake is definitely less, the
direct evaluation of the effect of film thickness on swelling in the
surface region was impossible because of the difficulties in obtaining
reproducible swelling ratios.
(b) Biological Tests

The results of whole blood clotting time tests, in terms relative

to the WBCT time for unsiliconized glass, are:

WBCT - sample

WBCT - unsilicon.glass
reacted SBS, air surface 1.5
reacted SBS, mercury surface 1.5 - 2.2
unreacted SBS, air surface 1.9 (3.4, Merrill 1974)
unreacted SBS, mecury surface 1.7

Despite the definite crudeness of the WBCT and the variability in the
data obtained, it is obvious that surface hydroxylation, by itself,
does not produce a polymer inactive with regards to the intrinsic
clotting system. This test is also not sufficiently sensitive to
changes in morphology to distinguish between the air and mercury
surfaces of films cast on mercury (see section III-1).

Incubation of a few grams of SBS TR-41-2443 with soil micro-
organisms failed to result in any significant growth of the microbes.

Although this is not conclusive with regards to the biological stability
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of SBS copolymers it is an encouraging observation, and confirms the
remarks made in the Introduction (section II-3b) concerning the
potential stability of SBS in a biological environment.

There ié also no evidence suggesting that epoxy groups (or the other
ether structures) in the polymer are potentially harmful in the biolgical

environment or that these groups would react further when implanted.
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VI CONCLUSIONS

1. Styrene-butadiene-styrene triblock copolymers have a number

of properties which make them ideally suited for potential use

as biomaterials: ultrapurity, high strength, flexibility,
processability, and sufficient resistance to ageing. Their
thrombogenicity can be modified by surface hydroxylation with
subsequent coupling of heparin therein.

2. Solid phase (surface) hydroxylation of SBS copolymers is a
feasible procedure and results in materials which have hydroxyl
groups near the surface but still retain the elastomeric mechanical
properties of the original triblock copolymer.

3. The most important parameters governing the surface hydroxyla-
tion of SBS copolymers are the thickness of the fiilm, time, and
the composition of the reaction bath (especially with regard

to the concentration of acetic acid). The effect of temperature
is chiefly limited to its effect on the kinetic constant.

4. Surface hydroxylation is a combined reaction- and diffusion-
limited process which is modified by the simultaneous swelling

of the reacted surface region. The swelling is, in turn, controlled
by a stress transfer mechanism which acts to transfer swelling
stresses from the surface to the unreacted core of the films.

The net effect of the resulting compressive stress in

the surface layer is a reduction in the solubility and diffusivity
and hence, diffusion rate, for each permeating species, relative

to their values in a stress-free, fully swollen sample.
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5. Because of these stress transfer processes and the critical
dependence of the diffusion rate on the solubility, the extent
of reaction as expressed by the area concentration of hydroxyl
groups decreases with increasing thickness. Two processes are
responsible:
(a) The transfer of stress, through its influence on the
solubility of peracetic acid, increases the steepness and
decreases the size of the reaction front (the boundary delinea-
ting reacted from unreacfed material); the reduced amount
of hydroxyl groups follows directly from the smaller
depth of penetration.
(b) The lower solubility (and diffusivity) of the cleavage
agents acetic acid, water, and sulphuric acid (protons),
results in a lag between the advancing diffusion fronts
(concentration profiles) for epoxide groups and for the
cleavage agents; the epoxide groups beyond the diffusion
front for these agents are not cleaved. Since this lag in-
creases with increasing thickness (via the stress transfer
mechanism), the number of epoxy groups in thicker films is
greater than in thinner films and the number of hydroxyl
groups is then less.-in thinner films.
6. Surface hydroxylation is an autoaccelerative process, the
area concentration of hydroxyl groups increasing exponentially
with time, in consequence to the relief of part of the compressive
stress in the surface region increasing the solubility of the

permeants in this region; with the increased solubility, the
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diffusion rate is increased, with the depth of penetration increasing
to relieve the stress still further,

7. A significant induction time is observed in all of the

surface hydroxylations before there is any infrared evidence

of hydroxyl formation ( i.e., the depth of penetration is less
than 0.2 microns). This is directly related to the exponential
nature of surface hydroxylation.

8. Swelling in chloroform results in delamination of the surface
reacted material with the formation of three fractions: crosslinked
gel, reacted sol, and unreacted chloroform soluble material.

From the relative weights of these fractions, the depth of pene-
tration of the reaction and the shape of the reaction front are
measured.

9. Although the depths of penetrations encountered in this thesis
were on the order of 10 micons or larger, suitable control of
time, temperature, and-the composition of the reaction bath

would enable depths of penetration of the order of 1 micron or
less to be attained.

10. Quantitative infrared spectroscopic analysis is an

excellent technique for determining the structure of surface
reacted SBS. Not only does it reveal the time course of the
reaction and the thickness dependence of epoxide formation and
epoxide cleavage, it gives detailed structural information with
regard to the types of rearrangements possible during the

: epoxidatibn/hydroxylation of SBS copolymers. The presence of

a multiplicity of substituted tetrahydrofuran groups, acyclic

ether crosslinks (vinyl, phenyl, and saturated ethers), and

carbonyl groups is indicated unequivocally.



-225-

11. The surface reaction scheme described herein is generally
applicable to any styrene-butadiene-styrene triblock copolymer.
Because SBS copolymers can be prepared with a wide variety of
properties, there is a high probability that a SBS copolymer can

be found which would satisfy the mechanical requirements for any
given biomaterial use. To make this material nonthrombogenic,

the surface hydroxylation scheme developed here can be used to
provide reactive sites for whatever heparinization treatment is used
and as such, by a suitable combination of a triblock substrate,
surface modification and hepérinization treatment any set of

biomaterial requirements can be satisfied.
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VII RECOMMENDATIONS

1. To determine the surface morphology and the composition of

the surfaces of styrene-butadiene-styrene b]o;k copolymers,

(i.e. which is major component at surface), an autoradiography
technique should be developed using either a specific adsorbent,

a specific reactant, or a specially prepared triblock copolymer

to distinguish between the two phases of the copolymer.

2. In order to investigate the separate influences of epoxidation
and epoxide cleavage on the properties of the final polymer, attempts
should be made to 1imit epoxide cleavage during the reaction

with peracid (no sulphuric acid and less acetic acid present and
lower temperatures used). Cleavage can then be conducted in a
highly swollen polymer, in a separate bath in the absence of peracetic
acid, to effect a complete conversion to the glycol structure.

The depth of penetration would then be wholly determined by the
conditions of the first step. A surface hydroxylation resulting
in a higher yield of hydroxyl groups may also develop and so, from
a practical point of view, this process would be more desirable in
preparing biomaterials.

3. Other peracids (e.g. monoperphthalic acid) should be inves-
tigated to determine the effect of the peracid structure on the
properties of.the resulting surface hydroxylated copolymer.
(Monoperphthalic acid is known to cause fewer side reactions,

especially chain scission, in epoxidation (Pinazzi, et al., 1973)
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4. Fundamental information regarding the diffusivity and solubility
in similar polymer-penetrant systems should be obtained by direct
sorption measurements (rather than through their effect by reaction

on the polymer).

5. The resistance of these materials to mechanical flexural fatigue
should be investigated in order to determine the Tong term stability

of the reacted surface.
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APPENDIX 1

INFRARED SPECTRUM ANALYSIS

A. Assignments
The assignments of the peaks of the spectrum of surface hydroxylated

styrene-butadiene-styrene block copolymer shown in Figure V-3 are listed
in Table A1-1. Those absorptions marked with an asterisk were not used
for the quantitative analysis scheme.

Notes on Table Al-1

(a) Both the phenyl ether and vinyl ether absorptions refer to the
half ether (;;;C-O) structures discussed in section IV-4-d(ii). The
width of the peaks is discussed in section IV-4-c.

(b) The maximum of these peaks appeared sometimes near 1260 cm'1
and 1195 cm'] due to interfering absorptions from hydroxyl and tetrahy-
drofuran groups. If these interfering absorptions were subtracted out,

1 and 1210 cm”! re-

the maximum residual absorbance appeared at 1240 cm”
spectively.

(c) The interfering C-0 absorption of hydroxyl groups was relative-
ly small,

(d) A number of model compounds was used to make this assignment;
tetrahydrofuran, 1,5 bis (tetrahydro-2-furyl)-3-pentanol (Szymanski, 1964),
linalool oxide (2-vinyl1-2 methyl-5-(1'-hydroxy-1' methyl ethy1l)-tetrahy-
drofuran) (Felix, 1963), and other terpenoid derivatives (Ohloff, 1964).

This assignment was complicated by the multiplicity of tetrahydrofdran

structures present, as discussed in Section IV-4-c. (See Figure Al-1)
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Table Al-1

Peak Assignments; Spectrum of Surface Hydroxylated

Styrene-Butadiene-Styrene Block Copolymer

(Figure V-3)

frequgncy major

v (cm'])

3430

3061
3029

3004*

2950-*
2850

1737

1710

1657

1637
1602

1493
1455*

functional
group

hydroxy1

phenyl

pheny1

cis alkene

| methylene,

methine
acetate
ketone
carbony1

cis alkene

vinyl alkene

pheny1

phenyl

methylene,
methine

nature of
absorption

0-H stretch

C-H stretch

C~H stretch

C-H stretch

C-H stretch

C=0 stretch
C=0 stretch

c

C stretch

C=C stretch

ring vibra-
tion

C-H bending

model
compound

polyvinyl
alcohol

poly-
styrene

cis 1,4
polybuta-
diene

polyvinyl
acetate

cis 1,4
polybuta-
diene

1,2 poly-
butadiene

reference notes
(Krimm, et al., see sec-
1956) tion
ITI-5411
(Liang and

Krimm, 1958)

(Binder, 1963)

(Bellamy, 1958)

(Stokr and Schneider,
1963)

(Bellamy, 1958)

(Binder, 1963)

polystyrene (Liang and Krimm,

1958)

(Bellamy, 1958)



Table A1-1 continued...

frequency major

v (cm'])

1378*

1308

1240

1210

1090

1067
1025

995

967

910

882

807

functional
group

acetate

cis alkene

acetate
&

pheny]l
ether

vinyl
ether

saturated
acyclic
ether

tetrahydro-
furan ring

phenyl

viny]
alkene

trans
alkene

vinyl
alkene

epoxy

epoxy
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nature of
absorption

CH3 defor-

mation

C-H bind-
ing

ester
skeleton

C-0 stretch

C-0 stretch

c-0 stretch

ring
stretch

C-H bending

C-H out of
plane de-
formation

CH2 out of
plane de-
formation

assymmetric
ring stretch

ring defor-
mation

model
compound

polyviny]l
acetate

cis 1,4
polybuta-
diene

polyvinyl
acetate

diphenyl
ether

1-methoxy
cyclo-
hexene

dicyclo-
hexyl
ether

see note d

reference

(Stokr and e
Schneider,
1963)

(Binder, 1963)

(Stokr and
Schneider,
1963)

(Szymanski, a,b

1964, 1967)
(Sadtler, Szy- a,b
manski, 1964,
1967)

1] C

see note d d

polystyrene (Liang and

1,2 poly-
butadiene

trans 1,4

Krimm, 1958)
(Binder, 1963)

polybutadiene

1,2 poly-
butadiene

2,3 epoxy
butane

(Szymanski, 1964,
Bomstein, 1958)

notes



Table A1-1 continued...

frequency major
-1 functional
v (cm™") group

757 phenyl
737 cis alkene
699 pheny]l
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nature of
absorption

C-H out of
plane de-
formation

model reference
compound

polystyrene (Liang and
Krimm, 1958)

cis 1,4 (Binder, 1963)

poly-
butadiene

polystyrene (Liang and
Krimm, 1958)

notes



-232-

A Lk

1060 cm” ! (1) 1040 cm”
o l/

1090 cm” ! (1)

S

1120 - 1020 cm ™| 1060, 1040 cm
many bands (2)

HO

o
O O
CIIZCI{2C33CI{2CI{2
...1 -
1067 cm ~ (3) 1062 cm 1(3)

Figure A1-1. IR absorption frequencies of various tetrahydrofuran
structures ((1) Ohloff, et al., (1964), (2) Klein, et al.,

(1963), (3) Szymanski (1964)).
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(e) The interfering ahsorptions of the assymmetric ring vibration

1

at 908 cn”! and the 1364 cn™' CH, wagging vibration of tetrahydrofuran

were relatively small.

The possibility of alternative assignments is discussed in section

V-2a.

B. Calibration _

The details of the calibration procedure are given in Table Al-2,

i) Solutions

Spectra were recorded for five concentrations of each calibration
~ compound in each solvent. The solutions were prepared by dilution from
a single solution of independently known concentration. The least squares
linear correlation coefficient (and 95% confidence interva]) of absor-
bance on concentration (grams/deciliter) was determined at each frequen-
cy of interest using an IBM 1130 computer. If the F-value was not high
enough, the correlation coefficient was considered to be not signifi-
cantly different from zero (95% confidence). The absorptivity was cal-

culated from the following formula:

Y «Mw- 100
v = 4 (A1-1)
i b™ - 2.303
where a¥ = molar absorptivity of component i at wavenumber v
(cmz/mole)
B“ = correlation coefficient of absorbance at v on concen-

tration (cm3/mole)



functional
group

pheny]l
cis alkene
vinyl

alkene

trans
alkene

acetate

hydroxy1l

epoxy

tetrahydro-
furan

vinyl
ether

phenyl
ether

saturated
acyclic
ether

carbonyl

Calibration of IR Quantitative
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Table Al-2

Analysis

calibration
compound

polystyrene

cis 1,4

polybutadiene

dienite
Trans - 4
polyvinyl

acetate

Gelvatol
20-60

2,3 epoxy
butane

tetrahydro-
furan

T-methoxy
cyclohexane

dipheny]
ether

dicyclo-
hexyl
ether

methyl-n
hexyl ketone

source

Dow Chemical
Co.

Polysciences,
Inc.

Firestone
Rubber Co.

Phillips
Petroleum Co.

T.R. Burke

Monsanto Co.

Pfaltz &
Bauer

Mallinckrodt
Chemical
Works

Chemical
Samples Co.

Fisher Sci-
entific Co.

K+ K
Laboratories

Titerature

concentration cell

range (gm/d1) thick- notes
ness

3 (mm)

csS CHBr

2
.1-.6 .1-.6 .5/.05*% a,b
0.5-3. 1.-6. .5 a

0.1-1.0 0.7-3. .5 a

0.1-3.0 0.2-1.2 .5/.05*

- - - films
- - - films
0.4-2.4 0.4-1.8 .5
0.1-0.7 - .5
0.05-0.4 - .5
0.05-0.3 - .5
0.2-0.9 - .5
(Cross &

Rolfe, 1951)
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Table Al-2, continued...

* .5/.05 indicates that cells of both thicknesses were used.
Notes:
(a) some of the absorptivities determined in solid films
by comparison with known absorptivities (determined
in solution)

(b) some of the polystyrene absorptivities determined using
solutions in C52 as concentrated as 18 gm/dl.
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M« = molecular weight (of repeat unit)
b' = solution cell thickness (cm)
2.303 = conversion factor to get absorptivity in terms of

10g]0 when absorbances are computed in terms of (1n)
The thickness of the solution cell was determined hy the method
of interference fringes (Conley, 1966).
ii) Films
Spectra were recorded for a number of films (17 for polyvinyl ace-
tate; 22 for Gelvatol 20-60) of varying thickness. The weights of

1.345 cm2

samples of the film were determined using a Sartorius micro-
balance (see section IV-3). The least squares linear correlation coef-
ficient (and 95% confidence interval) of absorbance on weight (milli- .
grams) was determined at each frequency of interest using an IBM 1130
computer., If the F-value was not high enough, the correlation coeffi-
cient and the resulting absorptivity were considered to be not signifi-

cantly different from zero (95% confidence). The ‘'mass' absorptivity

(cm2/gram) was calculated from the following formula:

v
v _ B'+1.345-1000
o5 Z.303 (A1-2)
where a¥ = mass absorptivity of component i at wavenumber v
(cmz/gram)
8V = correlation coefficient of absorbance on weight of
1.345 cm? of film (milligrams)™!

For the acetate absorptivities, the mass absorptivity could be multiplied

by the repeat unit molecular weight (Mw = 86) to get the molar
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absorptivity. For the_Ge]vato] fijms 'effective’ mass absorpti-
vities were calculated from which the true mass absorptivities could be
computed (section iv).

jii) Baselines

A11 absorbances were calculated as ]nlzg- where To is the transmit-
tance at the baseline whjle T is the transmittance at the peak maximum.
(Bécause all absorptivities (Table A1-4) are reported on the basis of
Togyys @ cohversion factor of 2.303 is needed throughout the calculations).
The baseline was drawn in all spectra to eliminate any interfering ab-
sorptions that could not be accounted for in the final analytical scheme.
The baseline used was that logical baseline which gave the best fitting
correlation of absorbance on concentration. The baselines are described
in Table Al-3.

iv) Copolymer Calculations

Gelvatol 20-60 (partially acetylated polyviny] alcohol):

It was assumed that the interfering absorption of hydroxyl at 1737

cm'] was zero. Thus at 1737 cm']
1737 o 1737 _
ag e fac , (A1-3)

1

where aé737 effective mass absorptivity at v = 1737 cm”~
calculated using equation A1-2 from spectra of

Gelvatol 20-60.
1

ape®? = mass absorptivity of acetate groups at v = 1737 cm-
determined from spectra of polyvinyl acetate
f = weight fraction acetate units

ac
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Table Al1-3

Baselines for Calibration Spectra

calibration so]vent\ baselines (wavenumber cm'])

compound

polystyrene cs, 3130-2970; 1400-H(E: 790-650)
CHBr3 1650-H(E: 1520-1470)

cis polybutadiene 052 3080-3035; 3035-2975; H-1120;

1120-880; 850-625*

CHBr3 1850-1530; 1530-1360
trans 652 3050-3000Sh; H-1150; 1150-980;
1,4 polybutadiene 800-650*
CHBr3 1730-1575; 1370-1240
1,2 polybutadiene CS2 3100-3015; H-1150; 1050-830;
750-H ‘
CHBr3 1700-1200
polyvinyl acetate film 3020-2870; 1800-1657*; 1470-1300;
1300-875
gelvatol 20-60 film 3650-3000; 1770-1657; 1610-875;
875-775; 775-480
2,3 epoxybutane C52 H-1200-675
CHBr3 1650-1550

tetrahydrofuran C52 1400-760
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Table A1-3 continued...

calibration solvent baselines (wavenumber cm'])
compound

1-methoxy C52 1320-1080

cyclohexene

diphenyl ether cs, 1320-1120T; 930-8407
dicyclohexyl cs, 1210-9707

ether '

LEGEND to Table Al1-3
V] = Yyl baseline drawn from valley at Vi to valley at Vo

H - Vy: baseline drawn as a horizontal 1line from vy
towards higher frequencies

vy - H: baseline drawn as a horizontal Tline from V1
towards lower frequencies

(E: vy - vz): an exception to the preceeding baseline with
the baseline drawn from vy to v,

* baselines not drawn from valley to valley but
rather to intersect spectrum near 100% transmittance

+ tails of major peak estimated for background
absorption

Sh: Shoulder of peak
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f,c Was thus calculated to be 0.799..
Using equation A1-4; the molar absorptivities for the hydroxyl group

were calculated:

vV vV
v (og-ay.) - 200

a . 44 (A1-4)
OH .799

where agh = molar absorptivity of hydroxyl groups at wavenumbher

Vv cm'](cmZ/mole)

Polybutadienes:

The method of Silas et al. (1959) was used to compute the absorp-
tivities of the individual polybutadiene isomers. The absorptions at
each of the three major analytical frequencies (967, 910 and 737 cm'])
were divided into two parts: one corresponding to the isomer which ab-
sorbs the most strongly at that frequency and a second part reflecting
the interfering absorption of the other two components. This ihter-
fering part was considered to be zero at the analytical frequency for

1 for the high trans

the largest component of the polymer (e.g. at 967 cm”
content polymer). Using the effective molar absorptivities calculated
according to equation AI-1, with the assumption of 100% unsaturation in
the calibration polymers, the weight fractions of each isomer in each
polymer and the true absorptivities of each functional group were cal-
culated using the equations described by Silas (1959).

Since some of the absorptivities were not significantly different
from zero, the equations of Silas had to be modified to yield a consis-

‘tent set of weight fractions and absorptivities. The resulting weight

fractions were:
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ftrans fcis fviny]
TRANS - 4 .951 -- .049
cis 1,4 polybutadiene .017 .954 .028
DIENITE .020 .007 .973

v) Absorptivities
The absorptivities are listed in Table A1-4 on the basis of 10910.
The ether absorptivities are per mole of';EC-O bonds as discussed in

section IV-4d(ii).

C. Errors

Two sets of errors were distinguished in the calculation procedure.
One set was due to the least squares solution of an overdetermined sys-
tem (see section III-3), and one set due to the propagation of uncertain-
ties in the value of each indfvidua] absorptivity. This latter set of
errors was calculated using standard formulas for propagation of errors
when multiplying or adding quantities to which there are associated er-
rors. The geometric mean of the two sets of errors was considered to be
the best estimate of the errors in the set of concentrations <X> . The
errors from the least squares solution are given by equation III-8 (Clif-
ford, 1973)

E' = oﬂﬂaTa)']

~ rv

where E' = vector of Tength m of standard deviations of <X> re-

sulting from the least squares solution to the system
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of equations f\\,= aXx

o = standard error of the estimate
YAy
n-m
a = absorptivity matrix of dimension n x m (cm2/mo1e)
A = vector of absorbances of length n
<§f = vector of computed area-concentrations of length m
(mo]es/cmz)
r = vector of residual absorbances of length n
= A-2X
n = number of components

T : denotes transpose

v~ : denotes square root of each element in the matrix/vec-
tor
The errors propagated from the absorptivity matrix were calculated

according to:

£ = (aTa)']\/ ATE ETA + <xo' E"TEY <x> (A1-5)
where Eﬁ = errors in <X> propagated from the set of errors E’in a
E = matrix of errors in a
E" = errors in (ng) propagated from E , calculated accord-

ing to equation (A1-6); dimension (m x m)

Each element of Ef‘was calculated according to:

n = + -
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where aj K = the element of the absorptivity matrix E{ correspon-

ding to frequency v = j and component k

Ej K = the corresponding element of the error matrix’g
The combined errors in <X> , Ex’ was then given by:
E, = \/E"TE" + E'TE! (A1-7)

The elements of E are computed directly from the correlations of
absorbance on concentration or film weight. It should be noted that the
two sets of errors were calculated at two different levels of confidence:
the errors in the absorptivity matrix were at a 95% degree of confidence
(approximately two standard deviations) while the errors from the least

squares correlation were of only one standard deviation.
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APPENDIX 2

MISCELLANEOUS EXPERIMENTS

A. 13C NMR
13C NMR spectra of twa of our samples were recorded on a Varian
25.2 MHz XL - 100 NMR spectrometer] and on a Bruker WH - 90 spectro-

2 using broad band (random noise) decoupling and Fourier trans form

meter
techniques. The samples were swollen surface reacted films in deuterio-
chloroform,

While excel)ent spectra of the gels were obtained, they were of 1it-
tle specific value to this thesis. The hydrocarbon peaks were easily
assigned (Stother, 1972), but due to the lack of chemical shift corre-
lations for ethers (cyclic or acyclic) and the limited accessibility to
a !3C NMR instrument it was impossible to assign the peaks in the ether
region (60 - 70 ppm) to any definite structure. Additional complications
arose because of the dissolution of the unreacted part in the solvent
(chloroform - dj). The spectrum of this dissolved part gave rise to nar-
row peaks and, in fact, was the major contribution to the sbectrum of the

whole sample. A complication also arose from the presence of chloroform

in the sample, the Carbon atom of which gives rise to a triplet near 78 ppm.

1. The collaboration of Dr. G. Gray of the Varian Instrument Division,
Springfield, New Jersey is gratefully acknowledged.

2. The collaboration of Mr. John Schwab of Brandeis University is
gratefully acknowledged.
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This triplet may also hide other pgaks dug tq ethgr structurgs present in
our samples. These complications could be avoided by using the gel por-
tion of an alfeady delaminated sample (section IV-4) in a deuterated sol-
vent which dpes not absorb near the ether region but does swell the gel

layer.

B. Laser Raman

A laser Raman spectrum of one of our samples was obtained using a
'VSPEX Ramalog 1401, with excitation of the Art ion at 488.0 nm].

Again, due to the absence of complete correlations, a Timited access
to the spectrometer and the fact thaf ethers do not generally absorb

strongly in a Raman spectrum, the obtained spectrum was of little value.

C. Dyeing

A number of our samples were dyed with toluidine blue (5% solution)
and attempts were made to section the films, after embedding in paraffin.
The results were extremely inconsistent.

Films that had been in the dye solution for longer than a month were
relatively easy to section with a LKB microtome with a glass knife. On
the other hand, pieces of the same films which were in contact with dye
for only one week could not be sectioned because they were too rubbery.
Attempts to section at low temperatures or by embedding in epoxy rather

than in paraffin were similarly unsuccessful.

1. The collaboration of Mr. M. Sciamwiza, M.I.T. Department of Chemis-
try is gratefully acknowledged.
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Even with those samp]es that could be sectioned, the resu]ts were of
little value. It had been supposed that the water soluble dye would only
stain the hydroxylated region of the film, leaving the hydrophobic unre-
acted region free from color. By sectioning the film and ]ooking at the
film transversely (cross-section) in a microscope, the depth of penetra-
tion of the reaction could be determined visually. There were two prob-
lems, however: 1) some of the films appeared with a much smaller thick-
ness than measured by other means (section III-2) and 2)'when the thick-
ness correlated reasonably well with other measurements, the depth of
penetration of the dye was much less than the depth of penetration of the
reaction as determined by delamination. (sections IV-3, V-5).

The Tow thickness was caused by the fact that the sections were not
necessarily oriented normal to the microscope optical axis. Therefore,
the thickness seen in the microscope was b cos o where b is the true
thickness of the film and o is the angle made between the section and
the horizontal. The thickness and the coloured/uncoloured sections
were accordingly foreshortened when viewed in the microscope.

Because the sections were collected by floating them onto water the
dye was able to diffuse out of the samples into this water before the
sections could be viewed in the microscope. The measured depths of pene-
tration would then be much less than those measured in other ways.

It might be possible to avoid all of these problems by embedding in
a very viscous, concentrated, chloroform solution of polystyrene, section-
ing with a glass knife and collecting the films over hexanol. The poly-
styrene would be firmly bound to the reacted SBS copolymer making section-

ing easier whi]e none of the dye would diffuse out of the film onto the
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hexanol (a non-solvent for toluidine blue and the copo]ymgr). However
the problem of orientation of the films wquld remain making the whole

procedure of doubtful value.

D. Solution Reaction

In order to get information on the properties of hydroxylated styrene-
butadiene-styrene block copolymers, many attempts were made to isolate
hydroxylated block copolymer prepared in solution according to the pro-
cedure described in section IV-5c. Unlike the patented procedure (Wink-
ler, 1971) for the hydroxylation of SBS copolymers, this method used an
excess of acetic acid in order to prepare the hydroXy acetate addition
product rather than the epoxide product. This modification presented a
number of problems, which were not considered to be worth solving:

1) Neutralization of 1afge amounts of acid; the presence of re-
sidual acid in the product would result in a crossliinked and
hence useless product. The use of sodium carbonate solutions
with or without prior washing with water resulted in extremely
stable slurries or emulsions, which were impossible to separate
further.

2) Finding solvent/nonsolvent systems for the hydroxylated product;
the solubility of the hydroxylated product was very dependent
on the degree of hydroxylation.

Although the hydroxylated SBS remained in solution in the peracetic

acid (chloroform/acetic acid) reaction bath during the complete reaction
process, at high extents of reaction the reaction solution showed evidence

of Tyndall scattering, indicating that this mixture is not a good solvent
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system. Once most of the acetic acid was removed, the polymgr precipita-
ted, with crosslinking occuring, catalysed by the remaining acid. To
keep the product from becoming crosslinked it must be kept in solution
during the acid neutralizaticn step and so another cosolvent must be
added before neutralization df the acid.

A cosolvent was needed because the hydroxylated block copolymer was
composed of two parts: the relatively non-polar polystyrene and the more
polar hydroxylated polybutadiene block. Hence a solvent of intermediate
polarity was required. As more and more cosolvent was added the bulk of
the system increased to the point where normal laboratory separations
became infeasible. This was especially tkue when the polymer had to be
removed from solution (precipitation) so that the base hydrolysis step
could be carried out under optimum conditions.

Similar problems arose with regards to the choice of a nonsolvent
for precipitation of the hydroxy acetate product, a solvent for the hy-
drolysis step (made even more complex here by the presence of KOH) and
then a nonsolvent for the final hydroxylated product. These problems were
all complicated by the fact that any set of solvents and nonsolvents that
were suitable at one degree of reaction were generally not suitable for
a product prepared at a different extent of reaction. Many, but not all,
of the possible solvent/nonsolvent combinations were attempted with Tittle

overall success.

E. Contact Angle

The contact angle of water on surfaces of polybutadiene ('DIENE,

Firestone Rubber Company; same microstructure as TR-41-2443), polystyrene
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(Dow Chemical Company) and SBS TR-41-2443.was dgtgrmined by standard tech-
niques using a Unitron EPT Gonimefer Eyepiece (Tirre]], 1974).

The results were inconclusive because of the differences between the
mercury and air surfaces of both polystyrene and SBS TR-41-2443. The

measured contact angles were:

+

polystyrene / air 90.5° + 0.6

polystyrene / mercury 65.7° + 4.3

polybutadiene / air 102.1° + 4.0
SBS / air 112.4° £ 0.5
SBS / mercury 74.2° + 3.6

It was expected that the contact angle for SBS TR-41-2443 / air in-
terface would be between the values for polystyrene / air and for poly-
butadiene / air interfaces, but closer to thé value of polybutadiene.

It is not clear why it is so much higher thén the value for polybuta-
diene. On the other hand the contact angles for polystyrene and

SBS / mercury interfaces are, within experimental error, nearly identical
so it can be concluded that the mercury surface of a cast film of SBS
TR-41-2443 is mainly composed of polystyrene (as would be expected from
the lower mercury interfacial tension of polystyrene--section III-16).
However it is not at all clear why the contact angle for the polystyrene /
mercury interface is so much less than that for the air interface. Per-
haps a specific orientation occurs at the mercury / polystyrene interface
which results in a low contact angle. Extending this to the SBS copoly-

mer renders the conclusion made above suspect if a similar orientation
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process occurs (especially considerihg the unavai]ability of a contact
angle for the polybutadiene / mercury interface).

Further determinations of contact angle and especially the critical
contact angle might help elucidate the structure of the SBS interfaces.
However any unknown orientation / adsorption processes would make these
contact angles subject to interpretation.

A better means to determine the surface structure, though, would be
autoradiography using tritium labelled surfaces. The tritium could be
added to the polymer surface by using tritiated water in the hydrolysis

of the hydroxy acetate product of the surface hydroxylation reaction.
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APPENDIX 3: DELAMINATION CALCULATIONS

A. AX

The defining equation for Xx is:

wx = 2prAx (A3-1)
where wx = weight of gel fraction
Py T density of crosslinked gel
A = area of sample = 1,345 cm2
Ax = depth of penetration, based on weight of gel fraction
Py is calculated from the slope of the initial Tinear portion of curves

of WX versus b (initial thickness of film).

B. AS, As
Defining:
W, = wt - NS (3-2)
where Wr = weight of reacted material
wt = weight of sample before delamination
ws = weight of soluble unreacted fraction
then:
yﬁ. i V.ep i 2hghp,. (33-3)
wt wt wt'
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where Vr = volume of reacted material
P, = average density of reacted material
A = area of sample = 1,345 cm2
As = depth of penetration, based on the weight of
soluble unreacted material, and in the final reacted
state.
. Wy Wy - Wg 1
Ag is calculated from the slope of a plot of W;'= ——jﬁg—— versus WE

assuming Pp X Py> the density of fully crosslinked gel.

A second type of depth of penetration A;, can be calculated using
the same data. This depth of penetration is based on the initial thick-
ness of polymer. The formula for its calculation is derived by initially
assuming that the volume fraction of the reacted portion is unchanged

during reaction:

veo v, Y
vz- = V;' = ;—i:jgg (A3-4)
r by
where V; = volume of the portion of sample that is to be
reacted (before reaction)
Vr = volume of the portion of sample that has reacted
(after reaction)
V;, Vt = total volume of sample before and after reaction,
respectively’
Pg = density of unreacted fraction = density of pure

SBS ( = .943 gm/cm3)
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Since Vr = —jii;—ii » Equation A3-4 can be rearranged:
r
Ve W, - W
g o (A3-5)
t r
Wy + Ns(E_' ) 1)
Ve S
V§- is then the volume fraction of prereacted polymer that is to be re-
t
. VO
acted and the product of V;' and the film thickness before reaction is
t .

then equal to 21; or:

Wy - Wg 1
‘ = .2 (A3-6)
Py b s
W, + ws(rf; - 1)
where b = original thickness of the film
A; = depth of penetration based on the original thickness

A plot of the left hand side versus %—yie]ds a straight line with slope
equal to 2A; (assuming as before P = px). This value of the depth of

penetration is then used to test the assumptions used to calculate it:

namely, the constancy of the volume fraction of the reacted.portion

during reaction.
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APPENDIX 4

LOCATION OF ORIGINAL DATA

The data and calculations of this thesis are contained in labora-
tory notebooks, computer printouts and on spectra chart paper on file
with Professor E. W. Merrill Room 12-108, Massachusetts Institute of

Technology, Cambridge Massachusetts 02139.
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APPENDIX 5

NOMENCLATURE

This appendix 1lists the more important variables in the body of

this thesis.

Additional variables which were used only in specific

derivations are defined in the text.

—do

absorbance

area of sheet during swelling (Crank, 1953)

area of samp]e;prior to delamination (cmz)

area concentration of hydroxyl groups (mo]es/cmz)

area of sheet in the absence of stress and at equilibrium
with penetrant (Crank, 1953)

initial area of dry sheet (Crank, 1953)
absorptivity (cmz/mo]e)

integrated absorption intensity
activity of penetrant i in polymer
activity of penetrant i at surface

path length of radiation in sample, film thickness prior
to reaction (cm)

solution cell thickness (cm)
concentration of acetic acid (mo]es/cm3)

concentration of epoxide groups (moles/cm3)
initial concentration of component i (mo]es/cm3)
concentration at surface of penetrént i (mo]es/cm3)

concentration of peracetic acid (mo]es/cm3)
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concentration of reacted double bonds (mo]es/cm3)

local concentration of hydroxyl groups (mo]es/cm3)

concentration of unreacted double bonds (mo]es/cm3)
concentration of water (mo]es/cm3)

concentration (mo]es/cm3)
diffusivity (cm’/sec)

diffusivities in swollen and unswollen regions respectively
when area = A (Crank, 1953)

diffusivities in swollen and unswollen regionsrespectively
in the absence of stress (Crank, 1973)

thermodynamic diffusivity of penetrant i
errors in absorptivities a

errors in standard deviations of the area of concentration
<X> due solely to the regression

errors in <X> propagated from the set of errors in a
errors in (QTQ) propagated from E

Young's moduli of unswollen and swollen zones respectively
(Crank, 1953)

errors 1n'<§? from all sources

number of moles of component i per 100 moles of unsatura-
tion present in the original sample before reaction

fraction of oxygen-containing functional groups that are
of one type

measures of time course of surface hydroxylation
measure of thiékness dependence of surface hydroxylation

kinetic constant of acetic acid mediated epoxide cleavage
(cm3/m01e-sec)

kinetic constant of epoxidation (cm3/mo1e-sec)
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kinetic constant of water mediated epoxide cleavage
(cm3/mole-sec)

ratio of kinetic constants of epoxidation of double
bond isomer i and k respectively

molecular weight
number of components in sample

ratio of moles of phenyl groups to 100 moles of unsatura-
tion in the copolymer

moles of double bond isomer i remaining in sample after
reaction

moles of double bond isomer i in sample prior to reaction
number of frequencies used in overdetermined system
thermodynamic permeability of penetrant i in polymer
rate of disappearance of penetrant i due to reaction

residual from least squares solution to over determined
system

solubility (mo]es/cm3)
quasi-thermodynamic solubility of penetrant i in polymer
Henry's law solubility

solubilities in swollen and unswollen regions respectively
when area = A (Crank, 1953)

solubilities in swollen and unswollen regions respectively
in the absence of stress

(apparent) intensity of transmitted radiation, transmittance
at peak

absolute temperature

(apparent) intensity of incident radiation, transmittance
at baseline

time
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volume of swollen polymer (cm3)
volume of dry unswollen polymer (cm3)
volume of reacted material

volume of part of sample that is to be reacted
(before reaction)

total volume of sample after reaction

total volume of sample before reaction
weight of reacted material

weight of soluble unreacted fraction

total weight of sample before de]aminatiqn
weight of crosslinked gel fraction

area concentration of component i (mo]es/cmz)

coordinate in diffusion direction

mass absorptivity (cm2/gram)

correlation coefficient of absorbance on concentration
(cm3/mole) or on film weight (mi]]igrams)']

mean compression in swollen region (Crank, 1953)
mean extension in unswollen region (Crank, 1953)
interfacial tension (dynes/cm)

coefficients relating the effect of compression or exten-
sion respectively on the relevant stress free solubilities

true depth of penetration of reaction, depth of penetration

-of swelling agent (Crank, 1953)

depth of penetration calculated from weight of soluble
fraction of delaminated sample (microns)

depth of penetration based on original thickness (microns)
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A depth of penetration calculated from weight of gel
fraction of delamination sample (microns)

Mg Ho coefficients relating the effect of compression or
extension respectively on the relevant stress free dif-

fusivities
Vv frequency (wavenumber, cm'])
v frequency at peak maximum

Av]/z half-absorbance peak width

op density of reacted layer near surface
P density of unreacted fraction, density of pure SBS
Py density of fully crosslinked material
o - standard error of the estimate (least squares solution
to the overdetermined system)
Miscellaneous
T transpose
-1 inverse
~ matrix/vector
a square root of each element in matrix/vector
< 7 average
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