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The dehydration of isopropy! alcohol to give propylene was used as a test reaction to measure
effects of structural changes on the catalytic activity of semicrystalline polyethylene containing
grafted, sulfonated styrene. Structural changes in polymer films were induced by drawing.
Catalytic reaction rates were measured with variously drawn polymer films clamped in a
differential flow reactor operated at 100°C and 1 atm. The activity of the catalyst and the form of
the kinetics were nearly the same as those observed previously with sulfonated poly(styrene—di-
vinylbenzene) catalysts. These results and infrared spectra of the latter catalysts indicate the in-
volvement of several hydrogen-bonded —SO3zH groups in a catalytic site. The catalytic activity
increased with drawing of the polymer up to 250% of the initial length; the activity decreased upon
further drawing. The polymer structure was characterized as a function of the draw ratio by X-ray
diffraction, dynamic mechanical measurements, electron microscopy, and birefringence and
density measurements. These quantitative characterizations support the following model for the
influence of draw-induced structural changes on catalytic activity. In the undrawn state, there is
clustering of hydrogen-bonded —SO,H groups, all of which are confined to the amorphous regions
of the polymer. Initial elongation partially breaks up the clusters, allowing more ~-SO;H groups to
bond to alcohol and become catalytically engaged. Drawing beyond 250% leads to a separation of
—SO;H groups greater than that for efficient clustering and consequently suppresses the efficient

(concerted) reaction involving several acid groups.

INTRODUCTION

Semicrystalline polymers have a hierar-
chy of molecular and micro structures
which are sensitive to the state of deforma-
tion of the material. This class of catalyst
supports provides the opportunity for sim-
ply inducing significant structural varia-
tions so that the influence of structure on
catalytic behavior can be examined. We
report here the results of catalytic activity
measurements of a series of sulfonated,
semicrystalline polyethylene films in which
the structure was systematically varied by
drawing.

On the molecular level, the catalyst con-
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sists of a polyethylene backbone with sul-
fonated styrene units grafted onto the poly-
mer chain. The chain segments far removed
from the graft site assume the planar zigzag
conformation of the unmodified polyethyl-
ene molecule. These regular sections can
pack together to form periodic three-dimen-
sional structures associated with crystalline
matter. The three-dimensional periodicity
is characterized by a typical unit cell of the
regular array of molecules. The unit cell of
polyethylene has been determined to be
orthorhombic, with cell edge dimensions of
a=740A,b=493A,andc =253A ().
Two planar zigzag sections are contained
within the unit cell. The unit cell represents
the fundamental repeating unit of the peri-
odic structure of the crystal.

The polymeric materials form submicro-
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scopic plate-like crystals called lamellae.
The lamellae are typically 200 to 600 A
thick and several thousand Angstroms in
length and width; the chain axis of the
polyethylene molecule is parallel to the
small dimension of the lamella. Since this
small dimension accommodates 50 to 100
repeating units, only sections of the long
molecules are contained in the lamellae.
Consequently, contiguous regions of chain
segments packed into regular crystalline
arrays may be connected by chain sections
of a more coiled and random nature. The
specific conformation of these noncrystal-
line or “‘amorphous’’ chain segments is not
known.

The molecular segments spanning two
lamellae are called ‘‘tie molecules.”” Each
molecular segment within a lamella is not
necessarily connected by a tie molecule to
another lamella. The molecules may termi-
nate near the surface of the lamella to
produce cilia or ‘‘fringes’’ on the lamella.
Alternatively, the molecule may fold back
on itself so that a separate segment of the
same molecule can reenter the lamella,
thereby forming a “‘loop’” or “‘fold”” on the
surface.

The crystal lamellae and the associated
amorphous molecular segments are aggre-
gated into a spherically symmetrical supra-
molecular structure or spherulite. The
spherulites give rise to a texture similar to
the grain structure of a metal. The spheru-
lites in a polymer are polycrystalline, how-
ever, whereas metallic grains are essen-
tially monocrystals. Spherulites may range
from microns to centimeters in diameter.

Within a spherulite, the lamellae are ar-
ranged along radial directions which have a
common center at the site of nucleation.
The b axis direction of the crystals lies
along the spherulite radius, whereas the a
axis and ¢ axis tend to be randomly ori-
ented in the planes perpendicular to the
radii. Consequently, the polymer chain axis
direction (the c axis) is oriented perpendic-
ular to the radial direction and therefore is
tangential to the surface of the spherulite.
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Even though the individual lamellae are
anisotropic, the spherulitic geometry pro-
duces a structural unit which is isotropic on
the average. Upon deformation, the
spherulites tend to become ellipsoidal.
Eventually, the highly deformed spheru-
lites are disrupted and form oriented fibrillar
morphologies, with the long dimensions of
the lamellae perpendicular to the draw di-
rection.

The gross properties of a semicrystalline
polymer depend upon the interactions be-
tween the crystalline and the amorphous
components, as reflected by the size, shape,
and relative orientations of the two compo-
nents. The relative influence of each of
these components depends upon the frac-
tion and arrangement of the chain segments
in each. The crystalline content (i.e., per-
centage crystallinity) can be obtained from
precise measurements of density. The rela-
tive arrangement of the crystalline seg-
ments can be obtained by X-ray diffraction
techniques; the orientation of chain seg-
ments in the amorphous regions can be
deduced from measurements of birefrin-
gence. The application of these structural
characterization techniques provides a
means of tracking structural modifications
induced by drawing the polymeric cata-
lysts.

The dehydration of isopropyl alcohol was
selected as the test reaction for determining
catalytic activities of the semicrystalline
polymers, since the activity for this reac-
tion has been found to be sensitive to the
structure of a polymeric catalyst (2): the
catalytic reaction rate was reported to in-
crease by an order of magnitude as the
divinylbenzene content (crosslinking) of a
sulfonated poly(styrene—divinylbenzene)
ion-exchange resin catalyst was reduced
from 8 to 5%. Further, the rates of alcohol
dehydration reactions in these resins have
been found to increase more than linearly
with increasing concentration of -SO;H
groups, suggesting that the dehydration re-
actions occur in association with clusters of
hydrogen-bonded —SO,H groups; the exis-
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tence of these clusters has been demon-
strated by infrared spectra of functioning
catalysts (2, 3).
EXPERIMENTAL METHODS

Permion 5010 (RAI Research Corp.,
Long Island, N.Y.) was prepared by y-
radiation grafting of styrene onto polyethyl-
ene film, followed by sulfonation of the
styrene units with chlorosulfonic acid at
room temperature. The films were obtained
from RAI in the potassium salt form; they
were converted into the hydrogen form by
aqueous ion exchange, undergoing re-
peated batch contacting with 1 N HCIl fol-
lowed by washing with distilled water until
the decanted solution was free of chloride
ion, as indicated by the lack of formation of
a precipitate upon addition of AgNO;.
Analysis of digested samples by Galbraith
Laboratories, Knoxville, Tennessee,
showed that the K* content was <0.1 wt%.
The -SO;H group contents of the samples
were determined by addition of excess
0.025 N NaOH solution containing 1%
NaCl; after equilibration, the supernatant
solution was back-titrated against 0.01 N

HCl using phenolphthalein indicator. The

samples all contained 0.83 = 0.03 meq of
-SO,H groups/g (dried under vacuum at
120°C).

The polymer films, all from the same
batch and initially 0.02 ¢cm in thickness,
were cut into 10-cm-long sections and
drawn in an Instron Universal Testing In-
strument (Model TTCM) with a crosshead
speed of 0.5 cm/min. After drawing, each
sample was allowed to relax between the
grips for 10 h to ensure reproducibility of
structural changes. Samples were drawn to
1.75, 2.50, and 3.00 times their initial
lengths. One sample was drawn and re-
drawn after breaking three times to induce
the extreme structural variation. This sam-
ple is referred to as ‘‘repeatedly drawn.”

A thermostated flow reactor system con-
structed of glass and stainless steel was
used for measurement of catalytic activi-
ties. The equipment, described in more
detail elsewhere (4), was modified to allow
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vaporized isopropyl alcohol fed from a sy-
ringe pump to be mixed in various propor-
tions with helium diluent. The glass tubular
reactor (2.0 cm in diameter and 20 cm in
length) held a clamp for the coiled catalyst
sample to prevent it from changing its
length during operation. The reaction prod-
ucts flowed steadily through heated transfer
lines to an on-line, heated sampling valve of
gas chromatograph equipped with a Pora-
pak N column. Products were analyzed
periodically, and steady-state operation
was demonstrated by the constancy of re-
peated analyses determining conversion.
The catalysts were stable, experiencing no
measurable loss of activity during these
experiments.

In the kinetics experiments, the partial
pressure of isopropyl alcohol reactant in
helium carrier was varied from 0.01 to 0.5
atm. The alcohol feed rate varied from
0.002 to 0.06 mole/h. The repeated analysis
of products by gas chromatography allowed
determination of conversions with an esti-
mated precision of +5%. Flow rates were
chosen to give low (differential) conver-
sions, typically <3%.

The structures of the films were charac-
terized by (1) precise density measure-
ments to determine the volume fraction of
crystalline (x.) and amorphous (x, = 1 — x.)
material; (2) by X-ray diffraction to provide
information about the orientation of the
chain axes in the crystalline regions; and (3)
by birefringence measurements to deter-
mine the state of orientation of chain seg-
ments in the amorphous regions. All struc-
tural characterizations were carried out
after the completion of the catalytic activity
measurements. The applications of the ex-
perimental methods in this research are
summarized below; details are given else-
where (5, 6).

The percentage crystallinity of the poly-
meér catalyst was determined by using the
additive nature of intensive properties such
as specific volume. The specific volume
was determined from measurements of the
density of the sample using a density gradi-
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ent column described in ASTM standards
(7).

A value for the crystalline density can be
obtained from a knowledge of the unit cell
dimensions and the molecular weight of the
monomer contained in a unit cell: d, = 1.00
g/cm?. The density of amorphous polyeth-
ylene can only be estimated, since no com-
pletely amorphous linear polyethylene ex-
ists. A value is reported by McCready et al.
8): d, = 0.83 g/cm®.

P
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The state of crystalline orientation was
determined by measuring azimuthal inten-
sity profiles along the 110 and 200 Debye—
Sherrer rings according to procedures sum-
marized by Alexander (9). The state of
orientation for a given hkl plane of the
crystal can be expressed in terms of the
Herman’s orientation factor, fy,; (10)

Ju = 33 (cos? pp) — 1) (D

with

/2 .
f o 1(pni1)cOS? ppiy sin PriidPrit

(cos® pp) =

, (2

2 .
f =0 1(ppit) sin ppdphi

where I, is the measured X-ray intensity
at the azimuthal angle p. Intensity scans for
I.;; were obtained using a Picker FACS-I
(Four Angle Computer System) automated
X-ray diffraction system.

The Herman’s orientation factor for the
chain axis of the crystalline regions,
f(=fo01), was constructed from the values
obtained for the 110 and 200 intensity data
via the relationship (/1)

(cos? p.) = 1 — 1.4439 (cos? p11o)

*0.5562 (0052 pgoo). (3)

[For random orientations, (cos® p,) = %, so
that f, = 0; for perfect orientation, (cos? p.)
= 1, so that f, = 1. If the chain axis is
perpendicular to the draw direction (but
random in the transverse plane), {cos? p,)
= 0, so that f, = —1.]

The orientation factor of the chain seg-
ments in the amorphous regions, f,, can be
obtained by correcting the observed bire-
fringence of the film for the crystalline
contributions. Samuels (/2) proposed the
following relationship:

Ar = xfl + (1 — x)fAL, 4

where Ay is the observed birefringence and
A3 and A? are the “‘intrinsic’’ birefringences
of the amorphous and crystalline compo-
nents, respectively.

The overall birefringence was deter-
mined from retardation measurements ob-
tained under a Leitz Orthoplan polarizing
microscope using tungsten light. Retarda-
tions were matched against an Olympus
Compensator of a fourth-order Bereck vari-
ety. Values of the intrinsic birefringence A3
and A3 are required for the determination of
fa. The procedures used to obtain these
values from bond polarizabilities are dis-
cussed elsewhere (5, 6).

The polymer samples were examined at a
magnification of 40,000x with a scanning
electron microscope equipped with an en-
ergy dispersive X-ray analyzer (EDAX) to
obtain information concerning structural
changes induced by drawing. Samples for
microscopy were coated with a gold layer,
100-200 A in thickness. The EDAX results
provided a measure of the —-SO;H group
distribution (5).

RESULTS AND DISCUSSION

The catalysis experiments showed that
isopropyl alcohol underwent the expected
conversion in the presence of the sulfona-
ted polymers, giving only propylene and
water as the observed products. The con-
versions of alcohol were low (typically
<3%), and plots of conversion vs inverse
space velocity were linear, passing through
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the origin (5); these results demonstrate
that the conversions were differential, so
that reaction rates were determined di-
rectly. The rate data, obtained at 100°C and
1 atm, are summarized in Fig. 1.

Rates of isopropyl alcohol dehydration
per —SO;H group determined with single
polymer films were indistinguishable from
rates determined with a pair of the same
films sandwiched together. These results
indicate that rates were independent of the
characteristic diffusion length and were
therefore not influenced by diffusion.

For each catalyst film, the rate reached a
maximum at an isopropyl alcohol partial
pressure of about 0.1 atm—in agreement
with results observed with sulfonated
poly(styrene—divinylbenzene) resin cata-
lysts, which had approximately the same
activity per —SO;H (2). The data of Fig. 1
demonstrate the sensitivity of the catalytic
activity to the structural changes induced
by drawing: As the draw ratio (final
length/initial length) was increased to 2.50,
the activity at a given alcohol partial pres-
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FiG. 1. Kinetics data for dehydration of isopropyl
alcohol catalyzed by variously drawn films of sulfona-
ted polyethylene-graft styrene at 100°C and 1 atm. The
curves are the predictions of Eq. (9) with the parame-
ter values of Table 2.
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TABLE 1

Summary of Structural Parameters

Catalyst Density e fa
sample (g/cm®)
Undrawn 1.050 £ 0.001 0.03 0.13
1.75 draw ratio 1.050 = 0.001 0.12 0.21
2.50 draw ratio 1.050 = 0.001 0.34 0.18
3.0 draw ratio 1.050 = 0.001 0.68 0.05
Repeatedly drawn 1.050 = 0.001 0.80 0.08

sure increased, but as the draw ratio was
further increased, the activity decreased.

Electron micrographs (with a resolution
of about 100 A), taken before and after
drawing, as well as before and after the
catalysis experiments, showed no evidence
of formation of microcracks (5). These
results show that the observed increases in
catalytic activity produced by drawing did
not result from formation of new surface
sites.

The structural data for each catalyst film
are summarized in Table 1. These results
show that the amorphous orientation fac-
tor, f,, passes through a maximum with
increasing draw ratio, as does the catalytic
activity. As expected, the crystalline orien-
tation factor increased with increasing draw
ratio. The density (and hence the percent-
age crystallinity) remained constant.

Location of Graft Sites

Catalytic performance depends on the
spacing and interaction of the catalytically
active —SO;H groups within the polymer
film, which are governed by the locations of
the styrene grafts and the number of
styrene monomers per grafted side chain.
The reaction kinetics of the radiation-in-
duced grafting of styrene onto polyethylene
film was studied by Wilson (/3), who re-
ported initiation, propagation, and termina-
tion rate constants. Rate constants for free-
radical polymerization of styrene are also
available (14). Comparison of these values
shows that the rate of grafting of styrene
monomer onto polyethylene film is approxi-
mately two orders of magnitude higher than
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that of polystyrene chain formation. This
result implies a low probability for chain
formation at the graft site. Further, chain
formation followed by grafting onto the
polyethylene backbone is unlikely since the
bulky chain could not migrate rapidly to the
reaction site. Consequently, we infer that
the predominant form of the grafted styrene
is a monomeric unit. The subsequent sulfo-
nation occurs predominantly at the para
position of the grafted styrene.

The monomeric styrene graft is too large
to be accommodated within the free volume
of the densely packed crystalline regions.
Therefore, we infer that the pendant
styrenes on the polyethylene chains are
present in the amorphous regions. This
inference is supported by the dynamic me-
chanical spectra of the films: The y-relaxa-
tion peak observed in the tan § spectrum is
associated with the amorphous phase (15);
consequently, any shifts in the position of
this peak can be related to events occurring
within the amorphous phase. The y-relaxa-
tion peak was observed at —119° for poly-
ethylene film, at —124° for polyethylene
film grafted with styrene, and at 130° for
polyethylene film grafted with sulfonated
styrene. The corresponding ‘‘crystalline’’
relaxation peaks were unchanged by graft-
ing and sulfonation.

Density measurements showed that the
initial semicrystalline polymer had 57 vol%
crystalline material, a typical value for lin-
ear polyethylene. Using these results and
an estimated density of amorphous regions
(modified by the grafted styrene), we esti-
mate that sulfonation of all the styrene units
would give ~1 meq of -SO;H groups/g of
catalyst, which is nearly equal to the mea-
sured values of 0.83. These results imply
that styrene grafted in the amorphous re-
gions did not change the crystallinity of
polyethylene and that all the pendant
styrenes were sulfonated.

The foregoing results provide strong sup-
port for the contention that the catalytic
sites were excluded from the interior crys-
talline regions. Nonetheless, the catalytic

377

sites could be associated with the crystal-
line material by attachment to the folds
on the surfaces of the lamellae. Grafting of
styrene preferentially onto the crystalline
surfaces is expected from energy consider-
ations. The grafting proceeds via a free-
radical mechanism involving the polyethyl-
ene chain and styrene molecules, with the
energy required for the free-radical forma-
tion supplied by y-radiation. McMahon et
al. (16) showed that folds on the crystalline
surface are highly strained, having a con-
formational energy of approximately 20
kcal/mole as compared with a conforma-
tional energy of approximately 5 kcal/mole
of a chain in an amorphous region. The
high-energy fold sites promote grafting ini-
tially at the crystalline surfaces. However,
only a limited number of the bulky styrene
molecules can be accommodated at neigh-
boring fold sites. Consequently, we infer
that after some undetermined coverage of
the crystalline surfaces has been achieved,
the grafting reaction progresses into the
lower-energy sites of the amorphous re-
gions. Therefore at sufficient styrene con-
centrations, graft sites will be located both
on crystalline surfaces and in amorphous
regions.

On the basis of the observed influence of
draw-induced structural changes on cata-
lytic performance and the arguments as-
signing the locations of the —-SO;H groups,
we proceed by interpreting these results in
the context of the previously cited models
of the catalytic sites, namely, a hydrogen-
bonded cluster of several -SO;H groups or,
alternatively, widely spaced -SO;H
groups, which act separately (2, 3). Fol-
lowing the development of this model on
the molecular scale, we take account of the
physical influences of the structures and
orientation of the crystalline and amor-
phous domains on catalytic performance.

Catalytic Sites

The strong similarity between the present
rate data and those obtained with amor-
phous (gel-form), sulfonated poly(styrene—
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divinylbenzene) catalysts (2) suggests that
the previously proposed (2, 3) molecular
model of the catalytic site applies as well to
the semicrystalline polymer. According to
this model, when anhydrous —-SO;H groups
in an amorphous polymer matrix are
present near each other, they form a tightly
hydrogen-bonded network, with each
—SO;H group acting as both a proton donor
and a proton acceptor. To be catalytically
converted, alcohol molecules must break
into the network, forming a hydrogen-
bonded intermediate with a structure such
as the following:

The dehydration reaction can result from a
concerted proton transfer within this net-
work. This suggestion is one limiting case
of the model, accounting for the minimum
spacing of the -SO;H groups. In the other
limiting case (5), the groups are too far
apart in the matrix to allow the hydrogen-
bonded network to form; then the acid
groups may act alone (but less efficiently) to
form a s-propyl carbonium ion, which can
then back-donate a proton to give propyl-
ene. In the (intermediate) case of maximum
catalytic activity, the acid groups have an
optimum spacing—allowing alcohol to
compete successfully with —-SO;H groups in
bonding with other —SO;H groups—while
the network remains intact and the con-
certed proton transfer process is still al-
lowed. When more than the optimum
amount of alcohol is present, it inhibits
reaction by occupying too many positions,
breaking up the network and hindering the
concerted proton transfers (2).

The present data are consistent with this
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TABLE 2
Summary of the Kinetic Data: Parameter Values for
Eq. (9)
Catalyst k x 10% K, Maximum
sample (moles/s - eq of (atm™") rate x 104
—-8SO;H groups) (moles/s - eq
of
-SO,H groups)
Undrawn 4.1+ 04 43+ 0.2 42=x03
1.75 draw ratio 5107 3.0+ 0.2 5603
2.50 draw ratio 7.1+ 1.0 3.1+ 02 7503
3.0 draw ratio 4.9+ 04 3201 53+03
Repeatedly drawn 23+03 3.9x0.2 2.5+ 0.1

2 Data are reported with 95% confidence limits.

model, showing (i) the inhibition of reaction
by alcohol at partial pressures =0.1 atm
(Fig. 1) and showing (ii) an initial increase
in catalytic activity as the spacing of the
acid groups is increased by drawing and
then a decrease in activity as the spacing of
the acid groups is increased beyond the
optimum by further drawing. We elaborate
on the first point, accounting quantitatively
for the inhibition by alcohol, and then, to
explain the second point, consider the
structural effects of drawing on the polymer
microstructure.

Analysis of the rate data (5) has shown
that the following equation provides a bet-
ter fit than any other of comparable com-
plexity:

k'P,

T U+ K POV ©3)

r
This equation provides a good fit of the data
for each draw ratio, as shown in Fig. 1. The
parameter values, determined by the stan-
dard Marquardt nonlinear least-squares
fitting criterion (17), are collected in Table
2.

The rate equation can be developed from
a simple model of the catalytic process: We
assume that the rate-determining step in-
volves the combination of an alcohol mole-
cule which is bonded to one —SO;H group
with a cluster of three neighboring -SO;H
groups; we assume that the bonding (ad-
sorption) of alcohol to the groups is de-
scribed by the Langmuir isotherm, as has
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been observed for ethyl alcohol and sul-
fonated poly(styrene—divinylbenzene) un-
der similar conditions (18). Therefore

—_ KAPA
0. =13 K.P, ©6)
oy = — — 7
VT T+ K. Pa )
r = k0,0, (8)
— kKAPA
=0T KPOE ®)
The quantity &’ of Eq. (7) is identified as
kK ,.
This model is <clearly an over-

simplification; nonetheless, it fits the data
for each catalyst well and represents the
important idea that the catalytic sites in-
volve clusters of several —SO;H groups.
The values of the empirical parameters
{Table 2) show an opposite dependence on
draw ratio; k passes through a maximum,
while K, passes through a minimum with
increasing draw ratio. These parameters, if
interpreted literally, represent the rate con-
stant for the reaction and adsorption equi-
librium constant of alcohol, respectively. In
this context, the dependence of k on the
draw ratio is consistent with the cluster
structure; the dependence of K, on the
draw ratio remains unexplained.

Structure-Deformation Model

Linear polyethylene, which provides the
support for the catalytically active -SO;H
groups, has been the subject of numerous
studies dealing with macroscopic deforma-
tion as well as microscopic morphological
changes. Models of microstructural
changes at the level of lamellae or spheru-
lites have provided mechanisms for relating
microstructural changes to macroscopic de-
formations (79, 20). Similar models are ap-
propriate to explain the changes in the
catalytic activity of the polymers brought
about by drawing. The interpretation of the
observed structural effects on catalytic per-
formance in terms of structure-deforma-
tion models is briefly summarized below.
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The detailed justifications for the models
are given elsewhere (5, 6).

The envisioned structural changes asso-
ciated with various stages of deformation
are schematically illustrated in Fig. 2.
Structures A through E show the proposed
microstructural changes taking place with
increasing elongation. Structures B and C
are related to the destruction of micro-
spherulites, and D and E are related to
deformations of the crystalline and amor-
phous domains contained in the
microfibrillar structure created by exten-
sive elongation.

Structure A, representing the undrawn
catalyst, shows a random and closely
packed amorphous phase containing
-SO;H groups. On a morphological level,
the spherulites are undeformed and distrib-
uted throughout the sample.

Structure B represents the microstruc-
ture of the sample subjected to small defor-
mations (e.g., 10%). During this stage a
reorientation of crystalline and amorphous
domains takes place within the deforming
spherulite. This reorganization depends
upon the positions of the lamellae with
respect to the draw direction. At these low
elongations, crystalline orientation is not
significant, and extension of the amorphous
domain is accompanied by slipping of the
lamellae rigidly past each other. This rear-
rangement of polymer segments within the
amorphous regions causes changes in the
placement of sulfonic acid groups and,
hence, provides a basis for explaining the
changes observed in catalytic activity re-
sulting from drawing. Upon further elonga-
tion, crystalline regions become increas-
ingly aligned in the draw direction. The
amorphous phase extensions and rear-
rangements of the catalytic sites during this
stage of drawing are accompanied by slip
and tilting of the lamellae. These are con-
sistent with the X-ray diffraction data.
Structure C represents an intermediate
state in which crystalline chain segments
are approaching alignment in the draw di-
rection.
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FiG. 2. Structural model of semicrystalline sulfonated polyethylene-graft styrene at various
elongations. Rearrangements at moderately low deformations: (A) undrawn state; (B) lamellar sliding
and expansion of amorphous phase; (C) crystalline orientation and further expansion of amorphous
phase; rearrangements at moderately high deformations; (D) crystalline cleavage and amorphous
orientation; (E) microfibril formation and spherulite breakup with high degree of amorphous

orientation. The dots represent —-SO;H groups.

At very high elongations, crystal blocks
(i.e., crystallites) are pulled out of the la-
mellae, as illustrated in Structure D. Upon
further drawing, these blocks become
aligned along the draw axis, and a
microfibrillar structure, E, is obtained.
Structures D and E can occur only at
extreme elongations and therefore also
have high degrees of amorphous orienta-
tion. The low values observed for the amor-
phous phase (f, ~ 0.1) indicate that highly
oriented amorphous structures D and E
were not encountered at the draw ratios
used in the present study. The data indicate
the presence of structures intermediate be-
tween B and C. Therefore, all the changes

taking place in the amorphous phase are
inferred to result from sliding and tilting of
lamellae.

This model of the polymer structure is
consistent with the molecular model of the
catalytic sites. Rearrangement of -SO;H
groups is responsible for the increase in
catalytic reaction rates up to draw ratios of
2.50 and for the decline upon further draw-
ing. In Structure A, the —-SOQ;H groups are
clustered and do not allow the efficient
formation of the reaction intermediates.
Upon drawing, the amorphous region is
rearranged and -SO;H groups are broken
apart, giving rise to higher catalytic activi-
ties. Beyond the optimum extension, the
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separation of the ~SO;H groups beyond the
hydrogen-bonding distance reduces their
participation in the reaction, and conse-
quently the activity declines. It was ob-
served that a polymer film drawn first and
then sulfonated was less active than one
sulfonated prior to drawing. Evidently,
drawing before sulfonation allows higher
crystalline orientation and hence more sep-
aration between grafts in the amorphous
domain. Thus, after sulfonation the dis-
tances between -SO;H groups may be
greater than the hydrogen-bond distance,
so that the observed catalytic activity is
lower than that of a presulfonated film
drawn to the same elongation.

As pointed out previously, the —SO;H
groups are distributed between the folds
on the surfaces of the lamellae and the
random chains in the amorphous domains.
For the concerted reaction to proceed, a
cluster of —-SO;H groups is required. Thus,
reactions can proceed between (i) two crys-
talline surfaces, (i) amorphous chains and
one crystalline surface, (iii) sites on the
same crystalline surface, and (iv) within the
amorphous regions.

For reactions to take place between the
surfaces of two lamellae, the separation
between the lamellae should be small
enough for the reactant alcohol to bridge
the -SO;H groups. Recent work (8) has
shown that for melt-crystallized linear poly-
ethylene, the average distance between two
lamellae is approximately 50 A this is too
large a separation for the appropriate bond-
ing between alcohol and —-SO;H groups to
take place. Accordingly, we infer that the
major contributions to catalytic activity
arise from clustering of —-SO;H groups be-
tween (i) sites on the same lamellar surface,
(ii) lamellar surface—~amorphous chain sites,
and (iii) amorphous chain—amorphous
chain sites. Clusters involving sites on the
same lamellar surface would be unaffected
by deformation; therefore the combinations
(ii) and (iii) provide the catalytic sites hav-
ing structures sensitive to deformation.
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APPENDIX: NOTATION

a, b, ¢ unit cell dimensions

d density, g/cm?

A° “‘intrinsic’’ birefringence

Ar observed birefringence

Juwt Herman’s orientation factor for
the hkl plane

I X-ray intensity

K temperature-dependent parameter
in rate equation (adsorption equi-
librium constant)

k reaction rate constant, dimensions
of r

k' kK,

P partial presure, atm

r reaction rate, moles per equivalent
of —-SO;H groups per second

p angle between chain axis and draw
direction

tan & loss factor (8: plane angle between
stress and strain)

0 fraction of catalytic sites

X volume fraction

Subscripts

a amorphous

A alcohol

c crystalline

A vacant
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