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ABSTRACT: The conformational structure of peroxy radicals and the molecular disorder of a polymer chain
in elongated isotactic polypropylene with a stretch ratio of 6 are determined from the angular dependences
of the ESR spectra, which can be simulated from the calculated spectra of the partially oriented paramagnetic
centers. The internal rotation angle which represents the orientation of the O-O group around the C-O bond
with respect to the adjacent C-C bond, ¢, = -103° % 5°, and the degree of orientation, f,, = 0.536, are estimated
for mobile peroxy radicals, which decay substantially at room temperature. In addition, the internal rotation
angle, ¢, = 55.5° £ 1.5°, and the degree of orientation, f, = 0.968, are determined for rigid peroxy radicals,
which are very stable at room temperature. The values of ¢, = -103° and ¢, = 55.5° are close to —~120° and
60°, corresponding to skew and gauche conformations, respectively. The high degree of orientation, f, = 0.968,
is in good agreement with that of the polymer chain in crystalline regions, 0.93, obtained by X-ray diffraction.
It is concluded that the mobile peroxy radicals are trapped at disordered sites in the crystalline regions, although
the rigid peroxy radicals are at highly ordered sites in the same region. The reactivity of the interchain hydrogen
abstraction of the mobile peroxy radicals is discussed in comparison with the rigid peroxy radicals on the

basis of their conformational structures and the molecular orientations.

Introduction

Spin-label and spin-probe techniques have been de-
veloped to study the structure and dynamic behavior of
polymer chains at a particular site or a particular region.
We have undertaken ESR studies of much smaller spin
labels, for example, alkyl radicals and peroxy radicals!
bonded to the polymer chain. The small labels are more
desirable for the study of the polymer properties than the
large spin labels commonly used.

In this report, the conformational structure of peroxy
radicals in isotactic polypropylene and the molecular
disorder of the polymer chain are discussed on the basis
of the angular dependences of the ESR spectra.

One of the purposes of the present study is to contribute
to the investigation of the reaction mechanism of peroxy
radicals. Eda et al.2 and Hori et al.? found that the ESR
spectra of peroxy radicals trapped in irradiated isotactic
polypropylene are composed of two spectra arising from
chemically identical peroxy radicals having different mo-
bilities. Hori et al.? recently suggested very interesting
conclusions: (1) The mobile peroxy radicals are trapped
in crystalline regions and decay by a diffusion controlled
mechanism. (2) The main mechanism is the intermolecular
hydrogen abstraction by the peroxy radicals. (3) The rigid
peroxy radicals are stable and the quantity of the radicals
decreases with reaction temperature.

We raise two questions: Why are the mobilities of the
two kinds of peroxy radicals trapped in the crystalline sites
different and why do the mobile peroxy radicals abstract
hydrogen intermolecularly.? In order to answer these

0024-9297,/85/2218-0170$01.50/0

questions, one must acquire a knowledge of the sur-
rounding conditions of the peroxy radicals, for instance,
the molecular orientations of the polymer chain and the
conformational structures of the radicals.

Another purpose in the present article is to find a simple
method for the determination of orientations in polymer
materials composed of more than two different regions,
the amorphous, pseudocrystalline, and crystalline, by a
spin-label technique. These orientations have generally
been determined by X-ray diffraction, birefringence, and
sonic absorption measurements and combining them. For
example, we can estimate the orientation in the region with
a knowledge of the sample crystallinity and the corre-
sponding orientation function for the crystalline region.*
However, a shortcoming of the indirect method is that the
estimated value may be subject to cumulative errors. The
direct spin-label method may offer some distinct advan-
tages for the study of local molecular orientations in the
polymer sample, such as the orientations of the amorphous
and crystalline regions, the interior and terminal portions
of the polymer chains and the molecularly disordered re-
gions, by introducing spin labels into these regions. An
ESR method for the determination of orientations in the
amorphous region by using C,F, radicals has been pub-
lished.?

In this paper, we compare the degree of orientation of
the peroxy radicals in the crystalline region with that of
polymer chains in the same region, obtained by X-ray
diffraction measurement, and show that the ESR method
is simple and effective for the determination of the ori-
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(A) (8)

Figure 1. Geometrical relationship for a main chain axis (OC)
in a laboratory axis system (0X, OY, OZ) (A) and a principal axis
system (01, 02, O3) of the g tensor (B). An external field (0Z)
and a stretching direction are represented in the plane, YZ.

entation of the polymer chains.

Experimental Section

An isotactic polypropylene, Noblen MA-4 (product of Mitsu-
bishi Petrochemical Co. Litd., M, = 40 X 10%) was used for this
study. The sample was purified three times by dissolving it in
boiling toluene, precipitating it by cooling, and washing it in
acetone. After drying in a vacuum oven, the powdered sample
was heated to 473 K and pressed into a film which was subse-
quently stretched at 393 K to a stretch ratio of 6. This elongated
film (ca. 1 mm thick) was then cut into narrow strips which were
placed in a Spectrosil sample tube. This sample was prepared
with the stretching direction perpendicular to the axis of the
sample tube. The sample was evacuated to 10~ torr and then
irradiated at ambient temperature with ®¥Co y-ray to a total dose
of ca. 4.25 Mrad. After it was verified that only the tertiary alkyl
radicals of polypropylene (~CHy-C(Me)-CH,~) were trapped
by observing the 17-line ESR spectrum at room temperature,
oxygen at a pressure of 200 torr was introduced into the sample
tube.

The ESR measurements were carried out with a JEOL ME-3X
X-band spectrometer with 100-kHz modulation. The spectra were
recorded with a MELCOM 70/25 computer connected to the
spectrometer. The signal of diphenylpicrylhydrazyl (DPPH) was
used as a g-value standard. The magnetic field sweep was cali-
brated with known splitting constants of Mn?*, X-ray diffraction
was carried out with a RAD-ITA (Rigaku Denki Co.) diffractometer
in order to estimate the c-axis orientation function of the poly-
propylene crystal, f, = ((3 cos? « — 1)/2), where « is the angle
between a stretching direction (N) and the ¢ axis. The value of
f. was similarly evaluated in terms of the orientation of plane
normals, expressed as (3 cos? ¢ — 1)/2), where ¢ is the angle
between N and the normal to a set of hk! planes.®” In this article,
the azimuthal intensity distributions I(¢), of the (040) and (110)
planes were obtained from the intensity distributions of the X-ray
diffraction at the Bragg angle for the angles, ¢, after it was
confirmed that molecular orientation around the N axis was
isotropic.

By the established method,? the X-ray diffraction patterns with
the increment angle, A¢, of 5° were found to be composed of (040),
(110), (130), and amorphous reflections, and the exact intensities
of I{g) for (040) and (110) planes were evaluated. Then, the value
of f, was calculated from the following equation:%’

3(cos? -1 3(cos? -1
1‘a=—0.901(——(Cos ‘Z)"‘“’ )-1.099(——————<C°s Zh“’ )

Simulation

In order to obtain the ESR spectra of partially and
uniaxially oriented peroxy radicals, one must calculate the
resonance magnetic field, H.(2) and the intensity of the
ESR transition, I(H,) for a peroxy radical with a particular
arbitrary orientation with respect to an external field. Q
represents the set of direction cosines of the external field,
(cos v, €OS g, COS v3), expressed in the principal axis
system. Figure 1A represents the geometrical relationship
for the main chain axis (OC) in a laboratory system. The
Z axis is the direction of the external field (OZ) and the
stretching direction (ON) is represented in the plane, YZ.
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The angle v, between OZ and OC can be obtained from

COS ¥y = co8 & cos o + sin & sin a cos ¢’ (1)

where § is an experimental rotation angle between OZ and
ON and « is the distribution angle between ON and OC.
The angle ¢’ can be defined as the dihedral angle between
the planes OZ0O’ and OCOQ’. The uniaxial orientation of
cylindrical symmetry around the stretching direction
means that the distribution of the chain axis has an equal
probability around the direction (ON). Then, the observed
spectrum can be simulated by integrating over all possible
orientations with appropriate weighting for the angle o and
equal weighting for the angle ¢".

The principal directions of the magnetic tensor can be
added in the system, X’Y’Z as represented in Figure 1B.
AL Ag, and A; can be defined as the angles between the
principal directions of the g tensor, 01, 02, and 03, and
the polymer chain axis, OC, respectively. In order to
calculate the value of H,(Q), the angle © can be obtained
from the following equations:

COS Y3 = COS ¥ CO8 A3 + sin v, sin A3 cos ¢3”  (2)

COS y; = €08 Yo cOS A; + sin v, sin A; cos (¢3” + ¢10”)

3

€08 @1y = (—cos A3 cos Ay) /(sin Ag sin A;) (4)
€08 vy = £(1 — cos? v, — cos? yy)1/2 {5)
H{(Q) = hv/g(Q)B (6

g4Q) = g,% cos® vy + g5% cos® v, + ggf cos? vz (7)

where hv and $ represent the microwave energy and the
Bohr magneton, respectively, and gy, g, and g; are the
principal values of the g tensor. The angle ¢;” means the
dihedral angle between the planes, OZO” and 030" as
shown in Figure 1B. The intensity, I(H,) is proportional
to the number of peroxy radicals, for instance, the dis-
tribution function P(a). P(«) is assumed to be a Gaussian
distribution, exp(a sin® «).® For the determination of the
orientation function f, and the angles, A;, Ay, and A4, the
computer simulation was made in the following procedure.

(a) The distribution function, P(«) is calculated for all
angles of «a using a given parameter of @ and the results
are stored in the computer.

(b) For the arbitrary angle of rotation, 4, the direction
cosines of cos v, cos v,, and cos v are calculated for all
sets of @, ¢', and ¢4, using given parameters A\; and A, (eq
1-5).

(¢) The resonance field H,(Q) is calculated by using the
principal values, g; = 2.0021, g, = 2.0081, and g5 = 2.0353,
which are obtained from the simulation of the powdered
sample!® (eq 6-7).

(d) The final ESR spectrum, I(H), can be calculated
from the convolution of P(«x) and line shape function G
as follows:

I(H) =
27 AT /2 , ”
fo fo fo P(c)GY(H - H,(2)), Dh} do d¢’ deps” (8)

The line width, Dh, which was determined from the sim-
ulation of the powdered sample, was also used in eq 8.

Several theoretical spectra were calculated by changing
the values of a, A, and A, gradually. These spectra were
recorded on an X-Y plotter and compared with the ob-
served spectra in order to get the best fit. From the de-
termined values of A\, and A3, the structure of the peroxy
radical can be discussed in the next section and from the
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Annealing at 3i3K| Cbserved Temp.
[— No 77K
[ No Room Temp

[ Yes Room Temp

Figure 2. Examples of angular dependent ESR spectra of peroxy
radicals trapped in the stretched it-polypropylene film. The angle
5 means the angle between the direction of elongation and that
of the external magnetic field. Other experimental conditions
are represented in the figure.

value determined for a, the orientation function f, is
calculated as follows:

/2
j; {(8 cos? & — 1) /2} exp(a sin? &) da

fo= 72 .
J; exp(a sin? o) do

Results and Discussion

1. ESR Spectra of Peroxy Radicals in Irradiated
it-Polypropylene. The peroxy radicals were produced
by reaction of the alkyl radicals with oxygen at 263 K for
33 h. Figure 2 shows examples of ESR spectra of peroxy
radicals trapped in the stretched it-polypropylene film
after annealing at room temperature for 85 h. A very
marked angular dependence of the ESR spectra suggests
a preferential orientation of the polymer main chain along
the stretching direction. On the other hand, no angular
dependence of the ESR spectra with respect to the external
magnetic field was observed when the sample was prepared
with the stretching direction parallel to the axis of the
sample tube. This demonstrates that the main chain axis
has a uniaxially preferential orientation of cylindrical
symmetry around the stretching direction. As shown in
Figure 2, it was found that the ESR spectra are composed
of two spectra arising from chemically identical peroxy
radicals having different mobilities and stabilities. The
arrows in Figure 2 indicate the representative resonance
fields, g,/, g2/, and g3, which can be considered to be an
approximate standard for the g values, parallel (g,") and
perpendicular (g5’ and g3') to the stretching direction. The
mobile peroxy radicals (ROO-),, decayed under annealing
at 313 K whereas the rigid peroxy radicals (ROO:), are
more stable. For example, the representative resonance
field, g, and g3/, attributed to the mobile peroxy radicals
disappeared under annealing. The value of g,,," and g3,/
showed a remarkable shift in comparison with the g,/
values with increasing observation temperature.

The values of g, and g;,,” for the mobile peroxy radicals
correspond to the g values perpendicular to the main chain,
whereas the value of g,,,,” corresponds to the g value parallel
to the chain. These facts suggest that the motion of the
mobile and less stable peroxy radicals is a rotation or a
rotatory vibration of the COO group around the polymer
main chain. These results are consistent with the con-
clusion in previous papers.°

2. Structure of Rigid Radical and Molecular Ori-
entation of the Polymer Chain. Figure 3B shows the

Macromolecules, Vol. 18, No. 2, 1985

DPPH
3-90° |

~ DPPH
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Figure 3. Variation of the observed (solid) and calculated (dotted)
ESR spectra of peroxy radicals trapped in isotactic polypropylene
before ((A), (A’)) and after ((B), (B)) heat treatment at 313 K
for 40 h. The meaning of é is represented in Figure 2. ESR spectra
were observed at 77 K. No significance should be attached to
the relative intensity of these four spectra. The calculated spectra
(A) and (A’) are composed of two spectra of rigid radicals ((B)
and (B’) in Figure 3, 22-26%) and mobile radicals (Figure 7,
74-78%). The calculated spectra (B) and (B’) were obtained by
using the values of \; = 39°, \; = 68°, and f = 0.968.

2. 6803
DA 2,,38'
ABC .
4’ Ll As
Aflmemw) 37 66*
B | ——— | 39° | &8
¢ [eeua] a1t | 700

3270 3225

Hy—

Hs
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3215
Angle of Rotation (§)—=

Figure 4. Angular dependences of the characteristic resonance
field of the rigid peroxy radicals trapped in isotactic polypropylene
upon rotation angles (6). The open circles indicate observed values
at 77 K. The lines are calculated for the parameters of A; and
A3, represented in the figure and f = 0.968.

ESR spectra of rigid peroxy radicals trapped in crystalline
regions after the sample was annealed at 313 K for 40 h.
The ESR spectrum showed a very marked angular de-
pendence with the external magnetic field along the
stretching direction (6 = 0°), the intensity of the g, feature
is enhanced. On the other hand, the ESR spectrum shows
g, and g; features for the field perpendicular to the
stretching direction (6 = 90°). However, the g value cor-
responding to the characteristic resonance field, 2.0051 for
6 = 0° is different from g, = 2.0021 obtained previously
from the ESR spectrum of an unoriented sample (the
directions of g, g, and g; are represented in Figure 6).

Figure 4 shows the angular dependence of the charac-
teristic resonance field, H, and Hj, which are indicated in
Figure 3. We can observe very strong dependences of the
values of H, and H; on the rotation angle H, for § = 39°
giving a maximum value and H; for § = 68° giving a
minimum value. The g values corresponding to the max-
imum and minimum resonance field are in good agreement
with the principal values of the peroxy radicals of it-PP,
g, = 2.0021 and g3 = 2.0353, respectively. The angles
between the principal directions of the g tensor and the
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Figure 5. Angular dependences of the characteristic resonance
field of the rigid peroxy radicals trapped in isotactic polypropylene
upon rotation angles (5). The open circles indicate observed values
at 77 K. The lines are calculated for the parameter of f, repre-
sented in the figure and A\; = 39° and \; = 68°.

(I) Gauche ¢, = 565°
(I} Skew ?m' ~103.0°

Figure 6. Schematic illustration of peroxy radical of isotactic
polypropylene. The polymer main chain axis are taken to be
parallel to direction of Cy—C, bond in 3, helical structure of it-PP
crystal. The angle ¢ is the internal rotation angle. ¢, and ¢,, are
the angles corresponding to the rigid and mobile peroxy radicals,
respectively, as interpreted in the text. g;; perpendicular to the
COO plane, g;; the direction of the 0-0 bond, g,; perpendicular
to g; and g,.

polymer main chain axis can be estimated to be A,, = 39°
and Ay = 68°. In order to estimate the angles exactly, a
computer simulation mentioned above was performed.
Computer-simulated spectra were generated for different
orientation parameters f and angles, A\; and A, and the
characteristic fields, H; and H;, estimated from the sim-
ulated spectra were plotted as shown in Figures 4 and 5.
As expected, the simulated spectra have very strong de-
pendences on the degree of order f and these angles. The
profiles of the experimenital spectra (solid lines) show good
agreement with the spectra calculated (dotted lines) in
Figure 3 for f, = 0.968, A\, = 39°, and A;, = 68°. The
angular dependences of the experimental resonance field
also show good agreements with those of the calculated
field for the same values of f,, Ay, and A5, as shown in
Figures 4 and 5. By the computer simulation method, we
determined the values of f,, Ay, and Ay, to be 0.968 % 0.010,
39° £ 1°, and 68° £ 1°, respectively.

On the basis of the estimated values of A; and \;, one
can then determine the structure of the rigid peroxy rad-
ical. Figure 6 represents the orientation of the O-O group
around the C-O bond with respect to the adjacent C4—C,
bond. The angle ¢ is the internal rotation angle. It can
safely be assumed that the 3; helical structure remains
unchanged and that the direction of Cy—C, is parallel to
the main chain axis when a peroxy radical is formed.
Therefore, the direction cosines of C,N, g;, and g; with
respect to X, Y, and Z axes in Figure 6 can be obtained
as follows:

C.N(cos 8, 0, sin ), g,(0, —cos ¢, sin @)
ga(—cos v, sin v sin ¢, sin v cos ¢) (8)
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3=90°

Figure 7. Angular-dependent ESR spectra of mobile peroxy
radicals obtained by subtracting a considerable amount of the
ESR spectra after annealing (Figure 3B) from those before an-
nealing (Figure 3A). The calculated spectra were obtained by
using Ay = 24°, A3 = 73° and f = 0.536.

where # and v mean the bond angles /C,C,0; and £C,0,0,,
respectively. Then, the angles of A\; and A\, can be obtained
from the following equations:

cos A\; = sin 8 sin ¢ 9
cos Ay = —cos Bcosy +sinBsinycos¢ (10)
Equations 9 and 10 lead to

COS ¥ = —C08 A; cos 8 —
[(1 - cos® Ay — cos? B)(1 — cos? A; — cos? Ag)]Y/2

(1 - cos® \y)

(11)

v = 111°_,.*% and ¢, = 55.5° £ 1.5° can be obtained from
eq 9 and 10 when the angle, 8 = 109°28’ (tetrahedral angle)
and the observed angles, A\;; = 39° + 1° and Ay, = 68° =
1°. The value of ¢,, 55.5°, is close to 60°, corresponding
to the gauche conformation. The molecular disorder of
the polymer chain and the trapped region of the rigid
peroxy radicals can next be discussed. The degree of order
f: = 0.968 was very close to 0.930, corresponding to the
orientation function of the main chain axis (¢ axis) of it-PP
crystals estimated by the X-ray diffraction method. From
this fact it can be concluded that the rigid peroxy radicals
are trapped in the crystalline ordered region and the ESR
spectrum for the radicals are effective for the determina-
tion of the orientation function in the crystalline region.

3. Structure of Mobile Peroxy Radicals and Mo-
lecular Disorder of the Polymer Chain. The angular
dependence of the ESR spectra of the rigid peroxy radicals
was completely analyzed using the three parameters f, A;,
and A; in the previous section. In order to elucidate the
structure and molecular disorder of the mobile peroxy
radicals, the ESR spectra must be analyzed by the same
method. Figure 7 shows the ESR spectra of the mobile
peroxy radicals obtained by subtraction of the considerable
contribution of the rigid peroxy radicals, the ESR spectra
of which are shown in Figure 3B from the observed ESR
spectra before annealing (Figure 3A). The subtraction of
22-26% of the rigid peroxy radicals from the whole radical
concentration before annealing gave the smoothed ESR
spectra of the mobile peroxy radicals. For example, it was
found that the ESR spectra before annealing arise from
the rigid peroxy radicals to the extent of 22-26% and from
the mobile ones to the extent of 74-78%. As expected,
computer simulated spectra for the mobile peroxy radicals
also have a very strong dependence on the degree of order
f and tne angles, A; and A\;. The profiles of the epxeri-
mental spectra (solid line) show good agreement with the
spectra calculated (dotted line) in Figure 7 for f,, = 0.536,
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Figure 8. Relation between the angle A and the internal rotation
angle, ¢, obtained from eq 9 and 10.

A; = 24°, and A3 = 73°. The smaller value of f,, = 0.536
compared to f, = 0.968 for the rigid peroxy radicals sug-
gests that the mobile peroxy radicals are trapped in the
disordered region in contrast to the rigid peroxy radicals.
The trapped sites of the radicals will be discussed in detail
in the next section. The relation between the angle A and
the internal rotation angle, ¢, can be represented in Figure
8 by using eq 11 with the values 8 = 109°28’ and v = 111°.
The angle ¢, = —103° + 5° for the mobile peroxy radicals
can be estimated for the values of A, = 24° + 2° and A\,
= 73° & 2° from Figure 8. The value of ¢, = -103° is fairly
close to —120° corresponding to the skew conformation, as
represented in Figure 6. Iwasaki et al.'! and Hori et al.’c12
concluded that the COO group lies in the plane perpen-
dicular to the polymer main chain axis, the polymer chain
having a planar zigzag conformation like that of poly-
ethylene or a slightly distorted planar zigzag structure like
that of poly(tetrafluoroethylene). This conclusion suggests
the orientation of the O-O bond is gauche (¢ = 60°) or
skew (¢ = —120°) to the adjacent C-C bond. If the con-
formation of the peroxy radicals is not strongly affected
by the structure of the main chain, ¢, = -55.5° and ¢, =
103.0° in the case of it-PP should be dismissed. The values
of —55.5° and 103.0° obtained from eq 11 are inconsistent
with ¢ = 60° or -120° in the cases of PE and PTFE.
Therefore, the values of ¢, = 55.5° and ¢, = -103.0°
mentioned above were adopted. The deviations of 4.5° and
17° from the gauche and skew conformations, respectively,
may be caused by the fact that the 3, helical structure
deviates very much from a planar zigzag conformation. It
is very interesting that two chemically identical peroxy
radicals having different mobilities have different con-
formations and extents of molecular disorder.

4. Location and Trapping Site of Mobile Peroxy
Radicals. In the previous section, it was concluded that
the rigid peroxy radicals should be trapped in the crys-
talline ordered region. The next question whether the
location of the mobile peroxy radicals is the inner crys-
talline or the amorphous region, including the crystalline
surface. The peroxy radicals observed in this study were
produced by oxygenation of stable tertiary alkyl radicals
remaining at 313 K, higher than the glass—rubber transition
temperature, 260 K, for 2 h.

This suggests that the alkyl radicals are trapped in the
inner crystalline region. Kusumoto et al.!® concluded from
the ESR nonette resonance that radicals corresponding to
the alkyl radicals are trapped in the lamellar crystal,
presumably in crystalline defects produced by means of
nitric acid etching of various polypropylene sample. On
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the other hand, Fisher et al.!* found the hydrogen ab-
straction of peroxy radicals and Eda et al.? demonstrated
that migration of radicals or a change of the surrounding
matrix itself occured during the production of mobile
peroxy radicals and hydrogen abstraction. Eda et al. also
concluded that the alkyl radicals (they called them carbon
radicals) produced by the hydrogen abstraction reaction
of the mobile peroxy radicals contribute to the graft re-
action with styrene monomer trapped in the amorphous
region.!® These facts suggest two possibilities about the
trapping region of the mobile peroxy radicals.

Case (A): The mobile peroxy radicals are trapped in the
amorphous region and both reactions (I) and (II)

(D) O,

the carbon radicals /em——=
(II) in vacuum

the mobile peroxy radicals

should be mainly in the same region.

Case (B): The mobile peroxy radicals are trapped in the
crystalline region and both reactions (I) and (II) should
be mainly in the same region. In both (A) and (B), the
migration of the carbon radicals from the inner crystalline
to the amorphous part or from the amorphous to the inner
crystalline occurred. Graft copolymerization!® can be in-
terpreted in terms of migration reactions from the inner
crystalline to the amorphous.

In order to elucidate the nature of trapping region of the
mobile peroxy radicals, case (A) or case (B), one must
estimate the reaction rate of the oxygenation (I) in com-
parison with that of the migration of the carbon radicals.
The trapping region of the carbon radicals is the inner
crystalline as clarified by Kusumoto et al.'® Therefore, case
(B) applies when oxygen molecules can diffuse rapidly into
the inner crystalline in comparison with the migration rate
of the carbon radicals. On the other hand, if the diffusion
of oxygen molecules in the crystalline regions is very slow,
but that in the amorphous region is very fast, the rate of
the oxygenation is controlled by the rate of the migration
of the carbon radicals and case (A) applies.

It was found that the carbon radicals are very stable
under vacuum at room temperature, but the conversion
of the carbon radicals to the mobile peroxy radicals is
complete in less than 1 h at the same temperature. These
facts suggest that the mobile peroxy radicals should be
trapped in the inner crystalline region; therefore, case (B)
applies. It can be considered that the very slow migration
of the carbon radicals to the amorphous region contributes
to graft'® copolymerization in the same region. It can also
be reasonably concluded that large numbers of mobile
peroxy radicals (74-78%) are located in the molecularly
disordered sites of the inner crystalline in it-polypropylene
samples with high crystallinity. The low orientation
function, f,, = 0.536, points to molecularly disordered sites
such as defects in the crystals, including conformational
distortion, caused by the bonding of oxygen molecules.
The difference between the mobility of the mobile peroxy
radical and that of the rigid radical can be considered to
come from their molecular disorder. This conclusion
concerning the location of the mobile peroxy radicals is
consistent with the conclusion from the mechanism of the
decay reaction by Hori et al.?

5. Intermolecular Hydrogen Abstraction of Mobile
Peroxy Radical. Hori et al.? concluded that the hydrogen
abstraction by the mobile peroxy radical, ROO- + R'H —
ROOH + R/, is not intramolecular but intermolecular. In
this section, we will support their conclusion from the
following experimental facts obtained in the present study.
(1) It was confirmed that the motion of the unstable and
mobile peroxy radicals was a rotation or rotatory vibration
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(ROO)m, a

Figure 9. Model of a peroxy radical (P0O,0;),, 4 of isotactic
polypropylene and its circumstances. The representative distances
between the P, orbital on oxygen atom, O, and hydrogen atoms
are also shown. The large open circles and the small open circle
indicate carbon and hydrogen atoms, respectively. The circles
darkened on the exterior indicate oxygen atoms. The meanings
of m and A of (POO-),, s are described in the text.

of the COQ: group around the main chain axis, occurring
also in the elongated sample. (2) The conformational
structure of the mobile peroxy radicals is close to a skew
conformation. (3) It can safely be concluded that the
mobile peroxy radicals are trapped in the disordered sites
in inner crystalline regions. In Figure 9 a model is given
schematically for the hydrogen abstraction of the radical
in it-polypropylene crystal (experimental fact (3)). In this
model, we assume that the position of all carbon and hy-
drogen atoms remains unchanged when peroxy radical was
formed. For instance, the 3, helical structure of i¢-poly-
propylene is preserved. Also, it was assumed that a half
charge is located in each of two lobes of a oxygen P, orbital
and that the two half charges are separated by 1.34 A. This
value is calculated from the average distance of single and
double O-0 bonds for simplicity. We used the structure
of it-polypropylene crystal reported by Natta et al.l

In Figure 9 we take an example of two nearest-neighbor
main chains in the crystal. The same discussions can be
expected for the other sets of two main chains. In Figure
9, the distances between a half charge and typical hydrogen
atoms are shown in the case of the mobile peroxy radical.
For the calculation, the conformational structure of the
radical (¢, = —103°) (POO), 4 was considered (experi-
mental fact (2)). The distance between a half charge and
a hydrogen in a methyl group was taken to be a minimum
because of free rotation of the methyl group. Surprisingly,
the distances between the half charge and the hydrogen
atoms, H,/, Hy’ and Hy’ of the interchain are the same
order of magnitude in comparison with that in the case of
the hydrogen atom, Hj, of the intrachain and they are
not widely different from the O-H bond distance, 0.96 A.
Therefore, the peroxy radical should abstract the inter-
molecular hyrogen H,,’, Hy, or Hy. Hydrogen atoms,
H,.’, Hy, and Hy might be able to reach easily the P,
orbital of the peroxy radical by the rotation or the rotatory
vibration of COO group, (Experimental fact (1)) but hy-
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Figure 10. Model of peroxy radicals, (POO-),p and (POO:),, 5
and their circumstance. Other interpretations for the figure are
the same as for Figure 9. The meanings of r, m, and A of (POO-), o
and (POO:),, p are described in the text.

drogen atom, Hg, might not be able to reach it because
of the small amplitude of intra-molecular vibrations.
Another possibility for the structure can be considered.
The peroxy radicals represented in Figure 10 (case (B))
are formed when oxygen molecules are attacked by the
carbon radicals from the opposite side from the case of the
peroxy radicals represented in Figure 9 (case (A)). The
rigid radical in case (B) can be considered to be very stable
because in (ROO:), 5 the distances between the p-orbital
and hydrogen atoms are the same order of magnitude in
comparison with the radical in the case of (A) as repre-
sented in Figure 10 but the amplitude of the intra- and
intermolecular vibration is small. On the other hand, the
mobile radical in the case of (B), (ROO-),,, can abstract
the interchain hydrogen atoms for the same reason as in
the case of (A), (ROO-), 4. The distance between a half
charge and an intrachain hydrogen atom, H;,,, 1.00 A in
the case of (A) and gauche conformation (¢ = 55.5°),
(ROO-), 4 is very close to the O-H bond distance, 0.96 A.
Therefore, the radical may abstract hydrogen atom Hg
as soon as the peroxy radical is formed. At the present
stage, we cannot determine whether case (A) or case (B)
is true.

However, it can be concluded that the mobile peroxy
radicals should abstract the interchain hydrogen atoms.
The reaction can be interpreted in terms of the confor-
mational structure, the molecular motion, and the mo-
lecular disorder.
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The Involvement of Stilbene in Radical Polymerizations of
Methyl Methacrylate and Styrene
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ABSTRACT: Polymerizations of methyl methacrylate and styrene, initiated by benzoyl-carbonyl-'*C peroxide
and performed in the presence of trans-stilbene, lead to polymers containing appreciable numbers of the end
groups CgH;COOCH(CgH;)CH(CgH;)- detected by NMR spectroscopy; very little stilbene is incorporated
in the polymer chains. When the polymerizations are initiated by sources of the radical (**CHj),C(CN)-, there
is negligible reaction of the primary radicals with stilbene. The results show that stilbene is very reactive
toward the oxygen-centered benzoyloxy radical but very unreactive toward the carbon-centered 2-cyano-2-propyl,

poly(methyl methacrylate), and polystyrene radicals.

This paper is concerned mainly with the effects of
trans-stilbene (STL) upon initiation processes in the
radical polymerizations of methyl methacrylate (MMA)
and styrene (STY) using benzoy! peroxide (BPO), azo-
isobutyronitrile (AIBN), and 2-cyano-2-propylazoformam-
ide (AZOF). It provides another example of the applica-
tions of NMR spectroscopy to studies of end groups and
the value of the procedure for the understanding of the
reactions occurring in polymerizing systems.

The rate of decomposition of BPO in benzene at 60 °C
is unaffected by the presence of STL at concentrations up
to at least 50 g/L but there are marked reductions in the
yield of carbon dioxide formed by decarboxylation of
benzoyloxy radicals.! The presence of STL causes only
slight increases in the amount of benzoic acid produced
in the systems and so the effects on the production of
carbon dioxide can be explained by ascribing to the ad-
ditive high reactivity for capture of CH;COO- radicals.
This conclusion has been confirmed by results of experi-
ments in which BPO was used to initiate polymerizations
of STY and MMA in the presence of STL.? The rate of
polymerization was not affected by the presence of the
additive but the balance between benzoate and phenyl end
groups in the polymers was shifted, in the sense that the
proportion of the ester end groups was increased. it ap-
peared that the polymers contained comparatively high
proportions of the end groups CsgH;COOCH(C¢H;)CH-
(C6H5)".

The results indicate that the reactivities at 60 °C of
STY, MMA, and STL for capturing the benzoyloxy radical
are in the proportions 1.0:0.12:4.8. The high reactivity of
STL toward the radical CgH;COOQ- can be contrasted with

0024-9297/85/2218-0176%01.50/0

its low reactivity toward polymer radicals of various types
as shown by its failure to copolymerize with STY? or
MMA.2

To study further the reactions of STL with primary
radicals, use has been made of a new procedure for exam-
ination of the reactivities of unsaturated substances.t
Radicals enriched with carbon-13 are generated in a mix-
ture of monomers. From the NMR spectrum of the re-
sulting copolymer, it is possible in suitable cases to com-
pare the numbers of primary radicals attached to the two
types of monomer unit and then to find the relative values
of the velocity constants for the reactions of the radical
with the two monomers. In the present work, benzoyl-
carbony!l-13C peroxide (1*C-BPO) has been used as a source
of CgH;*COO- radicals at 60 °C; (**CHj),C(CN)- radicals
have been generated from suitably enriched AIBN at 60
°C or AZQOF at 100 °C.

Experimental Section

Details have already been given of preparations and purifica-
tions of materials and of procedures for recording *C NMR spectra
using a JEOL FX100 Fourier-transform spectrometer operating
at 25.05 MHZ.>%% Polymerizations were performed with toluene
as diluent in sealed tubes in the absence of air; conversions did
not exceed 10%. Polymers were recovered by precipitation in
methanol, purified by reprecipitation, and dried in vacuum at 50
°C; tests showed that complete removal of unreacted initiator and
monomers was achieved.

Results and Discussion

Polymers of MMA were prepared at 60 °C by using
monomer at about 2 mol/L, *C-BPO at about 2 g/L, and
various concentrations of STL so that the values of
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