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ABSTRACT: A novel poly(vinyl chloride)-based polymer (1) containing Mo—Mo bonds along the backbone
was prepared by the reaction of carboxylated PVC (ca. 1.8 wt % —COOH) with (HOCH,CH,Cp).Mo,-
(CO)s. When irradiated with visible light, this polymer photodegrades, even in the absence of oxygen.
Infrared spectroscopic analysis demonstrated that the chlorine atoms along the polymer backbone act as
built-in traps for Mo-centered radicals formed by photolysis of the Mo—Mo bonds. The effect of stress on
the degradation quantum yield of 1 and its plasticized analogue (2), made by addition of 20 wt % dioctyl
phthalate (DOP) to 1, was studied. The presence of the internal radical trap permitted the polymer samples
to be irradiated in the absence of oxygen, thus eliminating the kinetically complicating effects of rate-
limiting oxygen diffusion. Results from both polymers showed that stress initially increased the quantum
yields for degradation, but the quantum yields reached a maximum value and then decreased with higher
stress. These results support the “decreased radical recombination efficiency” (DRRE) hypothesis, one of
several hypotheses that have been proposed in the literature to explain the effect of stress on polymer
photodegradation rates and efficiencies. The DRRE hypothesis proposes that the function of stress is to
increase the initial separation of the photochemically generated radical pair, which has the effect of
decreasing their recombination efficiency and thus increasing the degradation efficiency. The hypothesis
predicts an eventual downturn in degradation efficiency because of polymer chain ordering; the increased
order hinders diffusion apart of the radicals and thus increases their probability of recombination. Wide-
angle X-ray diffraction and infrared spectroscopy confirmed that chain orientation increased with

increasing stress on polymers 1 and 2.

Introduction

It is important to understand the photochemical
degradation reactions of polymers in order to develop
new light stabilizers, to predict the service lifetime of
polymers, and to design environmentally friendly de-
gradable materials.™* An interesting outcome of pho-
todegradation studies on polymers is the finding that
tensile and shear stress can accelerate the rate of
photochemical degradation. For example, recent studies
of this phenomenon have shown that tensile stress will
accelerate the photodegradation of numerous poly-
olefins®~20 as well as polycarbonates,!* nylon,?22 and
acrylic—melamine coatings.2324 Conversely, compressive
stress will generally retard photodegradation reactions.”
These observations are of enormous practical impor-
tance because most polymers are subjected to light and
some form of temporary or permanent stress during
their lifetime. To control the onset of degradation and
the rate of degradation in polymers, it is important to
understand the mechanistic origin of the synergism
between light and stress in these systems.2>

Polymers generally photodegrade by a photooxidative
pathway involving the autoxidation radical chain mech-
anism.2® The photooxidative mechanism, while well-
understood, is intricate, involving multiple steps, cross-
linking, and side reactions. These features make
pinpointing the effects of stress difficult. For example,
one formidable complication is that O, diffusion can be
the rate-limiting step in many photooxidative degrada-
tions.’627 This adds to the intricacy of the kinetics
analysis because O, diffusion rates are frequently time-
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Scheme 1. Photochemical Degradation of a Polymer
with Metal—Metal Bonds along Its Backbone
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dependent.?”28 To circumvent these experimental and
mechanistic complexities and therefore make it less
difficult to interpret data and obtain fundamental
insights, we conceived and designed a new class of
polymer that photochemically degrades in the absence
of oxygen by a relatively straightforward mechanism.
The new polymers are based on our polymers that
contain metal—metal bonds along their backbones.2529-31
Such polymers degrade because the metal—metal bonds
are photolyzed by visible light (Scheme 1).?°> As indicated
in the scheme, a metal-radical trap must be present for
a reaction to occur, otherwise the radicals recombine
and no net degradation occurs. Common metal-radical
traps include organic halides and molecular oxygen.
(Reaction of a metal radical with an organic halide leads
to a metal halide and an organic radical (shown generi-
cally in eq 1) while reaction with O, ultimately leads to
metal oxides.) To circumvent the need for O, to capture
the metal radicals, the polymers used in this study
contain built-in radical traps. By eliminating the need
for external O, to act as a radical trap, the plan was to
exclude the complicating Kkinetics features of diffusion-
controlled oxidation reactions.
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In this paper, we report the results of our study on
the effects of stress on the photodegradation quantum
yields of a poly(vinyl chloride) polymer with Mo—Mo
bonds along its backbone. The results are compared to
the predictions of three theories that were developed to
explain the effects of stress on degradation efficiencies.
The experimental results closely match the prediction
of one of the theories, and from this result, it is possible
to gain mechanistic insight into the origin of stress
effects on degradation efficiencies. A portion of this work
has appeared as a Communication.32

Experimental Section

Materials. Carboxylated poly(vinyl chloride) with carboxyl
content 1.8 wt % was obtained from Aldrich and used as
received. Thionyl chloride (Fluka, 99%) was stored in a
desiccator and used without further purification. Triethyl-
amine (Aldrich, 99.5%) and dioctyl phthalate (DOP) (Aldrich,
99%) were stored in a drybox and used as received. (HOCH.-
CH,CsH,)>Mo,(CO)s was prepared as previously described.?®
THF and hexane were refluxed with potassium under N, and
distilled before use. The dry THF was degassed by at least
three freeze—pump—thaw cycles before use.

Instrumentation. Infrared spectra were recorded on a
Nicolet Magna 550 FT-IR spectrometer with OMNIC software.
The samples of polymeric products were prepared as KBr
pellets, as solutions in THF, or as neat polymer films. Two
hundred scans were collected for the stressed polymer films.
UV—visible spectra were recorded on a HP 8453 spectropho-
tometer. Glass transition temperatures, T4, were measured
using a Du Pont 2950 thermal analyzer and a heating rate of
10 °C/min. X-ray diffraction measurements were made at room
temperature with a Scintag XGEN-4000 generator operated
at 40 kV and 20 mA with a Scintag XDS 2000 vertical
goniometer. Ni-filtered Cu Ka radiation was used in an air
atmosphere. Diffraction patterns over the range 10—50° 26
were obtained from the flat rectangular cast film of the
polymers with weights at both ends of the film. The scanning
speed was 0.02° 26 per second. No correction was made for
air scattering. Tensile tests were carried out at room temper-
ature using an Instron mechanical tester at 5 mm/min grip
separation speed. Rectangular samples were the same size as
those used in the degradation experiments. The stress was
calculated using the area of the initial cross section, and the
strain was calculated from the displacement of the initial and
final grip separation.

Synthesis of Acyl Chloride-Activated PVC. Carboxy-
lated PVC (4 g, 1.47 mmol of —COOH) was dissolved com-
pletely in dry THF (300 mL) in a 500 mL Schlenk flask
equipped with a condensation tube and a gas absorption tube
filled with CaCl,. Thionyl chloride (3 mL, 40.9 mmol) was
added dropwise into the solution with stirring. The reaction
mixture was refluxed at 70 °C for 36 h. The crude product was
condensed to a sticky state by evaporating most of the solvent
under reduced pressure. Dry hexane (100 mL) was then added
and an off-white product was precipitated. This was separated
from the solution by filtration and washed with fresh dry
hexane (100 mL x2). The acyl chloride-activated PVC was then
dried in a vacuum (3 days). Yield: 3.2 g; 80%. IR (of thin
film): »(C=0) 1778 (s) and 1730 (m) cm~* (for comparison, the
carboxylated poly(vinyl chloride) PVC—COOH has bands at
1772 (m) and 1728 (s) cm™1). UV—vis (in THF): Amax = 361
nm. Ty = 88 °C.

Preparation of Polymer 1. The following manipulations
were done in a glovebox under N». Acyl chloride-activated PVC
(0.4 g, 0.157 mmol —COCI) was dissolved in dry, degassed THF
(50 mL) in a 100 mL flask equipped with a magnetic stirring
bar. A solution of (HOCH,CH,CsH,).Mo,(CO)s (0.045 g, 0.077
mmol) in a small amount of THF was added dropwise into the
solution containing the acyl chloride-activated PVC, followed
by the addition of triethylamine (1 mL). The reaction was
stirred for 2 days before separation. At that time, the
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Figure 1. Device used to stress polymer films anaerobically
during irradiation. The apparatus is enclosed in a glass
container that is filled with nitrogen.

solid salt of triethylamine hydrochloride (observed on the
wall of the flask) was removed by filtration. The filtrate
was concentrated by evaporating half of the solvent. The
solution was then poured onto a Teflon-coated pan to cast a
film. The film was dried for 2 days in the glovebox and then
placed under vacuum to dry it completely. IR (of thin film):
v»(C=0) 1770 (s) and 1730 (m) cm™1; »(C=O0) of [-Mo2(CO)s],
2005 (m), 1950 s, and 1907 (s) cm™. UV—vis (in THF): Amax =
393 and 511 nm. T4 = 65 °C; My, > 528 000 as measured by
GPC (gel permeation chromatography) with a light-scattering
detector. (Some photochemical decomposition occurred during
the molecular weight measurement so this M,, value is a lower
limit.)

Preparation of Polymer 2 (Polymer 1 with 20 wt %
DOP). The procedure for polymer 1 was followed except that,
after the filtration to remove the triethylamine hydrochloride
salt, DOP (0.08 g, 20 wt % of acyl chloride-activated PVC) was
added to the filtrate with stirring. Half of the solvent was then
evaporated and the concentrated solution was poured onto the
Teflon-coated pan to form a liquid film. The film was dried in
the glovebox for 2 days, and the final solvent residue was
removed in vacuo. IR (of thin film): »(C=0), 1770 (m) and 1730
(s) cm™? (the intensities were skewed by DOP); »(C=0) of
[=Mo,(CO)s], 2005 (M), 1950 (s), and 1907 (s) cm~t. UV—vis
(in THF): Amax = 393 and 511 nm. T4 = 22 °C.

Photodegradation of the Polymers under Stress. In a
glovebox, the polymer films were cut into rectangular strips
(30 mm length, 5—6 mm width, and about 0.04 mm thickness)
and mounted in the equipment shown in Figure 1. The
thickness was measured by an electronic digital caliper
(Control Co.). Each sample was measured three times; the
average value was used for the calculation. The error is +0.005
mm. Stress was applied by hanging weights from the film. The
apparatus was removed from the glovebox and then irradiated
(A = 546 nm) in an Oriel Merlin system equipped with a 200
W high pressure mercury arc lamp. The thin films of polymers
1 and 2 were photochemically reactive (A = 546 nm) in the
absence of oxygen. Infrared spectroscopic monitoring of the
photochemical reaction showed the disappearance of the v(C=
0) bands of [-Mo0,(CO)e] at 2005, 1950, and 1907 cm™* and
the appearance of bands attributed to the [-Mo(CO)sClI] unit
at 2048 and 1967 cm™*. The data collected in the first 12 min
of irradiation were used to calculate the quantum yield.
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Scheme 2. Generalized Reaction Scheme Showing
Photolysis of a Metal—Metal Bond along the
Backbone in a Polymer
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The quantum yield* was calculated using the following
equation:
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where o is the incident intensity of the light (1 = 546 nm) in
units of Einstein/s, | is the thickness (cm) of the sample film,
A is the area (cm?) exposed to the light, and t is 720 s. The
degradation rate was calculated from the change in absorbance
vs time using the system previously described.**

Results and Discussion

Theories of Stress-Induced Photodegradation.
Mechanistic hypotheses to explain stress-accelerated
photodegradation fall into three main categories. In one
category, it is proposed that stress leads to an increase
in the quantum yields for bond photolysis; i.e., it is
proposed that ¢nomolysis increases with stress (Scheme
2). The second category attributes the increased degra-
dation rates to a decrease in the efficiency of radical
recombination following homolysis; i.e., Krecombination 1S
proposed to decrease as stress increases. The third
category attributes the effects of stress to changes in
the rates of reactions that occur after formation of the
radicals, i.e., to changes in the rate of the radical
trapping reactions (eq ii in Scheme 2). The salient points
of these theories are outlined in the following sections.

Stress-Induced Changes in ¢nomolysis: the Plot-
nikov Hypothesis. For a direct photochemical bond
cleavage, the photochemical step in Scheme 2 labeled
“Dromolysis” can be broken down into the nominal set of
elementary steps shown in eq 2. (The asterisk in eq 2
is used to indicate an excited state of the molecule.)

*
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Equation 3 shows the value of @nomolysis in terms of
the rate constants in eq 2.

khomolysis (3)

¢homo|ysis = + k
r

khomolysis

Clearly, if stress affects either k; or Knomolysis then
dnomolysis Will vary with stress. No theoretical studies
have investigated the effect of stress on k., but Plotnikov
derived a theory for the stress dependence of Knomolysis. >
His quantitative hypothesis attributes the increase in
degradation rates with applied stress to a decrease in
the activation barrier for bond dissociation in the excited
state. The relevant equation is given in the Supporting
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Figure 2. Plots of quantum yield for degradation vs stress

according to (a) the Plotnikov equation, (b) the DRRE hypoth-
esis, and (c) the Zhurkov equation.

Information, and the predicted relationship of quantum
yield to stress is shown in Figure 2a.

Stress-induced Changes in Krecombination: The
“Decreased Radical Recombination Efficiency”
(DRRE) Hypothesis. Busfield,'* Rogers,'%3* Baimu-
ratov,% and others3®® proposed explanations for stress
effects that are based on decreases in radical recombi-
nation efficiencies in stressed systems. In their models
(which are reasonably similar, so they are combined
here for ease of discussion), the effect of stress is divided
into four stages (see Figure S1 in the Supporting
Information). Stage one represents the low stress do-
main. In this stage, there is only slight deformation of
the original polymer structure and the rate of photo-
degradation is not greatly affected. In stage two, higher
stress causes significant morphological changes, includ-
ing the straightening of the polymer chains in the
amorphous regions. When bonds in the taut tie mol-
ecules are cleaved by light, the probability of radical
recombination is decreased relative to nonstressed
samples because entropic relaxation drives the radicals
apart and prevents their efficient recombination. At
slightly higher stresses (stage three), the chains are not
only straightened but “stretched”, and recoil aids in
their separation. According to this model, the dimin-
ished ability of the radicals to recombine is the primary
reason that tensile stress will increase the rate of
photodegradation. An increased separation leads to
slower radical—radical recombination, which increases
the probability of radical trapping and thus of degrada-
tion. Finally, in stage four, a strong stress is present
which gives the polymer a fibrillar structure with a
higher degree of orientation and crystallinity. Diffusion
in a crystalline structure is retarded relative to the
amorphous material, and the rate of degradation is
expected to decrease because of decreased movement
apart of the radicals. In summary, the DRRE hypothesis
predicts that tensile stress will initially increase the
guantum vyield of degradation and then further in-
creases in stress will decrease the quantum yield
(Figure 2b).

Stress-Induced Changes in the Rates of Radical
Reactions after Radical Formation. The effect of
stress on the rates and efficiencies of reactions that
occur after radical formation is complicated. Examples
have been noted where the rates decrease because of
decreased oxygen diffusion®® in the stressed (more
ordered) sample.®” In other systems, it has been sug-
gested that the important point is that stress changes
the conformations of the C—C bonds in the polymer
chains;38-40 depending on the system either a rate
decrease3®~40 or a rate increase*! can occur. The quan-
titative relationship of quantum yields to stress in such
cases is generally considered to be given by the so-called
Zhurkov equation, as discussed in the next section.

The Zhurkov Equation. The effect of stress on the
thermal degradation rates of polymers can be fitted to
an empirical Arrhenius-like equation that is attributed
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Figure 3. Stress—strain curve for polymer 1.
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Figure 4. Quantum yields for degradation of 1 vs applied
tensile stress. The results of three independent measurements
at each stress are shown.

to Zhurkov:#? rate = A exp[—(AG — Bo) /RT] where AG
is an “apparent” activation energy, o is the stress, and
A and B are constants. It has been suggested? that an
equation similar to the Zhurkov equation might apply
in photodegradation: ¢os = A exp[—(AG — Bo) /RT].
The Zhurkov equation is empirical and does not fall
strictly into any of the three mechanistic categories
discussed above because it deals with an “effective”
activation energy, which (in the case of a photochemical
reaction) is a composite of the activation barriers for
the Phomolysiss Krecombination, and ktrapping steps. The rela-
tionship of quantum yield to stress for a system that
follows the Zhurkov hypothesis is shown in Figure 2c.

Quantum Yields as a Function of Stress for
Polymer 1. Thin films of polymer 1 were stressed by
hanging weights of known mass from one end of the film
as shown in Figure 1.3 The stress was varied from 0 to
10 MPa. Note that the maximum applied stress (10
MPa) is about 20% of the yield stress in commercial
PVC. Also note that the range of stress investigated fell
in the initial part of the elastic stage, as indicated by
the stress—strain curve (Figure 3). At each stress, the
guantum yield of Mo—Mo disappearance was calculated
from the data collected in the first 12 min of irradiation
using the system previously described.** Figure 4 is a
plot of the quantum yield for the degradation of 1 as a
function of stress. Note that the quantum yields in-
creased with increasing stress, reached a maximum, and
then decreased. As discussed above, such a plot is
predicted by the DRRE hypothesis (Figure 2b).

Evidence for an Increase in Order with Increas-
ing Stress: Infrared Spectroscopy. A key tenet of
the DRRE hypothesis is that stress eventually causes
ordering of the amorphous polymer chains and this
ordering causes a decrease in the quantum yields of the
polymer decomposition. Infrared spectroscopy provides
a convenient way to monitor changes in crystallinity as
a function of stress. Bands in the 1400—1450, 1200—
1285, and 580—720 cm™1 regions have been assigned to
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Figure 5. Ratio of Ais/A1436 VS applied tensile stress for
polymer 1.
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Figure 6. Wide-angle X-ray diffraction patterns of polymer
1 at various stresses.

the CH; bending, CH bending, and C—CI stretching
modes of PVC, respectively.*>46 As discussed by a
number of authors, the frequencies of these modes are
sensitive to chain conformation and crystallinity.*” For
example, the CH, bending modes at 1436 and ~1425
cm~1 have been assigned to amorphous and crystalline
PVC, respectively, and therefore the ratio of the band
intensities (A1425/A1436) can be used to give a relative
measure of crystallinity.*° Likewise, the Ajzs3/A1240 ratio
has also been used to estimate relative changes in
crystallinity.° Similarly, it is generally agreed that the
band at 610—615 cm™! arises from a C—CI stretch in
amorphous regions and the band at 635—638 cm™?
arises from C—CI stretching of a long syndiotactic
sequence in crystalline regions. Therefore, the absor-
bance ratio Ass7/As1s can also be used to measure
relative amounts of crystallinity in stressed PVC.
Finally, the band at 604 cm™1 is characteristic of long,
zigzag, planar, syndiotactic sequences in crystalline
PVC, and the 615 cm~! band is characteristic of short,
planar syndiotactic segments in amorphous PVC. Thus,
the absorbance ratio Agos/Asis can also be used to
measure relative amounts of crystallinity in stressed
PVC.

Figure 5 shows the effects of applied stress on the
crystallinity index A1425/A1436 @s a function of stress for
polymer 1. Plots of A1253/A1240, A537/A615, and A504/A615
as a function of stress are shown in the Supporting
Information as Figures S2—S4. In each case, the value
of these indices increased with increasing stress, a result
consistent with increased stress causing increased
crystallinity.5!

Evidence for an Increase in Order with Increas-
ing Stress: X-ray Diffraction. X-ray diffraction was
also used to evaluate the crystallinity of polymer 1 thin
films under stress. Figure 6 shows the X-ray diffraction
patterns for polymer 1 at various stresses. (The peaks
of crystalline reflection are based on assignments in
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previous reports.52-54) As shown by Maddams,55 the
(h00) and (hkO) type reflections in the 14—20° 26 region
are a measure of two-dimensional order perpendicular
to the chain direction, while the (hkl) type reflections
in the 20—30° 26 region are a measure of three-
dimensional order. Note that for a stress of 0 MPa, the
diffraction pattern showed one broad diffraction maxi-
mum in the 16—18° 26 region and another maximum
at about 25° 20. These data are similar to those found
in commercial samples of PVC, which contain just a few
percent crystallinity, suggesting that polymer 1 at 0
MPa likewise has just a small amount of crystallinity.
The data show that with increasing stress on the film
there was enhanced intensity in the 16—18° 26 region,
indicative of increased two-dimensional order perpen-
dicular to the chain direction. More precisely, the
intensity changes of the (200) and (110) reflections
showed an increase in the lateral crystallite dimensions
in stressed PVC. Note that the diffraction patterns are
not completely reversible when the stress is removed
after stretching the films to o > 4.2 MPa. This is likely
attributable to stress-induced crystallization.

Effect of Stress on the Photodegradation of
Polymer 2. The results above are consistent with the
predictions of the DRRE hypothesis. Recall that, in this
hypothesis, the initial effect of stress on the degradation
efficiency is to separate the photogenerated radicals
further from each other and thereby lower their recom-
bination efficiency. At higher stresses, however, the
stress induces enough order in the polymer chain to
prevent radical separation, which increases their re-
combination efficiency and lowers the degradation ef-
ficiency. Additional mechanistic evidence consistent
with the DRRE hypothesis was sought in order to
confirm this interpretation on the role of stress, and for
that reason the experiments described above were
repeated with polymer 2 (plasticized polymer 1). Be-
cause chain movements are more facile in plasticized
polymer, it was predicted that, at any given stress, the
guantum yields for degradation should be higher (be-
cause it is easier for the radicals to separate from each
other, which lowers their probability of recombination).
In addition, the maximum in the curve shown in Figure
4 should occur at a lower stress because chain alignment
is easier.

Polymer 2 was made by mixing 1 with dioctyl phtha-
late (DOP).56:57 As expected, the presence of the plasti-
cizer decreased the glass transition temperature (Tg) of
the polymer from 65 °C to <25 °C. As likewise expected,
the DOP plasticizer resulted in a decrease in the tensile
strength and vyield stress and a longer elongation
compared to polymer 1 (Figure S5). A plot of quantum
yield for degradation vs tensile stress for polymer 2 is
shown in Figure 7. Although there is considerably more
scatter in this plot than that for polymer 1, it is
apparent that these results also match the predictions
of the DRRE hypothesis; i.e., stress initially causes an
increase in degradation efficiency to some maximum
value, at which point the quantum yields start to
decrease. Note that, for a given stress, the quantum
yields of degradation are higher for polymer 2 than for
polymer 1. In addition, the maximum in the curve
occurs at a lower stress compared to the plot in Figure
4 for polymer 1. Both of these results are consistent with
the predictions made in the preceding paragraph con-
cerning the effect of plasticizer, and this is taken as
additional evidence in support of the DRRE hypothesis.
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Figure 7. Quantum yields for degradation of 2 vs applied
tensile stress. The results of several independent measure-
ments at each stress are shown.
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Figure 9. Wide-angle X-ray diffraction patterns of polymer
2 at various stresses.

Evidence for an Increase in Order with Increas-
ing Stress in Polymer 2: Infrared Spectroscopy
and X-ray Diffraction. The infrared spectrum of 2 has
overlapping PVC and DOP bands in the CH, bending
and CH bending regions (Figure S6; also see Table S1).
Thus, it was not possible to use the Aj425/A1436 and Ajzsa/
Ai240 absorbance ratios to track changes in the relative
crystallinity of the sample. Attempts to subtract the
contribution of DOP from the plasticized polymer spec-
trum, as described in a previous study by Koenig,*° did
not give satisfactory results in this case. However, it
was possible to use the Agsz7/As1s ratio as a cystallinity
index. This ratio is plotted as a function of stress in
Figure 8. Note the general increase in this ratio as stress
is increased, indicative of increased crystallinity with
increasing stress.

X-ray diffraction patterns of polymer 2 were also
consistent with increased cystallinity with increased
stress (Figure 9). Note that polymer 2 is not completely
amorphous at zero applied stress but rather slightly
crystalline in nature. (This is indicated by the rather
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well-defined (110) and (200) reflections at 0 MPa.) As
explained by Alfrey, the internal structure of plasticized
PVC consists of two separate disperse phases: crystal-
line regions containing only PVC segments and regions
containing amorphous PVC and plasticizer.5® Note that
increasing stress increases the intensities of the (110)
and (200) reflections, indicative of increasing two-
dimensional order. (Guerrero® cites work by Vickers
showing that the (110) reflection is especially sensitive
(more than the (200) reflection) to small rotations of the
molecules along their long axis. Mammi®3 and Lebedev®®
showed that the 18° 26 peak (i.e., the (110) reflection)
is characteristic of a mesomorphous or nematic phase
with some order in the parallel arrangement of the
chains.) Note there are also changes in the intensity of
the 25° 260 reflection as the polymer is stressed. This
change is indicative of an increase in the three-
dimensional order of the polymer film.5 Note in Figure
9 that the 18° reflections are initially less intense than
the peak at 25° 26, but increasing the stress increased
the relative intensity of the 18° peaks until at 5.5 MPa
the 18° peaks are more intense than the 25° peak.
Further increasing the stress to 8.6 MPa then increased
the relative intensity of the 25° peak. This sequence
shows that two-dimensional order is established first,
followed by three-dimensional order, as expected.

Key Insights and Conclusions. The results pre-
sented above are consistent with the predictions of the
DRRE hypothesis. According to this hypothesis, the
initial effect of stress on the degradation efficiency is
to separate the photogenerated radicals further from
each other than in the absence of stress and thereby
lower their recombination efficiency. At higher stresses,
however, the stress induces enough order in the polymer
chains to inhibit radical separation, which increases
their recombination efficiency and lowers the degrada-
tion efficiency. Although it is tempting to generalize
these results to other polymers and to other degradation
mechanisms (photooxidative degradations, in particular)
it is prudent to be cautious. For example, in a photo-
oxidation reaction, the downturn in efficiency with
higher stress may be caused by the development of
microcracks and fissures, which act to release the stress.
Or, perhaps the k; term in eqs 2 and 3, generally
assumed to be stress independent, is in fact stress
dependent, and this caused the downturn. Work in our
lab is continuing to address these issues.
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Supporting Information Available: Text giving the
Plotnikov equation referred to in the paper, Figure S1, the
mechanistic origin of the decrease in radical—radical recom-
bination in a stretched polymer (the DRRE hypothesis), Figure
S2, the ratio of Ai2sa/A1240 Vs applied tensile stress for polymer
1, Figure S3, the ratio of Ass7/Ae1s Vs applied tensile stress for
polymer 1, Figure S4, the ratio of Asos/As1s Vs the applied
tensile stress for polymer 1, Figure S5, the stress—strain curve
of polymer 2, Figure S6, infrared spectra from 500 to 1500 cm™*
for polymer 1, polymer 2, and DOP, and Table S1, summary
of DOP infrared frequencies relevant to the determination of
crystallinity in polymer 2. This material is available free of
charge via the Internet at http://pubs.acs.org.
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