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Photochemically degradable polymers and plastics are reviewed with an emphasis on the environmental and
molecular factors that control the onset of degradation and the rate of degradation. A number of principles are
beginning to emerge for the design of viable photochemically degradable plastics. Among the principles discussed
are those relating to the effects of chromophores, initiators, antioxidants, temperature, oxygen diffusion into the
plastic, polymer crystallinity, tensile and compressive stress, and the absorbed light intensity on the plastic. To
obtain a plastic with a controlled lifetime and a specific rate of degradation, many of these parameters can be

controlled or adjusted in the design stage of the plastic.
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Introduction

A key principle of green chemistry is to “design
chemical products to break down to innocuous
substances after use so that they do not accumulate
in the environment” (/). In an obvious deviation
from this principle, most plastics are loaded with
additives that prevent their degradation (2), and this
has led to one of society’s major sustainability
problems, namely the persistence of plastics in the
environment (3). To reduce the build-up of plastics in
the environment, two general strategies have been
adopted. One strategy is to recycle plastics and the
other is to re-design them so they do in fact degrade
into environmentally benign products (4). With
regard to recycling, there is a growing literature on
designing plastic objects so they are more ecasily
recyclable (5). For example, the Association of
Postconsumer Plastic Recyclers has issued guidelines
and practical tips that are intended to help in
designing plastic products that can be more easily
recycled (6). Likewise, considerable work has gone
into developing design principles for degradable
plastics, and manufacturers have made progress in
the production of such materials (7). Despite this
progress, the chemical principles needed to develop
practical degradable plastics are in need of further
development. The reason further work is needed is
that there is a complex synergism between the various
parameters that affect the onset of degradation and
the rate of plastic degradation. For example, it is
known that tensile stress and temperature can impact

degradation rates, but the response of plastics to the
combined effects of tensile stress and temperature is
unknown. Consequently, the practical application of
design principles to high-performance, commercially
viable plastics is still a challenge. One of the purposes
of this review is to describe what is known about
polymer degradation, which may help to suggest new
principles of importance to the design of degradable
plastics. A second purpose is simply to categorize the
environmental and molecular parameters that impact
the degradation of plastics. Systematic knowledge
plays a crucial role in design and interpretation, and
this review should serve as a starting point for the
interpretation of new data.

The field of degradable plastics is an enormous
area, so the primary focus of this review is limited to
a smaller subset of the field, namely photochemically
degradable plastics. We start with a brief overview of
some descriptive aspects of photochemically degrad-
able plastics, then we turn to a review of photochemical
degradation mechanisms in polymers, and we con-
clude with a review of how various environmental and
molecular parameters impact the photodegradation
process. There is commentary throughout concerning
fundamental principles of design as applied to photo-
degradable plastics. One final introductory comment is
to note that the discussion is limited to degradable
plastics that are useful for sustainability (end-of-life)
purposes; degradable plastics that are used primarily
for other purposes (e.g. photolithography) are not
discussed.
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Design goals

The ideal properties of a photodegradable plastic are
illustrated in Figure 1 (7,8). The key features of this
figure are as follows:

e The onset of degradation should be reliably pre-
dictable. Although, it is obvious why this property is
desirable for practical applications, it is noted that it
is difficult to predict polymer lifetimes in practice
because environmental parameters vary. For exam-
ple, light intensities vary, as do temperatures and a
host of other variables that control degradation
rates and degradation onsets.

e The onset of degradation should be tunable. Photo-
degradable plastics have different applications, and
each application will generally require a different
lifetime. Methods must be found for manipulating
polymer lifetimes.

e The plastic should degrade completely and quickly
once degradation starts. This characteristic is im-
portant for practical reasons because most polymer
mechanical properties are related to molecular
weight. Small amounts of degradation can drasti-
cally decrease the molecular weight (and thus the
mechanical properties) of a polymer, yet to all
appearances the plastic piece is visually unchanged.
In essence, the plastic is still present but it is not
structurally sound, and hence useless and perhaps
dangerous. Under such circumstances, it may as
well be completely degraded.

Note that these ideal properties lead to a decay curve
(Figure 1) that has a step-function shape, which, to
say the least, is not a conventional shape for kinetics
plots. However, several mechanisms display shapes
approaching a step-function, including autocatalytic
processes, cooperative mechanisms, and initiation/
inhibition antagonism mechanisms. In practice, most
polymers do not decay naturally by one of these
mechanisms so there is room for creative synthetic
innovation.

100 +— Ideal

N /
Reality

% Degradation

~f——tunable —3
Irradiation time

Figure 1. The degradation kinetics behavior of a typical
polymer (red) and an ideal photochemically degradable
polymer (blue). Note the tunable onset of degradation and
the rapid degradation in the ideal polymer.

Current applications for photodegradable polymers

Photodegradable plastics have a number of practical
and commercial uses for sustainability purposes. One
of the major uses for these materials (and for
degradable plastics, in general) is in agriculture,
where they are used in a farming technique called
“plasticulture” (3). In this application, the ground is
covered with plastic sheeting (typically a polyolefin);
the sheeting acts as a mulch to prevent the growth of
weeds (thus requiring the use of fewer herbicides),
decreases water demand, and extends the growing
season by keeping the ground warmer. By making
these agricultural films out of degradable plastics,
considerable labor and money can be saved in the
plastics recovery phase of the technique. Another
growing application for photodegradable polymers
is as “‘green” plastics, where their degradability is
exploited to rid the environment of the plastic item.
For example, photodegradable plastics are finding
increased use as packaging material for items that
have a high probability of becoming litter. Photo-
degradable consumer plastics have also found their
way into homes as degradable trash bags and plastic
kitchenware. Finally, it is noted that photodegradable
polymers are also used extensively in several applica-
tions that are not related to sustainability, for
example, in photolithography and in biomedical
applications (9,10).

Photodegradable polymers: reactivity overview and
design principles

Before discussing methods for making plastics photo-
chemically degradable, it is important to note that
the photochemical reactions that occur in a plastic
are usually not intended to completely degrade the
polymer chains to low molecular weight species.
Rather, the purpose of the photochemical reactivity
is to fragment the polymer chains to lower molecular
weight chains and to introduce carboxylic acid,
ketone, aldehyde, or alcohol end-groups onto those
fragments (4,/1). Only after this reactivity has
occurred can biodegradation occur, which results in
the conversion of the polymer molecules into CO»,
H,O0, and biomass. Formation of the lower molecular
weight chains in the photochemical reaction is
important because the plastic must be “wettable” in
order to support the microorganisms that carry out
the biodegradation processes. (Studies suggest a
polyolefin must have a molecular weight less than
~40,000 g/mol to be wettable (//).) The formation of
the oxygenated end-groups is important for the
cellular B-oxidation process that is responsible for
the stepwise dismantling of the polymer chain (/2,13).
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Scheme 1. The photochemical reactions of a ketone-containing polymer. Note that all of these pathways lead to polymer

backbone cleavage.

Note that the two-step process consisting of the
abiotic reaction (to form lower molecular weight
chain fragments with oxygenated end-groups) fol-
lowed by biodegradation is called “oxo-biodegrada-
tion.” When the abiotic process is facilitated or
speeded up by photochemical reactivity then the
process is a ‘“‘photochemical oxo-biodegradation.”
However, this latter term is usually just shortened
colloquially to ‘“‘photo-oxidative degradation” or
“photodegradation,” both of which can be mislead-
ing because they ignore the essential biodegradation
reactivity component of the overall process.
Photodegradable polymers are typically designed
in one of two ways: (1) by incorporating a photo-
sensitive degradable chromophore into the backbone
of the polymer chain; or (2) by mixing an additive
into the polymer that initiates or facilitates degrada-
tion reactions (typically radical autoxidation reac-
tions) within the polymer (8,/4). The first strategy is
commercially accomplished by incorporation of a
carbonyl group into the backbone of polyolefins (/5).
One of the first commercially successful plastics of
this type is E-CO plastic, which is manufactured by
the copolymerization of ethylene and carbon mon-
oxide in the presence of a catalyst to produce a
polyketone (4). This polymer has been used since the
1970s to make the Hi-Cone™ six-pack rings and is
still used today. The photochemistry of these types of
polymers was first studied by Guillet and Hartley and
their findings made the advancement of these materi-
als a commercial possibility (/6,17). The photode-
gradation of polymers containing carbonyl groups
occurs by the Norrish Types I and II photochemical
reactions and by hydrogen atom abstraction reac-
tions, as illustrated in Scheme 1. Note that these
photoreactions require UV radiation. Also note that
the Norrish Type II reaction is a significant con-
tributor to the degradation of polyesters and poly-
acrylates owing to the presence of the carbonyl group
(17,18). Although the Norrish Types 1 and II reac-
tions lead to cleavage of the polymer backbone and
thus some embrittlement of the plastic, several

authors have noted that the ketone-containing chains
and the vinyl-terminated chains are not inherently
biodegradable (7). The subsequent biodegradation
and disappearance of the fragmented polymer is thus
slow. Furthermore, the vinyl group can participate in
subsequent polymerization reactions, which can in-
crease the molecular weight of the polymer chains.
An alternative strategy is to incorporate the carbonyl
group on a side-chain, as in the commercial Ecolyte
polymers (/4,19). These polymers are made by copoly-
merizing vinyl ketones with vinyl monomers such as
ethylene or styrene to give polymers with the following
structure interspersed along the backbone (/9):

Backbone degradation occurs by the Norrish Type I1
route in these polymers (Scheme 2). Note that Norrish
Type I photochemistry leads to the formation of
radicals in these systems (Scheme 2). Once radicals
are formed then autoxidation can occur, which also
leads to polymer degradation. The autoxidation pro-
cess is described in more detail in the following section
on additives that induce photodegradation processes.

Chromophores other than C =0 have been in-
corporated into polymer backbones to make the
polymers photodegradable. These polymers are not
necessarily intended for commercial application but

R
c=0
R w G
(‘::O R
MUWWL(‘:W
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Scheme 2. Photochemical degradation of a polymer back-
bone with pendant carbonyl groups.
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rather for research purposes and to clucidate the
principles of polymer degradation. An example is the
class of polymers with metal-metal bonds along
the polymer backbones (20). Photochemical degrada-
tion occurs with these polymers because metal-metal
bonds cleave homolytically when irradiated with
visible light (Scheme 3) (27). Note that the metal
radicals formed by photolysis can be captured with
an appropriate radical trap, typically an organic
halide or molecular oxygen (21,22).

Specific examples of such polymers are the
following (23,24):
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As an example of the utility of these polymers, by
using polymer 2 it was possible to extract information
about the effects of tensile stress on degradation rates
without the mechanistic complications inherent in the
degradation mechanisms of organic radicals. (For
example, metal radicals do not lead to crosslinking,
so this complicating feature found with organic
radicals was avoided.) In the sections that follow,
many of the key results that concern the effect of
various parameters on degradation rates and degra-
dation onsets were obtained with polymers that
contain M—M bonds along their backbones.

The second strategy for making photodegradable
polymers is to add light-activated radical initiators to
the polymer. An example of such an additive is TiO,
Equation (1). The radicals produced by these photo-
reactions react with oxygen to form hydroperoxide

v V- M M - Mrwussnnnn M- Mavvuy
hv
M -Mrovss MY+ M M-Mrrans
l)( =Trap
v V] - My M -X + X—Mvvvv M- M vy

Scheme 3. Photochemical degradation of a polymer with
metal-metal bonds along its backbone.

species (ROOH) in an autoxidation cycle (Scheme 4).
Subsequent to hydroperoxide formation, polymer
backbone cleavage generally occurs by one of two
pathways: (1) cleavage of the hydroperoxide O-O
bond occurs, followed by B-scission in the alkoxy
radical (Scheme 5); or (2) the hydroperoxide species
react to form new functional groups (typically
carbonyls, alcohols, carboxylic acids, and olefins)
and other chromophores. The most important of
these reactions are compiled in Scheme 5, but not all
of these reactions occur in every system. Polymer
backbone cleavage then occurs by subsequent irra-
diation or thermal reactions of these functional
groups and chromophores. For example, carbonyl
formation leads to backbone cleavage by the Norrish
Types I and II photochemical reactions (Scheme 1).
It is generally agreed that the B-scission route is the
prevailing pathway for backbone degradation in the
photo-oxidative degradation of most polymers (25),

hy

TiO, Tio,* 25 Ti0, + HOO  +R". (1)

While on the topic of additives, it is interesting to
note that thermally degradable plastics can also be
made by the addition of additives that cause hydro-
peroxide formation (via formation of radicals as in
Scheme 4) or by the addition of additives that
facilitate the decomposition of hydroperoxides to
radicals (step a in Scheme 5). Some common additives
used in these thermally degradable plastics include
peroxides, metal chlorides (e.g. cobalt(Il), lithium,
iron(I1II), nickel(II), copper(Il), M(acac),, complexes,
M(stearate), complexes, benzophenone, and qui-
nones (4,8,26-29)).

One strategy that is used to control the onset of
degradation in a plastic is to add both an antioxidant
and an initiator to the plastic. As long as both
additives are present, degradation will be minimized.
But, if slightly more initiator is present then even-
tually, when the antioxidant has all been consumed,
oxidative degradation will start. The lifetime of the

Initiation

Initiator

Ri.
R’ + 0, — R00O

ROO + R—H

ROOH + R’
Propogation
R' + 0, —— ROO’

ROOH + R’

ROO™ + R—H

Termination

Radical coupling or disproportionation reactions

Scheme 4. The autoxidation process.
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Scheme 5. Examples of organic hydroperoxide reactions. Note that a carbonyl chromophore can form from reaction of the
hydroperoxide. The carbonyl group is a chromophore and its formation leads to subsequent photochemical reactions.

plastic can be controlled by adjusting the relative
amounts of the antioxidant and the initiator. An
example of this approach is used by EPI, Inc. and
their additive TDPA, which is used to facilitate
degradation of polyolefins. (The chemical identities
of the TDPA additives are proprietary, but they are
said to contain transition metal complexes with
carboxylate ligands. Transition metal carboxylates
facilitate degradation by catalyzing the autoxidation
process. More specifically, the transition metal com-
plexes catalyze the breakdown of the hydroperoxide
species (ROOH) formed by autoxidation, as shown in
Scheme 6. The catalysis mechanism, which involves
redox reactions, takes advantage of the ability of
transition metal complexes to convert between two
oxidation states.) A variation of this principle is to
use the same chemical additive as both the antiox-
idant and as the precursor for the initiator. The so-
called Scott—Gilead system is one example where this
strategy has been successfully commercialized. In this
system, metal dithiocarbamates are used as the
antioxidants. In this capacity, they prevent degrada-
tion of the plastic. (Metal dithiocarbamates react with
hydroperoxides to prevent oxidation of the polymer
chains.) However, when irradiated by UV light or
when heated, the metal dithiocarbamates react to
form metal carboxylate complexes, which are potent
facilitators for photo-oxidation of the polymer

M™ + ROOH —— M™! + RO + OH-

M™ + ROOH —— M™ + ROO" + H'

Net: 2ROOH — RO" + ROO" + H" + OH~

Scheme 6. Metal catalyzed degradation of hydroperoxides.
Note that the RO and ROO radicals formed in the top set
of reactions react further to eventually give alcohols,
carboxylic acids, aldehydes, and ketones.

chains. The photodegradable mulching films used in
plasticulture use this technology and also the TDPA
technology.

In a related strategy involving both an initiator
and an “inhibitor” to control degradation rates, Scott
(7) notes that the degradation of photodegradable
polymers containing carbonyl chromophores is some-
times too fast in tropical climates where the sun is
intense. To moderate the rate of degradation, UV
absorbers are added to the plastic. The UV absorbers
lower the intensity of light available to the carbonyl
groups, and the rate of degradation is slowed.

Other examples of the two strategies discussed
above for making photodegradable polymers are
noteworthy for both their relevance to the field of
polymers containing inorganic and organometallic
molecules and for their innovative attributes. For
example, a novel synthetic strategy is currently being
explored to covalently link commonly used inorganic
photosensitizers to polymer pendent groups using sol—
gel synthesis techniques (Figure 2, polymers 1 and 2)
(30,31). Polymers containing pendant radical initiators
have the advantage of discouraging large inorganic

CH,
CH,)sCH; CH
{CH~CHr-CH-CHY, (ot s
& o=¢ &= o A8 CHe G
o=t p=C 6,0 O 5 St )
T T i OtTi( a, (CHZ)SCHS C=0 Hy

O  OH NH w
Gt (CHauSio.] g g et
9 J ~o™ 2 0 0O
Ti” zr
Y L N o i
i 0" O, 5 20958

H S N
N;ZL? N

Ph Ph Ph Ph
3

Ou_ gY Sw S
N-R'-N-C-N-R-N-C{NCH,SICHN-C-N-R-N-C}
o

Figure 2. Examples of inorganic photosensitizers attached
to polymer chains through pendant groups.
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aggregates in the solid-state. Polysilanes (Figure 2,
polymers 2 and 3) are a class of photodegradable
polymers that were primarily developed for photo-
lithography applications, given their transparent nat-
ure and photoconductivity (37,32). Recent progress in
this area has been made toward elucidating the
mechanism of photodegradation. It was shown for
the case of polyurea-containing silane units that the
photodegradation pathway involves a single-electron
transfer between the silyl and carbonyl groups, silyl
group migration, and solvolysis (32).

Factors effecting degradation rates

Controlling the degradation of a plastic material in a
prescribed fashion so that the rate and onset of
degradation are both tunable and predictable for a
particular application is a complex problem. In order
to achieve this goal, it is necessary to identify the
experimental parameters that affect degradation rates
and to determine how those parameters affect the
degradation mechanism. In addition, because many
of the parameters are interdependent, it is necessary
to determine how the parameters interact. In this
section, the effects of various environmental and
molecular parameters that impact the onset and rate
of degradation are discussed.

Effect of temperature

The effect of temperature on the thermal degradation
rates of polymers has been extensively explored
because of the need to predict the service lifetime of
consumer plastics. Elevated temperatures are used in
these experiments to speed up the degradation of a
plastic. Then, in order to determine the lifetime at
more realistic temperatures (i.e. at lower tempera-
tures more characteristic of the service temperatures),
the assumption is made that an Arrhenius relation-
ship holds. In contrast, only a few studies have
probed the effect of temperature on the photochemi-
cal degradation rates of polymers. In brief, these
studies are inconclusive and have not yielded a
general model for predicting the dependence of
photodegradation rates on temperature. Several stu-
dies found that quantum yields for photodegradation
obey an Arrhenius relationship (¢ =Aexp(— E,/RT)),
but other studies found non-Arrhenius behavior (33—
37). Several of these latter studies suggested that the
non-Arrhenius behavior was due to the complexity of
the degradation pathways discussed in the preceding
sections. In general, interpreting the Arrhenius plots
of photochemical reactions is non-trivial. In fact,
Balzani noted that the relationship between the
temperature and the activation parameters in any

photochemical reaction is a complex one, and the
“apparent activation energies” obtained from these
studies should be interpreted with care (38).

The temperature can also impact the quantum
efficiency of polymer photoreactions by causing
changes in the molecular mobility of the polymer
chains (which also leads to non-Arrhenius behavior)
(39-41). One example is the photodegradation of
poly(vinyl ketone) (PVK). Guillet and co-workers
found that the quantum yields of degradation for
PVK below the glass transition temperature, 7T,
increased gradually with increasing temperature
(A® =0.04 for T'=20-—100°C). To explain this
behavior, Guillet noted that PVK degrades by a
Norrish Type II mechanism, which proceeds via
formation of a six-membered ring intermediate
(Scheme 7). He proposed that, because the degrada-
tion pathway required substantial rearrangement of
the polymer chain to form the six-membered ring
intermediate, the slight increase in quantum yields
with increasing temperature below T, was a reflection
of the slight increase in free-volume of the solid-state
polymer. A larger free-volume allows for easier
rearrangement of the chain to the six-membered
ring intermediate. At Ty, the researchers observed a
dramatic increase in the quantum yield to a value
similar to that in solution (®pyx =0.24). The sudden
increase in @ at the glass transition temperature was
attributed to the ability of the polymer chains to
easily form the reaction intermediate because of facile
chain movement above T.

In another study, Daglen and Tyler studied the
effect of temperature on the quantum yields for
degradation of polymer 2 (42). They observed an
exponential dependence (Figure 3), which they at-
tributed to the temperature dependence of the diffu-
sion apart of the two polymer fragments formed by
photolysis in the degradation process (Scheme 8). It
was noted that the polymer segments to which the
radicals are attached are conformationally stressed.
There are two possible modes for the newly formed
radicals to relax and become separated: they can
either rotate or recoil away from each other. These
secondary motions of the polymer arise from the
relaxation of unfavorable bond conformations that
are formed during the polymer casting process. The
increased thermal energy facilitates the rotation and

2 hv N Norrish

H=C H-abstraction HC type Il o)

P S N
Q LHp =——— Q, (CH, ochs >=CH,
fFCH: FCH,

Scheme 7. Mechanism for the Norrish Type II photoche-
mical reaction showing the formation of the six-membered
ring intermediate.
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Figure 3. Plot of In @ versus T ! for polymer 2.
Source: See (99), Figure 2. With permission from Springer
Science + Business Media.

recoil relaxation processes, which effectively increases
the rate for diffusion of the radicals out of the cage
formed by the surrounding molecules (Scheme 8).
This leads to decreased radical-radical recombination
and consequently an increase in photodegradation
efficiency. The activation energy obtained from the
In® versus 7' plot in Figure 3 is 14.1+0.3 kcal
mol ~'. This value is typical for secondary relaxation
chain movements in polymers (which generally fall in
the range 1020 kcal mol ~' (43—45)) and is consistent
with the proposal that the temperature dependence of
® results from chain movements involved in recoil
and rotation processes.

These findings can be summarized by stating that
increasing the photoreaction temperature can have
several effects (both direct and indirect) on the rate of
polymer degradation. These effects include an in-
crease in Kkinetic energy, in free-volume, and in
molecular mobility. In addition, the ability of photo-
generated radicals to diffuse apart has a temperature
dependence, and this temperature dependence can
also contribute to the overall temperature dependence
of the degradation quantum yields. Finally, for
photochemical reactions above T,, chain mobility
appears to be such that the quantum yields approachs
those in solution.

Effect of radical trap concentration

The backbone degradation reactions that are integral
to polymer degradation generally involve radical

hv

PRV VI (mM.’.MW) L mr®

k

C

Radical cage pair

Green Chemistry Letters and Reviews 75

intermediates. As part of the degradation process,
those radicals react with species that capture (trap)
the radicals, which prevents a backreaction and thus
leads to net degradation. The concentration of the
trapping species will impact the degradation rates of
polymers both in the solid-state and in solution. In
the case of the autoxidative degradation pathway
shown in Scheme 4, the carbon radical species that is
formed in the initiation step must be trapped by an
oxygen molecule for degradation to proceed. (The
carbon radical could abstract a hydrogen atom from
a C-H bond in lieu of reacting with oxygen but that
would result in no net reaction or increase in the rate
of the reaction.) In the solid-state, oxygen diffusion
is often the rate-limiting step in the autoxidation of
polymers. It was shown that rate-limiting oxygen
diffusion is contingent on the sample thickness,
morphology, and permeability of the polymer toward
oxygen (46,47). Rate-limiting oxygen diffusion is also
expected under experimental conditions where the
light intensity is high relative to the rate at which
oxygen is available to capture radicals. A specific
example of rate-limiting oxygen diffusion comes from
O’Donnell and White’s study of the photochemical
degradation of polystyrene (48). By sampling mole-
cular weight as a function of depth, they found that
the variation in polymer degradation with depth
could not be explained by the difference in light
intensity at the various depths or by variations in the
tensile stress at the various depths. They concluded,
rather, that oxygen depletion was responsible for the
variation in degradation with depth, i.e. oxygen
diffusion was rate-limiting. Their data showed that
the degradation rate was oxygen limited even at a
depth of only 100 pm from the surface. By fitting
the data to an exponential function based on the
so-called Zhurkov equation (49), they were able to
estimate an activation free energy for the degradation
process of 4.2 kJ mol !, a value consistent with the
activation energy for small particle diffusion in a
polymer matrix, i.e. a value consistent with rate-
limiting oxygen diffusion. Interestingly, oxidative
degradation was more prevalent at the corners of
the samples. They hypothesized that oxygen has
easier access to these regions of the sample because
two surfaces are present rather than just one.

kg T =tray

P,
2w\ —T
ke

Scheme 8. Photochemical homolysis of a bond in a polymer and the subsequent trapping reaction depicting the caged
radicals, where k. is the rate constant for the geminate recombination, k4 is for diffusion from the radical cage, and k. is for the

radical trapping step.
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For applications of rate-limiting oxygen diffusion
to the design of degradable polymers, the general
premise is that molecular diffusion is slower in
crystalline regions than through amorphous regions.
Therefore, samples with high fractional crystallinity
should degrade slower than samples with smaller
fractional crystallinity. As an example of this princi-
ple, Rabello and White (50) showed that fractional
crystallinity was the main structural factor controlling
the rate of polypropylene degradation. An interesting
point, however, is that the diffusion of a// molecules,
not just oxygen, is hindered in crystalline material. By
inhibiting the diffusion of the radical species involved
in the termination steps of the autoxidation cycle, the
kinetic chain length of the cycle will increase, with a
resulting increase in the amount of oxidative degrada-
tion. Thus, as the fractional crystallization increases, two
outcomes are possible: if oxygen diffusion is affected the
most, and is therefore rate-limiting, then the rate of
photo-oxidative degradation will decrease. If changes
in the rate of the termination steps dominate then the
rate of degradation will increase. Both cases have
been observed experimentally. For a summary of
examples where an increase in crystallinity leads to a
decrease in the rate of degradation (50). Increases in
degradation rates are found for the systems cited in
references (51-55).

As a matter of practical application, the effect of
decreased oxygen diffusion (caused by an increase in
chain-order or crystallinity) is not always to decrease
the rate of oxidative degradation. Most commercial
polymers contain antioxidants, and the diffusion of
these species will also decrease as ordering increases
in the polymer. Their ability to act as antioxidants
will thus also decrease. The net effect on the auto-
xidation process in these systems will be determined
by which species, oxygen or antioxidant, is more
affected by the decrease in diffusion.

Finally, the availability of oxygen in the interior
of a polymer sample is also influenced by macro-
scopic structural features of the polymer. As a
polymer degrades, cracks and fissures generally
develop (initially on the surface), and their presence
will facilitate penetration of oxygen into the interior
(56). And, as discussed, the presence of corners will
increase oxygen diffusion into a sample (48). Finally,
it is noted that oxygen diffusion rates will be
dependent on the oxygen partial pressure.

Effect of stress

An interesting outcome of artificial weathering stu-
dies on polymers is the finding that tensile and shear
stresses can accelerate the rate of photodegradation
(57). For example, recent studies of this phenomenon

have shown that tensile stress will accelerate the
degradation of numerous polyolefins (48,56,58-69),
as well as polycarbonates (60), nylon (70), and
acrylicmelamine coatings (77,72). Conversely, com-
pressive stress (59,73-75) will generally retard photo-
degradation. These observations are of enormous
practical importance because most polymers are
subjected to light and some form of temporary
or permanent stress during their lifetime. In order
to control the onset of degradation and the rate of
degradation in these materials, it is important to
understand the mechanistic origins of the synergism
between light and stress in these systems.

Mechanistic hypotheses to explain the effects of
stress on photochemical degradation rates fall into
three main categories (24). These categories are
illustrated by reference to Scheme 9.

In one category, it is proposed that stress changes
the quantum yields of the reactions that lead to bond
photolysis, i.e. it is proposed that ¢nomolysis varies with
stress. The second category attributes the variation in
degradation rates with stress to changes in the
efficiency of radical recombination following homo-
lysis, i.€. krecombination 18 proposed to depend on stress.
And finally, the third category attributes the effects of
stress to changes in the rate of the radical trapping
reaction. (More detailed discussions of these three
general categories have been presented elsewhere (24).)

Few studies have experimentally tested the various
theories purporting to explain the origin of stress-
dependent photodegradation rates. Those studies that
have been done have generally been hampered by the
mechanistic complexity of the degradation reactions
(76). As discussed above, the photochemical degrada-
tion pathways generally involve multiple steps, cross-
linking, and side-reactions; these features make pin-
pointing the origin of stress-induced rate accelerations
difficult. Another formidable complication is that, as
discussed in the preceding section, oxygen diffusion is
the rate-limiting step in many photo-oxidative degra-
dations (77). This adds to the intricacy of the analysis
because oxygen diffusion rates are frequently time-
dependent (78,79).

Work by Benachour and Rogers (65) provides an
example of the complexity involved in the stress
studies and of the interdependence of the various
environmental and molecular parameters. In their
first study, these workers studied the extent of

®homolysis .. X = trap
M- ———————= M MW —
Krecombination

2 »~M=X

Scheme 9. A generalized reaction scheme showing photolysis
of a bond along the backbone in a polymer (M represents a
generic atom, carbon or otherwise).
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oxidation in samples of irradiated polyethylene under
stress. They observed that strain (caused by stress)
initially caused an increase in the rate of oxidation
but then a further increase in strain decreased the rate
of oxidation. The explanation proposed was that
stress (and strain) affected the rate of the radical
trapping reaction due to changes in polymer mor-
phology. In brief, the proposed explanation was that
oxygen diffusion is facilitated at low stresses (because
the sample is dilated) but inhibited (64) at higher
stresses (because of increased chain ordering). In a
subsequent study by Nguyen and Rogers (80), the
oxidation behaviors of LDPE, polypropylene, and
isotactic poly(1-butene) were investigated. In contrast
to their earlier study (65), they found that the relative
oxidation rate decreased slightly at very low strains
before increasing at higher strains. The explanation
offered for the behavior at very low strains was that
strain initially causes an increase in chain order,
which results in a decrease in the oxygen diffusion
rate. Taken together, these two studies by the Rogers
group suggest that the effect of stress on a polymer
sample undergoing photo-oxidation is the following:
(1) very low stress increases ordering in the amor-
phous chains, which decreases oxygen diffusion,
which in turn decreases oxidation and hence degrada-
tion rate; (2) higher stress dilates the polymer (and
stresses the bonds in the chains), which increases
oxygen diffusion, which in turn increases oxidation;
and (3) yet higher stress orders the chains and
increases crystallinity, which decreases oxygen diffu-
sion, which in turn decreases oxidation. The general
applicability of these results is hampered by the lack
of other quantitative studies.

In other work, Tyler and Chen studied the effect
of tensile stress on the photochemical degradation
efficiency of polymer 2 (24,81). When irradiated
with visible light, this polymer photodegraded, 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 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 oxy-
gen diffusion. Results 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 are con-
sistent with the hypothesis that attributes the effects
of stress to changes in K ecombination» 1.€. 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
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and thus increasing the degradation -efficiency.
This hypothesis predicts an eventual downturn in
degradation efficiency, as was observed in this study,
because the polymer chain becomes ordered at high
stress; 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 orienta-
tion increased with increasing stress on polymer 1.

One final example of the stress/morphology/
degradation-rate interaction is Rapoport’s study of
polypropylene (82,83), which showed that oriented
chains of this polymer were less susceptible to
oxidation because they had an unfavorable confor-
mation for participation in the autoxidation reaction
relative to amorphous chains. Stress and chain-
orientation effects work both ways, however. The
work of Bellinger on PVC is frequently cited as an
example where stress induces a chain orientation that
is more favorable for degradation, apparently because
of a chain conformation that is more susceptible to
hydrogen abstraction (84).

In summary of this section, the following equa-
tion shows the relationship between stress, polymer
morphology, and degradation rates:

Stress Allects Morphology Altects Degradation rate. (2)

Tensile or shear stress will: (1) first stretch the chains
in an amorphous region of a polymer sample; (2) then
order those polymer chains; and (3) then induce
crystallinity in those regions of the polymer. These
changes will affect chemical reactivity because mole-
cular diffusion is slower in ordered and crystalline
phases compared to amorphous phases (73); conse-
quently, intermolecular reaction rates, such as those
in the autoxidation cycle, will be slower in ordered
polymers. In attempting to generalize these results to
other polymers, 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 microcracks and
fissures can act as channels for oxygen, which will
increase the rate of degradation. We are a ways off
before these findings can be incorporated into design
features that can specifically account for the effects of
stress on polymer degradation rates.

Kinetic models of polymer photodegradation

A typical first step in the analysis of photochemically
induced polymer degradation is to determine the
kinetics of the degradation reaction. An interesting
observation from kinetic studies of the photodegrada-
tion rates of solid-state polymers is that the plots of
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degradation versus irradiation time are often biphasic,
showing a relatively fast rate constant during the
initial period of irradiation but a smaller rate constant
at longer times (32,85). For completeness, it is noted
that traditional zero-order, first-order, or second-
order kinetics are also sometimes observed for poly-
mer degradation reactions. For example, zero-order
kinetics, which are typical for many photochemical
reactions, are observed when the absorbance is very
high. Photo-oxidative degradation in the presence of
excess oxygen has been shown in several cases to
exhibit first-order kinetics (86—89). In all such cases,
which include polyethers, conjugated polymers, and
poly(vinyl chloride), the main chain scission results
from formation of a carboxyl carbon, usually an ester
linkage, which is subsequently involved in B-scission.
Second-order kinetics in polymer photodegradation
are less prevalent in the literature. To site one
example, second-order kinetics were observed for the
photodegradation of neoprene in the presence of
FeCls (90). However, no definitive explanation was
offered as to the origin of this behavior.

A study by Daglen and Tyler showed that biphasic
kinetics behavior in the photochemical degradation of
polymers can be explained by so-called Perrin kinetics
(91). These kinetics apply when a chemical species is
converted to a single product in the same reaction
vessel by two or more mechanistically different routes
that possess different observed rates. The Perrin
model, shown in Figure 4, was first proposed in the
early twentieth century to explain the observed non-
exponential fluorescence decay of small molecules in
solid polymers (92,93). Perrin considered the micro-
heterogeneity of solid-state polymers and the relative
immobility of atoms in the solid-state. For fluores-
cence decay, he proposed that when an acceptor was in
the quenching sphere of an electronically excited
donor molecule, the fluorescence would be quenched.
Therefore, the observed rate of fluorescence decay was
the combination of the decay rate of excited molecules
in the presence of a quencher and the natural decay
rate of molecules in the absence of a quencher.
A mechanistic analogy can be made for photo-
generated radical species in solid-state polymers: the
observed rate of radical decay will be the combination
of the rate where a radical trapping agent is in the
reactive sphere of the radical and where it is not (the
term ‘“‘reactive sphere” is equivalent to the term
“quenching sphere” used in the case of the original
Perrin model). This is represented pictorially in Figure
4(a) and (b). The appropriate equation to describe
Perrin-like kinetics is shown in Equation (3). This
equation was shown to give excellent fits to the
degradation kinetics of polymers (91):

") Reactive sphere

@ Radical trap

Figure 4. Illustration of the reaction of photogenerated
metal radicals with trapping atoms in a solid-state matrix.
In case (a) there is a trap in the reactive sphere of the metal
radical and (b) the trap is initially outside of the reactive
sphere.

[A] = X, + k,t + Yye . (3)

An investigation of temperature effects on the
parameters extracted from the fits to the Perrin-like
model showed that only a few percent of the radical
species generated had radical trapping agents in the
reactive sphere (Perrin-like environment) and that the
majority of metal radicals did not have radical
trapping agents in the reactive sphere (diffusive
environment). It was also found that the apparent
AH* for the photoreaction in the Perrin-like environ-
ment was lower than that of the diffusive reaction. It
was hypothesized that the rate-limiting step in the
diffusive reaction is diffusion together of the photo-
generated radical and the radical trapping agent.

In summary, understanding the kinetics of degra-
dation is one of the keys to designing viable photo-
chemically degradable plastics. The Perrin model
adequately describes the kinetics of polymer degrada-
tion in those cases where biphasic behavior is
observed.
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Absorbed light intensity

Light intensity effects on polymer reactions are
generally analogous to the “dose rate” effects seen
in vy irradiation experiments (94). In general, an
increase in the absorbed light intensity will increase
the rate of a photochemical reaction. (To visualize
why this is so, consider the photon as a reagent
(93). An increase in the number of photons striking
the polymer per unit time, i.e. an increase in the
absorbed intensity, will increase the rate of the
photochemical step in the same way that increasing
the concentration of a reagent will increase the rate of
an elementary step. Although saturation can occur
with chemical reagents, saturation rarely occurs with
photons unless lasers or exceptionally high-intensity
lamps are used as the light source. Note that only
“absorbed” photons can cause photochemical reac-
tions (95). Hence, rate laws and quantum yield
expressions use the absorbed intensity (generally
abbreviated I,) and not merely the intensity (Z).) To
normalize for the effect of the absorbed light
intensity, photochemists use the concept of the
“quantum yield,” which is defined as the rate of
the reaction divided by the absorbed light intensity.
Thus, although light intensity will generally affect
the rate of polymer degradation, the quantum yield
(also called the “quantum efficiency’’) will generally
not be affected by intensity.

There are well-established instances, however,
where the quantum yield of a photochemical
reaction can be affected by the light intensity. A
specific case in point, relevant to polymer degrada-
tions, occurs in those pathways where two photo-
chemically generated intermediates, such as radicals,
can react. In such instances, the rate of the
elementary reaction involving the two intermediates
will be proportional to the square of the inter-
mediates’ concentration, i.e. rate oc [intermediate]”.
Such bimolecular reactions would typically be
termination steps in, say, a radical polymerization
reaction. If this reaction is in competition with
other reactions of the intermediates involving rates
that are first-order in intermediate concentration,
then the second-order reaction will increase in rate
relative to the first-order reactions as the concen-
tration of the intermediate increases. In general,
intermediates increase in concentration as the light
intensity increases. Thus, in this example, the
quantum yield would drop as the light intensity
increased because the termination step increases in
efficiency relative to the propagating steps (note,
however, that the rate of the overall reaction would
likely still increase as the light intensity increased).
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Polymer morphology

There is general agreement that polymer morphology
is a parameter that has an extremely important
influence on the rate of polymer photochemical
degradation reactions (50,52,53,96). For example, as
discussed above, polymer morphology is one of the
keys to interpreting the effect of stress on degradation
rates because stress affects the morphology and
morphology affects the degradation rates. In another
example, Rabello and White probed the role of
morphology in the photochemical degradation of
polypropylene (50). They found that samples with
higher fractions of crystallinity degraded slower than
samples with less crystallinity (for sample exposure
times of at least 12 weeks; for short exposure times
there was no correlation between fractional crystal-
linity and extent of degradation). Their explanation
was that oxygen diffusion is slower in the crystalline
regions.

Cross-linking can also affect photodegradation
rates by “locking” the polymer structure and pre-
venting lamellar unfolding. The consequence is to
prevent separation of photo-produced radicals, which
thus favors radical-radical combination. Crosslinked
systems therefore generally have smaller quantum
yields of degradation relative to non-crosslinked
systems (62).

Chromophore concentration

As the final point for discussion, it is noted that
chromophore concentration can affect the rate of a
photochemical reaction (97,98) (as used here and
in the literature, “‘chromophore” refers to any func-
tional group, whether intentionally present or not,
that absorbs light. Examples of adventitious chromo-
phores include the hydroperoxy, carbonyl, and hy-
droxy groups that form in the autoxidation cycle.) If
a polymer has a higher concentration of chromo-
phores, its degradation rate will be faster simply
because more sites are available to absorb photons
and initiate a reaction. An example of this phenom-
enon is found with the E-CO polymers, where a
higher concentration of carbonyl groups was shown
to give higher backbone fragmentation rates (7). The
quantum yield of the reaction will not change,
however, because the quantum yield is the reaction
rate normalized by the intensity of the absorbed light.
Recall, however, that quantum yields can be intensity
dependent if the reaction mechanism involves first-
order propagating steps in competition with second-
order termination steps.
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Conclusions and summary of the design principles

As discussed, the ideal photochemically degradable
polymer will have an onset of degradation that is
reliably predictable. In addition, the onset of degra-
dation will be tunable and the degradation, once
started, will proceed quickly. Although there is still
much to learn, a number of principles are beginning
to emerge for the design of viable photochemically
degradable plastics.

The chromophore. Photodegradable polymers are
typically made by either incorporating a chromo-
phore into the polymer backbone (or as a side-
chain) or by deliberate addition of a chromophore
additive that photochemically generates radicals,
which starts the autoxidation cycle. In practice, the
chromophore incorporated into the backbone most
often is CO, but in principle other chromophores
will also work. Degradation then occurs by photo-
chemical Norrish Types I and II reactions. No
chromophore yet devised can control the onset of
degradation by itself.

Controlling the onset of degradation. The onset of
degradation can be controlled by adding an initiator
(a photochemical initiator in the case of a photo-
chemically degradable plastic) and an antioxidant.
As long as both additives are present, degradation
will be minimized. But, if slightly more initiator is
present then eventually, when the antioxidant has
all been consumed, oxidative degradation will start.
The lifetime of the plastic can be controlled by
adjusting the relative amounts of the antioxidant
and the initiator.

Temperature effects. The effect of temperature on a
photochemical reaction is complex. In general, as
the temperature increases the rate of degradation
will increase. In some cases, an Arrhenius relation-
ship is observed but in others it is not. Studies
suggest that if the quantum efficiency of the
photodegradation is controlled by the ““cage effect”
(i.e. by the ability of a radical pair to diffuse apart
and escape each other) then the relationship be-
tween the quantum yield and temperature may
generally be governed by the Arrhenius equation.
However, if the quantum efficiency is governed by
the mobility of the polymer chains then non-
Arrhenius behavior is expected. At present, it is
safe to say that the temperature dependence of
photodegradation for any new polymer must be
determined empirically.

Radical trap concentration. Whether photochemical
or thermal, most polyolefin degradation reactions
begin by the formation of radicals, which go on to
react in an autoxidation cycle. Oxygen is a critical
component in this cycle and its concentration will
effect the overall rate of degradation. In many
instances, the rate-limiting step is oxygen diffusion.
Studies showed that rate-limiting oxygen diffusion

is contingent on sample thickness, morphology, and
permeability of the polymer to oxygen. Rate-limit-
ing oxygen diffusion is also expected under experi-
mental conditions where the light intensity is high,
relative to the rate at which oxygen is available to
capture radicals.

e Polymer morphology. For applications of rate-limit-
ing oxygen diffusion to the design of degradable
polymers, the general premise is that molecular
diffusion is slower in crystalline regions than
through amorphous regions. An increase in crystal-
linity will increase the rate of degradation, however,
if the rate of degradation is determined by the rate
of the termination steps (radical-radical coupling or
disproportionation). The diffusion of antioxidants
is inhibited in crystalline polymers, and so an
increase in crystallinity may increase the degrada-
tion rates of more highly crystalline polymers.

e Stress. Tensile stress will increase the rate of
polymer degradation, up to a point, and then start
to decrease the rate. Compressive stress will de-
crease the rate of polymer degradation. These
observations are important because plastic items
are generally under some type of residual stress
from the manufacturing process. This stress must be
accounted for in determining the onset and rate of
photodegradation.

e Two last parameters that can effect the photoche-
mical degradation rates of polymers are the ab-
sorbed light intensity and the chromophore
concentration. (These two are related: a higher
chromophore concentration leads to more light
absorption.) The chromophore concentration can
be controlled in the design process, but the light
intensity will vary with location. One design possi-
bility is to adjust the chromophore concentration
according to where the degradable plastic will be
used. For example, a plastic to be used in the sunny
American Southwest might have less chromophore
than a plastic to be used in the overcast Pacific
Northwest.
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