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ABSTRACT: The photochemical degradation rates of two solid-state polymer systems, a cross-linked poly(vinyl
chloride) and a segmented polyurethane, that contain metal—metal bonds in the backbone were found to exhibit
biphasic behavior. The polymers initially degraded quickly but then degraded slower at longer irradiation times.
To investigate the origin of this biphasic rate phenomenon, the data were fit to four kinetic models: first- and
second-order rate equations, a simple-diffusion model, and a diffusion-controlled model. None of the models
adequately described the data. A new kinetic model was developed to describe a biphasic photodegradation rate
that was inspired by Perrin’s model of fluorescence decay rates. Using this new Perrin-like model, the derived
rate equation fit the data very accurately. The resulting fitting parameters obtained as a function of reaction
temperature were also consistent with the model. To investigate the versatility of this Perrin-like model, literature
data for the irradiation of polyoxymethylene were also evaluated. It was found that this system also exhibited

Perrin-like kinetics.

Introduction

Photochemically degradable polymers are used in a number
of applications, including photolithography, degradable con-
sumer plastics, and in the farming technique known as plasti-
culture.' "' Because of their widespread use, considerable
research is devoted to developing new photochemically degrad-
able polymers with improved performance. A major goal is to
devise photodegradable polymers with a tunable onset of
degradation and with a specific degradation rate. In order to
design a polymer with such properties, it is necessary to identify
the experimental parameters that affect degradation rates and
to determine how those parameters affect the degradation
mechanism. A typical first step in these studies is to determine
the kinetics of the degradation reaction. An interesting observa-
tion from these kinetic studies is that the photodegradation rates
of solid-state polymers are often biphasic, showing a relatively
fast rate during the initial period of irradiation but a slower rate
at longer times (Figure 1).'*'* Several hypotheses have been
proposed to explain this observation, but no definitive explana-
tion has come forth. As part of our ongoing study of polymer
photodegradation, we began an investigation into the origin of
the biphasic behavior.

Several challenging experimental problems hinder the rigor-
ous experimental mechanistic exploration of polymer photo-
degradation. One of the difficulties is that polymer degradation
is mechanistically complicated. This is not to say that the
mechanisms are not understood; in fact, they are understood in
detail.'*~'” Rather, the mechanisms are intricate, often involving
multiple steps, cross-linking, and side reactions; this makes
pinpointing the effects of various experimental parameters
difficult. To circumvent these mechanistic complexities and
therefore make it less difficult to interpret data and obtain
fundamental insights, we use three key experimental strategies
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in our investigations. First, we study problems using special
photodegradable polymers of our own design that contain
metal—metal bonds along the backbone.'® 2! These polymers
are photodegradable because the metal—metal bonds can be
cleaved with visible light and the resulting metal radicals
captured with an appropriate radical trap, typically a carbon—
halogen bond or O, (Scheme 1).>*** By studying these
polymers, we are able to extract information without the
mechanistic complications inherent in the degradation mecha-
nisms of organic radicals. (For example, metal radicals do not
lead to cross-linking, so we can avoid this complicating feature
found with organic radicals.)

The second key experimental strategy is to use polymers that
have built-in radical traps, namely C—Cl bonds (Scheme 2).%*
By eliminating the need for external oxygen to act as a trap,
the complicating kinetic features of rate-limiting oxygen dif-
fusion can be excluded. The third experimental strategy is to
use the distinctive M—M bond chromophore to monitor the
photodegradation reactions by electronic absorption spectros-

irradiation time

Figure 1. Plot illustrating the typical biphasic decay for the photodeg-
radation of a polymer. The data represented on the y-axis will vary
with the degradation monitoring technique; two examples are radical
concentration in the case of ESR experiments or number-average
molecular weight obtained from gel permeation chromatography.
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Scheme 1. Photochemical Reaction of a Polymer with
Metal—Metal Bonds along Its Backbone
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copy. The use of UV—vis methods to quantify and compare
the various degradation rates is a time-saving technique because
polymer degradation reactions have typically been monitored
by stress testing, molecular weight measurements, or attenuated
total reflection (ATR) spectroscopy, all of which can be
laborious and time-consuming.

In this paper we present a new explanation for the biphasic
photochemical degradation rates of polymers. Specifically, a
mechanistically based four-parameter equation is presented and
tested. The new model was assessed on two polymers that
contain M—M bonds in their backbones: one a cross-linked
poly(vinyl chloride) and the other a polyurethane with soft and
hard segments. To investigate the range of application of this
new model, literature data for the photodegradation of a
polyoxymethylene were also tested.?® The coefficients extracted
from the fits were evaluated as a function of reaction temper-
ature, which led to further mechanistic insights.

Materials and Methods

Materials. All manipulations were carried out using standard
Schlenk techniques or in a Vacuum Atmospheres Co. glovebox
under a nitrogen atmosphere. Unless otherwise noted, HPLC grade
solvents were deoxygenated by passage through columns of alumina
and copper oxide under an argon atmosphere. (7°-CsH4CH,-
CH,OH),Mo,(CO)s was prepared as previously described.?%-*”
Carboxylated poly(vinyl chloride) (1.8 wt %) was purchased from
Aldrich. Thionyl chloride (Fluka, 99%) was stored in a desiccator.
1-(Chloromethyl)-2,4-diisocyanatobenzene (97%) was obtained
from Aldrich, stored in the drybox, and used as received. 1,4-
Butanediol (98%, Aldrich) was distilled under reduced pressure and
stored under nitrogen in the drybox. Tolylene 2,4-diisocyanate-
terminated poly(propylene glycol) (3.6 wt % isocyanate; M, ~
2300) was obtained from Aldrich. Dibutyltin diacetate (DBTA,
Aldrich) was stored in the refrigerator in the dark.

Instrumentation. Infrared spectra were recorded on a Nicolet
Magna 550 FT-IR spectrometer with OMNIC software. Thermal
transitions were determined using a dynamic mechanical analyzer
Q800 by TA Instruments. The modulus measurements were carried
out at room temperature using an Instron 4444 mechanical tester
and are reported as stress (MPa)/% strain.

Synthesis of the Polymers. PVC—COCI, polymer 1, and
polymer 2 were synthesized as previously described.®
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Irradiation Techniques. All samples were prepared in a drybox
under red light, transferred to a temperature-controlling unit, and
allowed to thermally equilibrate for an hour. The dimensions of
the solid polymer films were on average 0.08 mm x 5.0 mm x 20
mm. The samples were irradiated using a Nd:YAG laser tuned to
532 nm. The transmittance value was collected every 3 s for 50
min using an Oriel Merlin radiometry system.?’ The molybdenum
dimer concentration values were calculated using Beer’s law (¢ =
1995 M~! cm™! at 532 nm) and normalized by dividing by the
starting concentration. Degradation data were collected several times
on each polymer sample to ensure reproducibility of the data.

Literature Data Capture. The original data were “captured”
using pixel conversion.’® The data image was scanned from the
original journal article and opened in previewing software. The
cursor was used to locate the pixel coordinates for the data points
in the graph as well as the origin and maxima of the x- and y-axes.
The pixel values for the data were recorded in an array and
converted to the “original” values, X and Y, using the following
previously derived eqs 1 and 2:°

X - X i |

X Xmin ([‘( Xmm) X px o ( )
Y= Y + 1p sin P —A 2
" Y) Ymm Ymax ( )

where Xmin, Yimin» Xmax, and Y, are the axes origin and extreme
values extracted from the plot, pXmin, P Ymin» PXmax> and pYmax are
the corresponding pixel coordinates for the axes, and pX and pY
are the pixel coordinates for the data points of interest. The
generated arrays of “original” data were fit to model equations using
IGOR Pro Carbon.

Results and Discussion

Polymer Preparation. Polymers 1 and 2 were synthesized
as previously described.?®*! In brief, polymer 1 was synthesized
by cross-linking a poly(vinyl chloride) prepolymer (function-
alized with 2.1 wt % carboxyl content) with (77°-CsH4CH,-
CH,0OH),Mo0,(CO)s. Polymer 2 was synthesized by reacting a
poly(propylene glycol) prepolymer and 1-(chloromethyl)-2,4-
diisocyanatobenzene with 1,4-butanediol and (7°-CsH4CH,-
CH,0H);Mo0,(CO)¢. These syntheses afforded polymers that
contain a photosensitive chromophore, —CH,CsH4(CO);Mo—
Mo(CO)3;CsH4CH,—, that homolyzes when exposed to visible
light (Amax = 390 nm for the o — ¢* transition and 510 nm for
the dr — o* transition).>*** The polymer films were solution
cast in a Teflon mold, forming films red in color with thicknesses
ranging from 0.05 to 0.10 mm. This range of thickness was
optimal for absorbing 90—99% of the photons used for
irradiation in the photodegradation studies. Previous work
showed that the photogenerated metal radicals (—CH,CsHy-
(CO)3Mo0°) could be trapped in the solid state by the radical
trapping unit C—Cl, resulting in the formation of metal—halide
bonds (—CH>CsH4(CO)sMo—Cl) and net degradation of the
polymer.*! The semicrystalline nature of polymers 1 and 2 was
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Scheme 2. Example of a Photochemical Reaction of a Polymer
with a Built-In Radical Trap®

Q
(o] o ¢
MWW./U\ % C, CO
fo) Mo < H H hv

Mo [ {

! O N N mmnmnn
4% &/\/ e
o © o
CH,CI
B i
w " "
: )
cv'}"‘?\co CH,C!
c Cc
o ©

“ The source of the CI atom that captures the Mo radical is the C—C1
bond contained in the polymer.
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Figure 2. Relative —CH,CsH4(CO);Mo—Mo(CO);CsH4CH,— concen-
tration as a function of irradiation time at room temperature for polymer
1 (a) and 2 (b) with fits for the first-order (-+-) and second-order (-+ *-)
equations.

evaluated using infrared spectroscopy. For polymer 1, the
presence of both crystalline and amorphous regions was
confirmed by observing IR absorption bands at 1425 and 1436
cm™~ !, which correspond to the CH, bending modes in crystalline
and amorphous regions, respectively.***> For polymer 2, the
presence of both crystalline and amorphous regions was
confirmed by observing IR absorption bands at 1737, 1712, and
1700 cm™!, which correspond to the urethane C=0 stretching
frequencies of the non-hydrogen-bonded, loosely hydrogen-
bonded, and strongly hydrogen-bonded modes, respec-
tively.** =% The glass transition temperatures for polymers 1
(Ty =65 £4°C)and 2 (Ty = 55 £ 3 °C) were determined by
dynamic mechanical analysis.

Fitting the Biphasic Photodegradation Data. Concentration
data for the photodegradation of polymers 1 and 2 as a function
of irradiation time are shown in Figure 2. (Note the data in
Figure 2 were normalized by dividing the concentration values
by the initial concentration.) The traces in Figure 2 exhibit
biphasic character, showing a relatively fast rate during the initial
period of irradiation but a slower rate at longer times. In an
attempt to fit the data, several mechanistic models were
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evaluated. Owing to the fact that the plots are not linear, the
reactions are not the usual simple zeroth-order photochemical
reactions. (Note, however, that the slopes at long reaction times
do appear linear.) To test for the potential origin of the biphasic
kinetics, the data were fit to the expression C/Cy = Ae™, which
represents first-order kinetics in the disappearance of starting
material. In this case, the reaction kinetics would be dependent
on the concentration of the molybdenum dimer chromophore.
The first-order fits to the degradation data for polymers 1 and
2 are shown in parts a and b of Figure 2, respectively. The fits
clearly do not represent what is occurring at short reaction times.
The second-order equation, C/Cy = (1 + Bf)~!, was also
evaluated, but the fits were no better (Figure 2a,b).

It was hypothesized that the biphasic behavior exhibited by
these polymers may be attributed to unique reactivity in the
solid state. One possible explanation is that the reaction rate is
not solely determined by a specific chemical transformation but
rather by diffusion processes. One representation of diffusion
behavior, as observed for the disappearance of starting material,
is the simple-diffusion equation, C/Cy = (1 + D2~ *' Simple-
diffusion kinetics were used to describe the degradation of solid-
state polyolefins where the decay of the photogenerated radicals
was hypothesized to be controlled either by oxygen diffusion
into the polymer material or by radical migration to the
crystalline surfaces where radical-trapping oxygen was present.*?
The fits of the degradation data for polymers 1 and 2 to the
simple-diffusion equation are shown in Figure 3a,c. Note that,
although the simple-diffusion model is a more promising fit than
a simple first- or second-order equation, it clearly overestimates
the reaction rates at both short (see Figure 3b,d) and long
reaction times and is consequently not a suitable description of
this system.

Waite developed a modification of the simple-diffusion model
called the diffusion-controlled model.**~*> This model describes
bimolecular reactions in the solid state or in highly viscous
solutions where both diffusion and spatial distribution of the
reactive species are taken into account. The model (described
by the equation C/Cy = (1 + Bt + Dt"?)~1) has been used to fit
the radical decay kinetics of several photodegradation reactions
of polyolefins and polyethers as monitored by electron spin
resonance spectroscopy.’®**¢47 Figure 3a,c shows the fits for
the diffusion-controlled model developed by Waite. Like the
simple-diffusion model, it can be seen (particularly in Figure
3b,d) that the diffusion-controlled model overestimates the initial
reaction rate. However, in contrast to the simple-diffusion model,
Waite’s model does more closely represent the data at longer
reaction times. Be that as it may, none of these conventionally
used models could adequately describe the kinetic behavior of
polymers 1 and 2; accordingly, a new model based on Perrin
kinetics was developed to explain the biphasic behavior.

Derivation of a Perrin-like Photochemical Model. There
are many instances in the literature where 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. One example is heterogeneous catalysis,
where a reactant may experience different catalytic sites on the
reactive surface.*®*’ Another example, which is the focus of
this paper, involves a photoreactive species embedded in a solid
polymer matrix. In particular, one consequence of the micro-
heterogeneity of polymers (in polymers possessing both crystal-
line and amorphous regions”) is that a reactive species in a
polymer matrix can reside in different molecular landscapes.
For example, it is well-known that oxidation reactions in highly
crystalline polymers have different reaction rates at the crystal
grain boundaries than within the crystalline regions.’" These
two different environments result in an observed reaction rate
that is a composite of two intrinsically different reaction
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Figure 3. Relative —CH>CsH4(CO)sMo—Mo(CO);CsHsCH,— concentration as a function of irradiation time at room temperature for polymer 1 (a,
b) and 2 (c, d) with fits for the simple diffusion (— — —), diffusion-controlled (- - -), and Perrin-like (—) equations. The plots in (b) and (d) show

the initial data in plots (a) and (c), respectively, on expanded axes.

a.

excited species

fluorescent quencher

) =

quenching sphere

Figure 4. Perrin model used to describe the observed rates for the
fluorescence decay of a chromophore in the solid state.

pathways that result in the same product. The rate equation for
such a reaction can be derived from the model A — B, where
reactant A consists of two components, X and Y, as expressed
in eq 3.
[A] = [X] + [Y] 3
Another case found in the literature where the observed
reaction rate is the combination of two separate rates was
described by Perrin in the early part of the twentieth century.>?
The Perrin model, shown in Figure 4, was established to explain
the observed nonexponential fluorescence decay of small
molecules in solid polymers.”>>* Perrin considered the micro-
heterogeneity of solid-state polymers and the relative immobility

of atoms in the solid state. For fluorescence 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 photogenerated 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 Scheme 3a,b.

To generate the observed rate equations for the disappearance
of the starting material as illustrated in Scheme 3, one must
consider the kinetics of the photoreaction and how the coinciding
individual cases affect the kinetics. For the simple case where
a photon causes a singular photoreaction, the rate equation for
the conversion of A to B can be written as

S

_%: _ —ecal\ O
G = Pl = 1077 )

where ¢ is the quantum yield of the reaction, Iy, is the number
of einsteins absorbed per unit volume and unit time, ¢ is the
molar absorptivity, ca is the concentration of the chromophore,
[ is the path length, S is the surface area, and V is the volume
of the irradiated sample.>* Equation 4 can be simplified by
considering the magnitude of photon absorption by the sample.
For instance, if the absorbance value is large (ecal > 2), then 1
— 107%¢Al ~ 1, and the rate can be written as

dA S

— 0 = ]_
dr d’mv

%)
which is a zeroth-order reaction. Conversely, if the absorbance
of the substance is small (ecal < 0.1), then 1 — 107¢A] ~ 1,
and the rate can be written as
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Scheme 3. Illustration of the Reaction of Photogenerated Metal
Radicals with Trapping Atoms in a Solid-State Matrix*

(: —:1 reactive sphere
® radical trap

“1In case (a), there is a trap in the reactive sphere of the metal radical.
In case (b), the trap is initially outside of the reactive sphere.

da _ S _ .
i 2.303ecAl¢ImV constantec , (6)

which is a first-order reaction. To determine the rate equation
that corresponds to the individual cases illustrated in Scheme
3, the relative absorbances of each will be evaluated. An
assumption is made that the experimental path lengths and molar
absorptivity of both cases are the same because both species
exist in the same sample and, in both cases, the absorbing
species is the same. Therefore, the relative absorbances will be
determined by the relative concentrations of both species.
Returning to Figure 3, it is observed that <1% of the absorbing
species is consumed in the initial fast reaction rate. This species,
termed Y, is in very low concentration and therefore is predicted
to exhibit first-order kinetics,’* eq 7, where Y is the relative
concentration of species Y at time zero and k is a “rate constant”
for the photoreaction. (Note that k; is equal to 2.303¢el¢l,S/V.
To make comparisons of the “rate constants” possible, the
parameters [, I, S, and V were kept constant from sample to
sample and polymer to polymer.)

[Y] = Ye ™ )

The remaining 99% of the photoreactive starting material that
reacts at a slower rate, species X, is in high concentration and
is predicted to show the usual zeroth-order kinetics.>* The
resulting rate for the disappearance of X is shown in eq 8, where
Xp is the concentration of species X at time, #, zero and k; is
the corresponding “rate constant”. (k; is equal to ¢I,S/V.)

[X] = [Xo] = kgt (®)

By combining eqs 7 and 8, a new overall rate equation for the
disappearance of A is formed, eq 9. This equation represents
the combined contributions to the overall rate for the two cases
derived from the Perrin-like model as illustrated in Figure 4.
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[A] = X, — kt + Y,e ™ )

The Perrin-like expression, eq 9, was used to fit the kinetic
traces of polymers 1 and 2, and the results are illustrated as the
solid line in Figure 3a,b. It is apparent that the Perrin-like
equation is the best fit for the data at both long and short reaction
times. At short reaction times, the dominant species contributing
to the observed fast reaction rate is the photogenerated radical
species where there is a radical trap in the reaction sphere. The
Perrin-like model describes the fast reaction kinetics as a first-
order exponential. At longer reaction times, the reaction rate is
dominated by the relatively slow reaction that involves migration
of a radical trapping species into the reactive sphere of the
photogenerated metal radicals. This is described in the Perrin-
like model as simple zeroth-order kinetics. The next section will
investigate the applicability of the Perrin-like model in other
polymer systems by analyzing degradation data found in the
literature.

Analysis of a Literature Example Using the Perrin-like
Model. To analyze the versatility of the Perrin-like model to
other polymer systems, literature data were fit to eq 9. Figure
5 shows data for the photodegradation of polyoxymethylene,
3, under UV irradiation.?® (The literature data points were
obtained using a literature capture method described in the
experimental section of this paper.) The degradation mechanism
of polyoxymethylene is known; upon y irradiation, three radical
species are formed: —0—CH—, —O—CHa, and O—CH,—.>>"°
The data presented are for the disappearance of the two carbon-
centered radicals as monitored by EPR spectroscopy. The kinetic
trace for the photodegradation of polymer 3, like that of
polymers 1 and 2, is biphasic in that there is a fast reaction at
short times followed by a slower conversion at extended reaction
times.

o

Figure 5a shows the fits of the data for the reaction of polymer
3 to first- and second-order equations (i.e., C/Cy = Ae™ and
C/Cy= (1 + Br)~!, respectively). The fits are poor, and therefore
these two equations do not accurately represent the reaction
mechanism for the degradation of this polymer. Figure 5b shows
the fits for the other three models: simple-diffusion, diffusion-
controlled, and the Perrin-like model. As was the case with
polymers 1 and 2, it is evident that these three equations more
closely fit the data than the first- and second-order equations.
Taking a closer look at the initial reaction rates in Figure Sc, it
is apparent that both the simple-diffusion and the diffusion-
controlled models overestimate the initial reaction rate. This is
similar to the findings reported above for polymers 1 and 2.
The Perrin-like model (eq 9), however, fits the data well at both
long and short reaction times and is therefore a suitable model
for the photodegradation of this polymer system. The interpreta-
tion is that the fast, initial rate is due to reaction of the carbon-
centered radicals with another photogenerated radical species
or an adjacent abstractable atom such as a hydrogen atom in
the reaction sphere, and the slower rate is for the reaction of
the carbon-centered radicals involving a diffusive reaction.

Fitting Parameters as a Function of Temperature. The
photodegradations of polymers 1 and 2 were evaluated as a
function of reaction temperature. As in the sections above, the
data were fit to first-order, second-order, simple-diffusion,
diffusion-controlled, and Perrin-like equations. All data were
found to be best fit by the Perrin-like model (eq 9). The
parameters obtained from the best fit of the data were plotted
as a function of irradiation temperature (Figure 6 and Figure
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Figure 5. Relative radical concentration as a function of time at 343.5
K following irradiation of polymer 3 (+). The fits are for the first-
order (— *+ —) and second-order (— ** —) equations (a) and simple
diffusion (—), diffusion-controlled (- - -), and Perrin-like (— — —) fit
equations (b). The plot in (c) shows the initial data in plot (b) on
expanded axes.

S1). The parameters Yy and X, in eq 9 represent the relative
concentrations of the photogenerated radical species with and
without a radical trapping agent in the reactive sphere, respec-
tively. As shown in Figure 6, Y is small, ranging from 0.5% to
2.5% over the temperature range 25—50 °C. Note also that Y,
is larger in polymer 1 than in polymer 2.

The relative ratio of X, to Yy is dependent on the relative
concentration of the radical trapping agent to the concentration
of the photogenerated radical. The radical trap (chlorine atom)
to metal species (molybdenum) ratio is approximately 100:1
for polymer 1 and 9:1 for polymer 2. An increase in radical
trap concentration with respect to potential metal radical species
will increase the probability of a radical trap being located in
the reactive sphere. Therefore, it is predicted that polymer 1
would have a larger number of photogenerated radicals with a
Cl in the reaction sphere than polymer 2, i.e., Yo(1) > Yo(2). As
shown in Figure 6, this is indeed the case. For example, at room
temperature, Y, for polymer 1 is ~0.008 and Y; for polymer 2
is 0.005.

For both polymers 1 and 2, the value of Y; increased gradually
with an increase in temperature, and there was a corresponding
decrease in Xp. (Over the temperature range of the experiment,
the value of Y, for polymers 1 and 2 increased at a rate of 0.065
+ 0.009% K~! and 0.027 + 0.007% K~!, respectively.) This
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Figure 6. Fitting parameters Xo and Y, from eq 9 as a function of
temperature for polymers 1 (A) and 2 (®).

Table 1. Apparent Enthalpies and Entropies of Activation
Obtained from the Eyring Plot of the Rate Constants, k; and k,
versus Temperature for the Photodegradation of Polymers 1

and 2
ky (diffusive) k> (nondiffusive)
AH* AS# AH* AS*
polymer  (kcal/mol)  (kcal/(K mol)) (kcal/mol) (kcal/(K mol))
1 741 —60 £ 40 241 —70 £ 40
2 6+2 —50 £ 40 241 —70 £ 40

trend is likely due to an effective increase in the reaction sphere
caused by the enhanced kinetic motion of the radicals and the
trapping species. This results in a greater likelihood of a radical
trapping agent being in the reactive sphere of the photogenerated
radical species.

The experimentally determined values for k; and k, (eq 9)
for polymers 1 and 2 as a function of temperature are shown in
Figure S1. Over this temperature range, the value of k; (the
“rate constant” for the zeroth-order (slower) reaction) ranges
from 1076 to 1073 s~ !, while k, (the “rate constant” for the first-
order (faster) reaction) is on the order of 1073 s~!.>7 Restated,
the rate constant for the nondiffusive reaction, k, is greater than
the rate constant for the diffusive reaction, k;. This result shows
that diffusion is the rate-limiting step in the diffusive reaction,
as expected.

To extract apparent activation enthalpies and entropies,”® the
data in Figure S1 were fit to an Eyring plot (Figure S2), and
the resulting values are shown in Table 1. The enthalpies of
activation for the nondiffusive process are much smaller than
those for the diffusive process for both polymers 1 and 2, again
consistent with rate-limiting diffusion in the diffusive reaction.
The entropies of activation for both processes and polymers
are all negative. However, the large relative uncertainties
associated with the data preclude firm conclusions at the
moment.
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Conclusions

The photodegradation rate data of two polymer films, a cross-
linked poly(vinyl chloride) and a segmented polyurethane, were
compared to six kinetics models. It was found that the
degradation did not follow simple zeroth-, first-, or second-order
kinetics. Two other models, a simple-diffusion and a diffusion-
controlled model, were analyzed and found to more closely
represent the data than the zeroth-, first-, and second-order
equations. However, these two models still overestimated the
initial reaction rates. Accordingly, a new kinetics model, the
Perrin-like model, was introduced that utilized basic photo-
chemical rate equations and the heterogeneous nature of solid-
state polymers. The equation appropriate to the Perrin-like model
fit the data with excellent accuracy. The model was also used
to analyze the photodegradation rate of polyoxymethylene, using
photodegradation data found in the literature. The Perrin-like
model equation was found to be an accurate fit of the literature
data presented. An investigation of the effect of temperature
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 environment was lower than
that of the diffusive reaction. It is hypothesized that the rate-
limiting step in the diffusive reaction is diffusion together of
the photogenerated metal radical and the radical trapping agent.
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