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Abstract

This review describes the synthesis and photochemistry of polymers that contain metal–metal bonds along their backbones. Such polymers
are photodegradable because the metal–metal bonds are photolyzed by visible light. Understanding the factors that control the rate of polymer
photodegradation is important for the technological applications of these materials, and this review focuses on two such factors, namely the
radical cage effect and the applied stress on the polymer. With regard to the cage effect, data are reviewed showing that thekd/kc ratio (i.e. the
ratio of the rate constant for diffusive separation out of the cage to that for radical–radical recombination in the cage) is proportional tom1/2/r2,
wherem is the mass of the radical fragment andr the radius. The effect of stress on a polymer undergoing degradation is to increase the initial
separation of the radical particles following photolysis of a bond along the backbone. The increase in separation of the radicals decreases
the likelihood of radical–radical recombination, leading to an increase in degradation efficiency. Quantitative knowledge of these and other
factors that control polymer degradation will eventually allow synthesis of an ideal photodegradable polymer—one that has a tunable onset
of degradation and that degrades quickly once degradation has started.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Photochemically reactive polymers[1–4] are of consid-
erable interest because they are useful as photodegradable
plastics[5], photoresists[6–10] biomedical materials, and
as precursors to ceramic materials[6–8,11–14]. With re-
gard to photodegradable plastics, it might seem strange
to intentionally design a polymer material that falls apart
when exposed to light, especially in view of the enor-
mous efforts made by polymer chemists over the years to
make their materials stable to light[1,2]. However, there
are compelling economic and social reasons for using
degradable plastics in certain applications and, therefore,
considerable research is now devoted to devising new pho-
todegradable polymers with improved performance[5].
The biggest use for photodegradable plastics is in agri-
culture, specifically in the burgeoning subdiscipline called
plasticulture. In plasticulture, the ground is covered with
plastic sheeting (typically a polyolefin), which acts as a
mulch to prevent the growth of weeds (thus requiring the
use of fewer herbicides), to decrease water demand, and
to extend the growing season. By making these agricul-
tural films out of degradable plastics, considerable labor
and money can be saved in the plastics recovery phase
of the technique. In the environmental area, photodegrad-
able plastics are finding increased use as packaging ma-
terials in items that have a high probability of becoming
litter. The idea is that if such materials should end up
as litter they will degrade rather quickly and not be an
eyesore.

There are two basic methods for making polymer ma-
terials photochemically degradable[1,2]. One method is
to chemically incorporate a chromophore into the polymer
chains. Although numerous chromophores have been evalu-
ated, the most commercially successful chromophore is the
carbonyl group[1,2,15]. Absorption of ultraviolet radiation
leads to degradation by the Norrish Type I and II processes
or by an atom abstraction process (Scheme 1), all of which
are typical photoreactions of the carbonyl chromophore.
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Scheme 1. Photochemical degradation pathways for polymers containing carbonyl groups.
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Scheme 2. The autooxidation mechanism for hydrocarbon materials.

Note that once radicals are introduced into the system, chain
degradation can occur by the autooxidation mechanism
(Scheme 2).

The second general method for making polymer materi-
als photochemically degradable is to mix a radical initiator
into the polymer. Once carbon-based radicals have formed,
the chains degrade by the autooxidation cycle (Scheme 2).
Numerous radical initiators have been investigated, and a
partial list includes metal oxides (e.g. TiO2, ZnO, CuO),
metal chlorides (e.g. LiCl, FeCl3), M(acac)n complexes,
M(stearate)n complexes, benzophenone, quinones, and per-
oxides[1,2].

Both the carbonyl-containing and the radical initiator-
containing types of degradable polymers require ultraviolet
light for degradation. In order to expand the repertoire of
photodegradable polymers to include those that degrade
with visible light, we have been developing a new class
of polymers that contain metal–metal bonded organometal-
lic dimers interspersed along the polymer backbone
[16–19]. These polymers are photodegradable because the
metal–metal bonds can be cleaved with visible light and the
resulting metal radicals captured with oxygen or other traps



D.R. Tyler / Coordination Chemistry Reviews 246 (2003) 291–303 293

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

(Eq. (1) and Scheme 3) [20,21].

LnM–ML n
hν−→LnM• + •ML n

•ML n = CpMo(CO)3 (Cp = η5-C5H5), CpW(CO)3,

Mn(CO)5, Re(CO)5, CpFe(CO)2 (1)

This review summarizes the work in our lab on photo-
chemically degradable polymers that contain metal–metal
bond chromophores. Our research is not necessarily in-
tended to arrive at new commercial photodegradable poly-
mers but to explore the photochemical mechanisms of
decomposition, so that we and other workers will know
what features and properties need to be incorporated into
polymers to make them suitable as photodegradable materi-
als. In this regard, it is noted that the ideal photodegradable
polymer will degrade completely and quickly once degra-
dation starts (Fig. 1). This characteristic makes practical
sense, but it is also important for structural reasons because
most polymer mechanical properties are related to molec-
ular weight [22]. Small amounts of degradation can dras-
tically decrease the molecular weight (and thus mechanical
properties) of a plastic, yet to all appearances the plastic
piece is visually unchanged. In essence, the plastic is still

tunable
0

100

Irradiation Time

% Degradation

the ideal

the reality

Fig. 1. A graph showing the properties of an ideal photochemically degrad-
able polymer, namely tunable onset of degradable and rapid degradation.

present but it is not structurally sound—and hence useless
and perhaps dangerous. Under such circumstances, it may
as well be completely degraded. A second ideal property is
that the onset of degradation should be tunable. Again, this
property makes practical sense, but it is difficult to achieve
in practice because light intensities vary, as do temperatures
and a host of other mechanistic variables.

2. Synthesis and characterization

Our general synthetic route for incorporating metal–metal
bonds into polymer backbones is based on the step poly-
merization techniques for incorporating ferrocene into
polymer backbones[23–29]. Step polymers of ferrocene
can be made by substituting the Cp rings with appropriate
functional groups, followed by reaction with appropriate
difunctional organic monomers (e.g.Eq. (2)) [30–32].

(2)

The analogous strategy for synthesizing metal–metal
bond-containing polymers also uses difunctional, cyclo-
pentadienyl-substituted metal dimers. A sample polymer-
ization reaction is shown inEq. (3), which illustrates the
reaction of a metal–metal bonded “diol” with hexamethy-
lene diisocyanate (HMDI) to form a polyurethane (16).

(3)

This step polymerization strategy is quite general, and a
number of metal–metal bond-containing polymers have been
made from monomers containing functionalized Cp ligands
[23–29,33].

2.1. Synthesis of the difunctional dimers

The synthesis of metal–metal bonded dimers with
functional groups substituted on the Cp rings is a syn-
thetic challenge. The reason lies in the relative weak-
ness of the metal–metal bonds (DW–W ≈ 56 kcal mol−1;
DMo–Mo ≈ 32 kcal mol−1 [34–36]). As they are relatively
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Scheme 4. Synthesis of an organometallic diol used in the polymer
syntheses.

weak, the metal–metal bonds will not stand up to the
harsh conditions typically required for the substitution of
metal-coordinated Cp rings. For this reason, it is necessary
to synthesize first the substituted Cp molecules and then
coordinate these rings to the metals. High yield synthetic
routes to alcohol- and amine-substituted Cp rings are sum-
marized inSchemes 4 and 5 [16–18]. (The vinyl-substituted
Cp2Fe2(CO)4 dimer is an exception to this general synthetic
strategy. The synthesis of (Cp–CH=CH2)2Fe2(CO)4 is dis-
cussed in the section following.) The routes to the difunc-
tional dimer molecules are also shown inSchemes 4 and 5.
(The analogous synthesis of a diacid functionalized W–W
dimer is found in[37].) Note that the general route shown
for the Mo-containing dimers (involving Fe3+ oxidation of
the anionic species) was developed by Birdwhistell et al.
[38]. The difunctional metal complex dimers were charac-
terized by the usual spectroscopic methods, and it is worthy
noting that the electronic absorption and infrared spectra in
theν(C=O) region are virtually identical to those of the un-
substituted dimers. The (CpCH2CH2OH)2Mo2(CO)6 dimer
was further structurally characterized by X-ray crystallog-
raphy[39].

The synthesis of (Cp–CH=CH2)2Fe2(CO)4 is outlined
in Scheme 6. The method involves the synthesis of the
iodocyclopentadiene iron complex as outlined by Herrmann
and Huber[40]. The vinyl group is then attached to the
Cp by a palladium-catalyzed cross-coupling reaction[41],
and finally the dimer is made by treatment with sodium
naphthalide.

2.2. Synthesis of the polymers

Just as the comparatively weak metal–metal bonds pose
problems for the synthesis of the difunctional dimers, they
cause similar problems in the synthesis of the polymers.
The relative weakness of the metal–metal bonds makes them
more reactive than the bonds found in standard organic
polymers; thus, under many standard polymerization reac-
tion conditions, metal–metal bond cleavage would result.
For example, metal–metal bonds react with acyl halides
to form metal halide complexes. Therefore, the synthesis
of polyamides using metal–metal bonded “diamines” and
diacyl chlorides would simply lead to metal–metal bond
cleavage rather than polymerization. Likewise, metal–metal
bonded complexes are incompatible with many Lewis bases
because the Lewis bases cleave the metal–metal bonds in
disproportionation reactions[42]. This type of reactivity
thus rules out many standard condensation polymerization
reactions in which bases are used to neutralize any acids
produced. Similar reasons prevent the use of acylchlorides
in the synthesis of polyamides. All of the polymerization
strategies are thus carefully designed to avoid cleaving the
metal–metal bond during the polymerization process.

A sample polymerization reaction, showing the synthe-
sis of a polyurethane, was shown above inEq. (3). Using
similar synthetic strategies, various polyurethanes, polyureas
(e.g.Eq. (4)), polyvinyls (e.g.Eq. (5)), and polyamides (e.g.
Eq. (6)) were synthesized[16–19]. Note that the step poly-
mers in the various equations have a metal–metal bond in
every repeat unit. Experiments showed that it was not neces-
sary to have a metal–metal bond in every repeat unit in order
to photochemically degrade the polymers[18]. Copolymers
are straightforwardly synthesized by adding appropriate di-
functional organic molecules into the reaction mixture.

n
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(C5H4CH2CH2NH2)–

[(C5H4CH2CH2NH2)Mo(CO)3)]–
Fe(NO3)3•9 H2O

38%
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Scheme 5. Synthesis of an organometallic diamine used in the polymer
syntheses.
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Yet another polymer synthesis strategy is to react the di-
functional dimer molecules with prepolymers.Eq. (7)shows
an example of this technique[18]. (In this instance, the
prepolymer is one of the Hypol polymers sold by W.R.
Grace. Analysis of the sample showed it to contain, on
average, three tolyl isocyanate end groups;Mn was about
2000.)
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Scheme 6. Synthesis of an organometallic divinyl molecule used in the
polymer syntheses.

2.3. Characterization of the polymers

The polymers were spectroscopically characterized by
comparison of their infrared, electronic, and NMR spectra to
model complexes[16–19]. For example, the product shown
in Eq. (8), a model complex for the polymer inEq. (3),
was synthesized by reaction of (CpCH2CH2OH)2Mo2(CO)6
with a mono-isocyanate (Eq. (8)).

DBTA (cat.)
p-dioxane, 85 ˚C

CH3(CH2)5NCO

CH2CH2OCNH(CH2)5CH3

CH3(CH2)5NHCOCH2CH2
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HOCH2CH2 Mo Mo
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C

C
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O O
O
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O O

Mo Mo
C

C

C

C

C
C

O O
O

O
O O

O

O

(8)
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Typical Mn values, as measured by VPO or GPC, are
between 5000 and 20,000 (n = 7–25). Thus, in many cases,
the polymers are best described as oligomers. However, it is
important to note that no effort was made to maximize the
molecular weights.

3. Photochemical reactions in solution

Irradiation of metal–metal bonded complexes into their
lowest energy absorption band (≈500 nm) generally leads to
one of the three fundamental types of reactivity[16,20,21].
(1) The metal radicals produced by photolysis react with
radical traps to form monomeric complexes (e.g.Eq. (9)).
(2) The complexes react photochemically with ligands to
form ionic disproportionation products (e.g.,Eq. (10)).
(3) The complexes react with oxygen to form metal ox-
ides (Eq. (11)). (The latter reaction is likely a radical
trapping reaction but may involve excited state electron
transfer.) Note that higher energy excitation leads to M–CO
bond dissociation. This type of reactivity is discussed
below.

Cp2Mo2(CO)6 + 2CCl4
hν−→2CpMo(CO)3Cl + 2[•CCl3]

(9)

Cp2Mo2(CO)6 + 2PR3

hν−→CpMo(CO)3
− + CpMo(CO)2(PR3)2

+ + CO (10)

Cp2Mo2(CO)6
hν−→
O2

Mo oxides (11)

The qualitative photochemistry of the polymers in solu-
tion is analogous to the reactions of the discrete metal–metal
bonded dimers in solution[16–19]. As in the photochemi-
cal reactions of the discrete dimers, the photochemical re-
actions of the polymers can be conveniently monitored by
electronic absorption spectroscopy. The quantum yields for
the reactions are in the range from∼0.1 to 0.6, depending
on the specific polymer and the M–M bond[17]. Sample re-
actions of the polymers showing the three types of reactivity
are shown inEqs. (12)–(14).

Cl(CO)3Mo CH2CH2OCNH(CH2)6NHCOCH2CH2 Mo(CO)3Cl

hν CCl4

O O

n

CH2CH2OCNH(CH2)6NHC
OCH2CH2 O                     OMo Mo

C
C

C

C

C
C

O O
O

O
O O

(12)
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O O
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OCH2CH2 O OMo Mo

C
C

C

C

C
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O O
O
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O O

(13)

hν O2

metal oxides

n

CH2CH2OCNH(CH2)6NHC
OCH2CH2 O                     O

Mo Mo
C

C

C

C

C
C

O O
O

O
O O

(14)

As mentioned, a fourth type of dimer reactivity is disso-
ciation of a CO ligand from the dimer. Generally, this type
of reactivity increases in efficiency relative to M–M photol-
ysis as the radiation energy increases[20]. In solution, this
type of reactivity generally leads to substitution. However,
in the case of the Cp2Mo2(CO)6 molecule, the reaction in
Eq. (15)occurs[17]. (Among the dimers, this reaction to
form a triply bonded product is unique to the Mo and W
species.)

(CO)2Mo≡Mo(CO)2 +  2 CO
UV

Mo Mo
C

C

C

C

C
C

O O
O

O
O O

(15)

An analogous photoreaction occurs with polymers con-
taining the Mo–Mo unit (Eq. (16)).

UV, –2 CO

(CO)2Mo≡Mo(CO)2 CH2CH2OCNH(CH2)6NHCOCH2CH2

O                     O

n

n

CH2CH2OCNH(CH2)6NHC
OCH2CH2 O O

Mo Mo

C
C

C

C

C
C

O O
O

O
O O

(16)

In both reactions 15 and 16, addition of CO to the product
solution causes the system to back-react to reform the start-
ing materials. Once again, the main point to be made is that



D.R. Tyler / Coordination Chemistry Reviews 246 (2003) 291–303 297

MoOC
OC CO

O N

O

H

CH2Cl

N
H

Cl
Mo

CO

OC CO

Cl
O

O

hν

n

O

O

O

O

N
H

N
H

CH2Cl

Mo Mo

C
C

C

C

C
C

O O
O

O
O O

Scheme 7. Photochemical reaction of polymerIII in the absence of an
external trapping reagent.

the solution photochemistry of the polymers is analogous
to the solution photochemistry of the discrete metal–metal
bonded dimers. Photochemical reactivity in the absence of
exogenous radical traps is possible in the case of polymers
that have carbon–halogen bonds along their backbones. For
example, irradiation of polymersI–III in solution in the
absence of CCl4 or O2 led to net metal–metal bond cleav-
age[43]. Spectroscopic monitoring of the reaction showed
that metal–metal bond cleavage is accompanied by an in-
crease in the concentration of CpMo(CO)3Cl units. Pho-
tochemical reactions analogous to that inScheme 7were
proposed.
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Further details of the polymer photochemistry are dis-
cussed inSection 5.

Fig. 2. A plot of the absorbance at 508 nm vs. time for four thin films of the polymer shown inEq. (3). Only the sample exposed to both light and air
degraded. The absorbance at 508 nm is characteristic of the metal–metal bond.
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4. Photochemistry in the solid state

Thin films of the polymers (≈0.05 mm in thickness) re-
acted when they were exposed tovisible light, whether from
the overhead fluorescent lights in the laboratory, from sun-
light, or from the filtered output of a high pressure Hg arc
lamp [16–19]. All of the films were irradiated both in the
presence and absence of oxygen. For each film and its dark
reaction control, the absorbance of the d� → �∗ transition
near 500 nm was monitored periodically over a period of sev-
eral months.Fig. 2 is a plot of absorbance at 508 nm versus
time for the polymer inEq. (3)under the various experimen-
tal conditions. As indicated in figure, the polymer film that
was exposed to sunlight in air completely decomposed in
2 months. (TheσM–M → σ∗

M–M electronic absorption band
at 390 nm disappeared during this time, confirming that the
Mo–Mo bond was not intact.) Thin films stored in the dark
in air or irradiated under nitrogen showed only a slight loss
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of absorbance at 508 nm over a 1-year period (Fig. 2). From
this data, it was concluded that the decomposition of the
polymers requires both light and air (oxygen). (The small
amount of reaction for those slides stored in the glovebox in
the light is probably due to reactions with solvent vapors.)
Infrared spectra of the decomposition products showed the
absence of products with CO ligands, as indicated by the
absence of any stretches in the region 1600–2200 cm−1. As
mentioned previously, oxide complexes form in the solution
phase reactions of Cp2Mo2(CO)6 with O2, and it was pro-
posed that the metal-containing decomposition product of
the polymer is a metal oxide.

These data suggest that oxygen is necessary for the
solid-state photochemical reaction to occur. It was pro-
posed that oxygen traps the metal radicals produced in
the photolysis of the metal–metal bonds, thereby prevent-
ing radical recombination (Eq. (17)). If oxygen diffusion
is rate-limiting then the relative rates of oligomer photo-
chemical decomposition in the solid-state would reflect the
oxygen diffusion rate.

Mo Mo hν Mo Mo
O2

MoOn OnMo (17)

As described in the previous section, polymersI–III
were designed to degrade in the absence of exogenous rad-
ical traps by building-in carbon–chlorine bonds along their
backbones. As indicated, all of these polymers did degrade
in the absence of oxygen when dissolved in solution, but
only polymerII degraded in the solid state when irradiated
in the absence of oxygen[43]. Apparently, only polymer
II has a sufficiently high concentration of carbon–chlorine
bonds to overcome the slow rate of diffusion in the solid
state.

5. Factors controlling the rate of polymer
photochemical degradation in solution

In order to synthesize a polymer material that has the ideal
degradation properties shown inFig. 1, it is first necessary to
understand the factors control the rate of degradation. Mech-
anistic studies in the solid state are often difficult because
the results can be difficult to interpret due to the plethora of
variables. For that reason, the mechanistic photochemistry
of the metal–metal bonded polymers was initially studied in

Table 1
Quantum yields (λ = 540 nm) for the reactions of the indicated molecules
with CCl4 in hexane at 23◦C

Complex Φobsd

(CpR)2Mo2(CO)6
R = –CH2CH2OH 0.66
R = –CH2CH2OC(O)NH(CH2)6CH3 0.59
R = –CH2CH2OC(O)NH(CH2)3– 0.44

(CpR)2Fe2(CO)4
R = –CH2CH2OH 0.22
R = –CH2CH2OC(O)NH(CH2)3– 0.14

  

  

Scheme 8. Reaction scheme for metal–metal bond photolysis.

the solution phase with the expectation that some of the fac-
tors that control the degradation rates in solution will also
be important in the solid state.

5.1. The cage effect

The quantum yields for photolysis of several dimers,
model complexes, and polymers in 2 M CCl4/THF are listed
in Table 1. Note that the quantum yields vary as a function

of molecular weight and size[18]; in general, longer chain
species degrade with lower efficiency. This result may be
general. Although other data are limited, one other exam-
ple comes from the work of Guillet, who showed that the
quantum yields for the Norrish Type I degradations of var-
ious model aliphatic ketones decreased as a function of
chain length.1 Reasons for the dependence of the quantum
yields on the chain length have been a matter of consider-
able interest and speculation[44]. It is generally hypothe-
sized that the dependence is attributable either to changes
in φpair (the quantum yield for the formation of the radical
cage pair;Scheme 8) or to changes in the “cage recombina-
tion efficiency” as the chain length is varied[45–47]. (The
concept of the “cage effect” was introduced by Franck and
Rabinowitch[45] in 1934 to explain why the efficiency of
I2 photodissociation was smaller in solution than in the gas
phase. It was proposed that the solvent temporarily encap-
sulates the reactive I• atoms in a “solvent cage”, causing
them to remain as colliding neighbors before they either re-
combine or diffuse apart. The point is that the formation of
free radicals is preceded by the formation of a caged radical
pair. The “cage recombination efficiency” (denoted asFc)
is defined as the ratio of the rate constant for cage recom-
bination to the sum of the rate constants for all competing
cage processes. TheFc value for a photochemically formed
cage pair does not necessarily equalFc for the same cage
pair formed by thermolysis or by diffusional collision of two
free radicals[48,49]. In order to differentiate these cases,
the photochemical cage efficiency is denotedFcP and the
associated rate constants askcP and kdP. In the photolysis
reaction inScheme 8, FcP = kcP/(kcP + kdP).)

1 See[2], p. 274.
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5.2. The effect of particle mass and size on the
cage effect

In order to gain greater insight into the role thatφpair
and FcP play in controlling the degradation of polymers,
the model complexes (CpCH2CH2OSiR3)2Mo2(CO)6 (R
= Me, i-Pr, n-Pr, n-Hx) were synthesized and studied
[50,51]. As with the molecules discussed above, the overall
quantum yields for these molecules decreased as the chain
lengths increased. Furthermore, the cage recombination ef-
ficiencies increased as the chain lengths increased. Thus,
the decrease in the overall quantum yield with increasing
chain length can be at least partially attributed to an increase
in FcP. More specifically,kd/kc was found to be linearly
proportional tom1/2/r2 (wherem is the mass of the radical
and r its radius). This result represented the first experi-
mental verification of Noyes’s prediction[52–56] concern-
ing the relationship of particle mass and size to the cage
effect.

  

In order to study the generality of the results obtained
with the silylated molecules, additional model complexes of
the type (CH3(CH2)nC(O)N(CH3)CH2CH2Cp)2Mo2(CO)6
(n = 3, 8, 18) were synthesized, andFcP was determined
for each[57].

R = (CH2)nCH3  with n = 3, 8 , and 18
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As was the case for the silylated molecules,FcP in-
creased as the length of the chain increased, and again
kc/kd was linearly proportional tom1/2/r2. Although this is
just the second experimental verification of Noyes’s pre-
diction, the Noyes relationship is emerging as a rather gen-
eral expression for predicting (or at least comparing)FcP
values.

The interesting feature about the reasonably good linear fit
betweenkd/kc andm1/2/r2 for the radical cage pairs derived
from the model complexes in the preceding paragraph is that
Noyes derived his expression for spherical particles[52–56],
yet the various radicals are decidedly not spherical. The
explanation for the good fit lies in the reason for the depen-
dence ofFcP on r2. The parameterr2 is proportional to the
surface area of a particle, which in turn is proportional to the
number of interactions a particle has with solvent molecules.

Fig. 3. Segmental motion leading to separation of two radicals in a radical
cage pair.

The more interactions a particle has with the solvent, the
greater the viscous drag and consequently the slower the
rate of diffusion (and hence the inverse dependence ofkd/kc
on r2). This analysis suggests that Noyes’s expression can
be modified by replacingr2 with the particle’s surface area,
i.e.kd/kc ∝ m1/2/(radical surface area). In fact, plots ofkd/kc
versusm1/2/(radical surface area) were linear[57]. As a
further test, plots ofkd/kc versusm1/2/(radical surface area)
were also linear for the (CpCH2CH2OSiR3)2Mo2(CO)6
molecules (R= Me, i-Pr, n-Pr, n-Hx). This result provided
further support for the modified Noyes expression. The sig-
nificance of being able to use a particle’s surface area in the
Noyes expression is that the expression becomes useful for
non-spherical particles, i.e. it becomes possible to use the
Noyes expression for virtually all radicals, not just spherical
ones.

These results show thatFcP increases as the length of the
chain on a radical center increases. In turn, this explains
why the quantum yields for the photochemical degradation
of polymers (and long-chain molecules, in general) decrease
as the chains get longer. Undoubtedly, after a certain chain
length is reached, no changes inFcP will likely be observed
due to the considerable inertia of the radicals. In such cases,
the chain movements will be local, i.e. radical diffusion
out of the cage or recombination in the cage will occur by
segmental motion of the chain end and not by movement of
the center of mass of the entire chain (Fig. 3). If such is the
case then once a certain chain length is reached, additional
chain length will not impact the segmental motion of the
radical end[44].

6. Factors controlling the rate of polymer
photochemical degradation in the solid state

6.1. The effect of stress

An interesting outcome of artificial weathering studies
on polymers is the discovery that tensile- and shear-stress
can accelerate the rate of photodegradation (for a re-
view, see[58]). This phenomenon is general and has been
observed with many polyolefins, including polystyrene
[59,60], polypropylene [61–66], polyethylene [67–71],
polyethylene–polypropylene copolymer[72], PMMA [73],
and polyfluorocarbons[74], as well as with polycarbonates
[65], nylons [75,76], acrylic–melamine coatings[77,78],
and various elastomers and rubbers[79]. The occurrence of
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stress-accelerated photodecomposition is a phenomenon 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 rate of
polymer photodegradation it is important to understand and
control the enhanced degradation induced by the synergism
of light and stress.

Why does stress cause changes in the photodegrada-
tion rates of polymers? Attempts to answer this question
have generally been hampered by the mechanistic com-
plexity of the degradation reactions[4]. Photochemical
degradation 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 oxygen
diffusion is the rate-limiting step in many photooxida-
tive degradations[70,80]. This adds to the intricacy of
the analysis because oxygen diffusion rates are frequently
time-dependent[80]. The metal–metal bond-containing
polymers provide an exceptional method for studying this
problem. As discussed above, when exposed to visible
light, these polymers degrade by a straightforward mech-
anism involving metal–metal bond homolysis followed
by capture of the metal radicals with a metal-radical trap
(Scheme 3).

6.2. Mechanistic theories of stress effects on
photodegradation

Mechanistic hypotheses to explain stress-accelerated
photodegradation fall into two main categories. In one cat-
egory, it is proposed that stress leads to an increase in the
quantum yields for bond photolysis, i.e. it is proposed that
φhomolysis increases with stress (Eq. (18)). The other cate-
gory attributes the increased degradation rates to a decrease
in the efficiency of radical recombination following ho-
molysis, i.e.krecombinationis proposed to decrease as stress
increases. The decreased efficiency of recombination is at-
tributed to morphological changes in the polymer chain. The
salient points of these theories are outlined in the following
sections. Note that the following discussion is based on the
assumption that radical trap diffusion isnot the rate-limiting
step.

M M
φhomolysis

krecombination
M• •M

X = trap
M X2

(18)

6.2.1. The Plotnikov hypothesis
The Plotnikov hypothesis[81] attributes to the increase

in degradation rates with applied stress to a decrease in the
activation barrier for bond dissociation in the excited state.
(See[81] for the appropriate pictures showing the differ-
ences in the potential energy surfaces for a stressed and un-
stressed bond.) Analysis of the potential energy surfaces for

a stretched bond led Plotnikov to the following equation:

khomolysis= k0 exp

(
−Ea

T

)
,

whereEa = D

[
(1 − κ)1/2 − κ

2
ln

1 + (1 − κ)1/2

1 − (1 − κ)1/2

]
, (19)

and whereκ = f/Fm, f is the stretching force on the bond,
Fm = αD∗/2, α = ω[µ/2D]1/2, µ the reduced mass,ω the
bond vibration frequency, andD andD∗ are the bond dis-
sociation energies in the ground and excited states, respec-
tively.

6.2.2. The decreased radical recombination hypothesis
Busfield and Monteiro[68], Benachour and Rogers[69],

Nguyen and Rogers[82], Baimuratov et al.[83], and oth-
ers in [84,85] proposed explanations for stress effects that
are based on decreases in radical recombination efficiencies
in stressed systems. In their models, the effect of stress is
divided into four stages. Stage 1 represents the low stress
domain. In this stage, there is only slight deformation of
the original polymer structure and the rate of photodegra-
dation is not greatly affected (Fig. 4). In Stage 2, higher
stress causes significant morphological changes, including
the straightening of the polymer chains in the amorphous re-
gions. These straightened chains contain taut tie molecules.
(Tie molecules are the interlamellar- or intercrystal-fibrils.)
Macroscopic changes at these stress levels include the devel-
opment of microcracks, crazes, and fissures. When bonds in
the taut tie molecules are cleaved by light, the probability of
radical recombination is decreased relative to non-stressed
samples because entropic relaxation drives the radicals apart
and prevents their efficient recombination. At slightly higher
stresses (Stage 3), the chains are not only straightened but
“stretched”, and recoil aids in their separation (much like the
mid-points of a stretched spring would fly apart if it were
cut in the middle). According to this model, the diminished
ability of the radicals to recombine is the primary reason
that tensile stress will increase the rate of photodegradation.

Homolysis of a bond in the taut tie molecule:

Stages 2 and 3 – Higher Stress

Stage 1 – Low Stress

taut tie molecule

•

tie molecule

•

Fig. 4. The mechanistic origin of the decrease in radical–radical recom-
bination in a stretched polymer.
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Finally, in Stage 4 (not shown inFig. 4), 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
slightly because of decreased trap mobility. Likewise, degra-
dation rates will decrease in polymers with built-in radical
traps because of decreased mobility in the crystalline phase.
The polymers with metal–metal bonds along the backbone
are beautifully set-up to probe this model of polymer degra-
dation because simple homolytic scission of the chain oc-
curs when they are irradiated.

6.2.3. The Zhurkov hypothesis
The last general hypothesis to explain the effect of stress

on photodegradation rates is the photochemical analogue
of the so-called 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 to
Zhurkov [58,86]:

rate= A exp

[
−

(
�G − Bσ

RT

)]
(20)

In this equation,�G is an “apparent” activation energy,σ

the stress, andA andB are constants. It has been suggested
that an equation similar to the Zhurkov equation might apply
in photodegradations.

6.3. Photochemistry in the solid state

PolymerII can be used to eliminate the kinetically com-
plicating effects of rate-limiting oxygen diffusion because it
photochemically degrades in the absence of oxygen or other
exogenous radical traps. As discussed above, of all the poly-
mers containing Cl atoms attached to the polymer backbone,
only this polymer degraded in the solid state when irradiated
in the absence of exogenous radical trap[43]. In the case of
those polymers that do not degrade in the solid state, it was
concluded that, because of limited diffusion rates, the con-
centration of C–Cl bonds was too low to trap the radicals.
In these cases, the radicals merely recombined, leading to
no net degradation. However, thin films ofII were photo-
chemically reactive (λ > 500 nm) in the absence of oxygen.
Infrared spectroscopic monitoring of the photochemical re-
action showed the disappearance of theν(C≡O) bands of
the Cp2Mo2(CO)6 moiety at 2009, 1952, and 1913 cm−1

and the appearance of bands attributed to the CpMo(CO)3Cl
unit at 1967 and 2047 cm−1. The application of tensile stress
changed the photodegradation efficiency, and a plot of rela-
tive quantum yield versus stress is shown inFig. 5. Note that
tensile stress initially caused the quantum yield to increase,
but after a certain point additional stress caused a decrease
in the quantum yield.

These results are consistent with the “decreased radical
recombination efficiency” hypothesis discussed above. All
three hypotheses discussed above predict that stress will ini-
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Fig. 5. Quantum yields for degradation ofII vs. applied tensile stress.
Quantum yield errors are estimated at±5%.

tially increase the efficiency of degradation, but only the “de-
creased radical recombination efficiency” hypothesis pre-
dicts that further increases in stress will eventually cause
a decrease in photochemical efficiency. The conclusion, at
least in this one system, is that the role of stress is to increase
the separation of the photochemically generated radical pair,
which decreases their probability of recombination. To our
knowledge this is the first experimental confirmation of the
behavior predicted by the “decreased radical recombination
efficiency” hypothesis in which oxygen diffusion is not a
complicating factor.

X-ray scattering and infrared spectroscopy experimentally
confirmed the increase in chain order in the stressed PVC
polymer used in these experiments.

7. Summary

Step polymers containing metal–metal bonds along their
backbones can be synthesized by reacting difunctional,
cyclopentadienyl-substituted metal carbonyl dimers with ap-
propriate difunctional organic molecules. A wide variety of
polymers, including polyurethanes, polyureas, polyamides,
and polyvinyls have been synthesized in a demonstration
of the new synthetic method. Likewise, chain copolymers
can be synthesized by reacting vinyl-substituted cyclopen-
tadienyl metal carbonyl dimers with appropriate vinyl
monomers. The polymers are photodegradable because the
metal–metal bonds homolyze when irradiated with visible
light. The photochemical reactions of the polymers in so-
lution are identical to the photochemical reactions of the
discrete metal–metal bonded dimers. Typical reactions in-
clude metal–metal bond disproportionation and chlorine
atom abstraction from carbon tetrachloride. The polymers
are also photochemically degradable in the solid state; thin
films of the polymers degrade when irradiated with visible
light in the presence of oxygen or if the polymer backbone
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has a built-in radical trap. Although polymers containing
metal–metal bonds are unlikely to find commercial applica-
tions, they are useful for studying the factors that control the
rate of polymer photodegradation. The cage effect is one (of
undoubtedly many) factor(s) that controls the degradation
rate of polymers. In the solution phase, the ratiokd/kc is
proportional tom1/2/r2, wherem is the mass of the radical
fragment andr the radius. In the solid state, stress on the
polymer will increase the rate of degradation. Experiments
show that the role of stress is to increase the separation of
the radical fragments produced by photolysis. An increased
separation leads to less radical–radical recombination,
which increases the efficiency of degradation. Quantitative
knowledge of these and other factors that control polymer
degradation rates will eventually allow synthesis of an ideal
photodegradable polymer—one that has a tunable onset of
degradation and that degrades quickly once degradation has
started.
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