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Abstract - The photosensitized oxidation or singlet oxyvgenatien of unsatu-
rated hydrocarben polymers and of their model compounds is reviewed., Empha-
sis is on work in this ilaboravory on cis and trans forms of 1,4-polyisoprene,
1,4-pelybutadiene and 1,Z-poly{l,d-hexadiene), and on 1,4-poly(2,3-dimethyl-
l,3-butadiene} (cis/trans ratic ~1:3). The micrestructural changes which
oceur In these polymers on reaction with 102 in solution were investigated
by infrared, 'H and 13C NMR spectroscopy. The polymers were shown to yield
allylic hydroperoxides with shifted deuble bonds accerding to the "ene”
mechanism established for simple olefins, A convenient infrared measure of
pelymer hydroperoxidation was afforded by the absorbance ratio, Az o/Ag o 2
&' Smooth correlations of A' with axygen uptake were gbtained with chlaro-
phyll or methylene blue as photosensitizer, but Rose Bengal gave erratic
A'-0; uptake data indicative of autoxidation accompanying the hydroperoxida-
tign, The photosensitized oxidation of the above unsaturated polymers cx-
hibited zero-order kinetics, the relative rates paralleling the reactivities
of the correspending simple olefins towards 10;. Two other polymers, 1,2-
polybutadiene and 1,2-poly(trans-1,3-pentadiene), showed negligible reac-
tion with *0;, reflecting the extremely low reactivities of their simple
olefin analogs. This work demonstrated that singlet oxygenatron of unsatu-
rated polymers dees not differ fundamentally from that of their low molec-
ular weight analogs; such differences as deo arise are due to secondary pro-
cesses affecting the 102—reacted polymers. The occurrence of degradation

in singlet gxygenation of wnsaturated polymers is discussed.

INTRODUCTEON

During the past decade much intevest has been shown in reactions of singlet oxygen (105) with
a variety of compounds, including polymers, both saturated and unsaturated {1). In fact, two
international conferences were held recently on this subject, one in Sweden in 1976 (2} and
another in Canada in 1977 (3). Important papers bearing on the reaction of lo; with unsatu-
rated pelymers or their model compounds were presented theres by Rabek aud Ranby (1,4,5), Ng
and Guillet (6,7), and by Chaineaux and Tanielian (8,9). Concurrently, work in this labora-
tory on the photosensitized oxidation of 1,4-polyisoprene and 1,4-polybutadiene was reported
at two meetings in the USA (10,11}, Since then, additional related work bhas been performed by
those researchers {12-16) and by us (17). The present paper surveys this literature, with
emphasis on the spectroscopic apalysis of various unsaturated polymers befeore and after reac-
tion with 10,5, and on the relative reactivities of such polymers towards ]02 vis-d-vis their
simple olefinic analogs.

Interest in the photosensitized oxidation of unsaturated polymers arose from the realization
that molecular oxygen in its lowest excited state (la_,'0,, with energy of 22,5 kcal/mole
above the ground state, i =, %053, which is extremely reactive towards olefinic compounds
(18,19}, is implicated in “the surface aging or oxidation of unsaturated polymeric materials
exposed to air and sunlight. The topic of singlet oxygenation of such pelymers i1s but one
aspect of the larger subject of photodegradation, photooxidation and photostabilization of
polymers (20) which is very important from the practical standpoint. The photosensitized
oxidation of unsaturated polymers, to the extent that it involves 10,, is assumed to yield
allylic hydroperoxides with shifted double bonds, according to the "ene' process:
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established for simple olefins (18,13). Reaction I is to be distinguished from the autoxida-
tion of elefins which involves 302 and leads to the formation of allylic hydroperoxides with



both shifted and unshifted double bonds, according to the process:
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Besides the ene reaction, there are two other reactions in which 102 can take part: endoper-
oxide synthesis by 1,4 addition to ¢is-1,3 dienes (reaction 3], and dioxetanc synthesis by 1,2
addition to an activated C=C double bond (reaction 4, where D = electren donor substituent};
neither of these reactions has been observed in photosensitized oxidation of unsaturated
palymers.
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There has been controversy concerning the mechanism for reaction 1, whether it invelves a per-
epoxide, digxetane or an ene reaction, but the consensus now is that it involves a concerted
vene’ process. The singlet oxygen may be generated by microwave discharge, photosensitiza-
tion or by wvarious chemical means in situ. Although singlet oxypen can also exist in a higher
excited state ('Z,*, with 37.5 kcal/mole), it is generally accepted that all of the chemistry
induced by 105 in solution, and essentially all that in the gas phase, 15 due to the lﬂg,lﬂg
state; hence, the latter term [or simply 1057 and the term "singlet oxygen' have becone
gymionymouws (213,

1,4-POLYISOPRENE

Three double bond shifts are possible for the reaction of 102 with 1,4-polyisoprenc (PIP):

\
OOH O0H OO0H

1 2 3

Kaplan and Kelleher (22} in 1972 presented evidence for cne of those shifts, namely, to exo-
methylene groups (3) 1n the singlet oxygenation of squalene (50}, a hexalsoprene with trans
internal double bonds, which mav be considered & model compound for PIP, Several years later,
we showed that trans-PEP and SQ were alike in exhibiting the three possible double bond shifts,
while cis-PIP gave mainly 1 and 2 and very tittle 3 (10}. At about the same time, Chaineaux
and Tanielian (8) presented evidence for all three double bond shifts in the reaction of lo
with 4.methyl-4-octene and 4, 8-dimethyl-4 §-dodecadiene, compounds which are mono- and di-
isgprenic models of FPIP,  Still later, Mg and Guillet (7) obtained comparable results for
4-methyl-d-octene,

Figure } shows the IR changes accompanying the singlet oxygenation of ¢is-PIP, with chloro-
phyll (CL} as photosensitizer (10). The major changes are development of strong bands at
2.9 um (00N} and 10.3 um {trans -CH=CH-, as in 1), and net decrease of the 12.0-um band
(-C{CH4)=CH-, as in unreacted units and in 2). ~ihe broad bur weak absorption at 11.3 um
(-C(=CH;)-, as in 3} suggests that excmethylene groups, though present, are not important;
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Fig. 1. IR spectra of cis-PIP before (---) and after [—) CL-photosensitized oxidation.

this 1s consistent with the fact that the 6.0-pym peak (intermal C=C} lacks a shoulder at

6.1 pym (external C=C). The shift to 2, although masked at 12.0 um by the loss of original
-C[CH3)=CH- units, is definitely indicated by !H NMR, as dlscussed below. The weak absorp-
tron at $.8 wym is due to residual CL in the cast film of 1o, -reacted cis-FIP. When methylene
blue (MB} was used as photosensitizer, the 5.8-um peak was absent and another peak appeared
instead at &.27 um which could be removed by washing the film with methanol, Otherwise, the
IR spectra cbtained with MB were essentially the same as that shown in Fig. 1 for CL photo-
sensitization. HRose Bengal (RZ), on the other hand, gave rise to extraneous absorptions at
9.3 and 9.9 pm {cyclic peroxides), indicating that sensitizer-induced autexidation occurred
alongside the singlet oxygenation,

It should be stressed that the TR spectrum of 10;-reacted c¢is-PIP typified by Fig. 1 is fun-
damentally different from the spectra of thermally or photochemically oxidized cis-PIP (23,24),
which show bread intense absorption throughout the 7-12 um region (due to C-0 groups) which
masks the unsaturation bands of i1nterest.

As shown in Fig. 2, trans-P1P and SQ exhibit very similar IR changes as a result of MB-photo-
sensitized oxidation (10). S$imilar spectra were obtained with (L photosensitization, while

RB again gave indications of autoxidative side-reactions with trans-PIP but not with 3Q. The
two Lrans isoprenic compounds show not only the development of strong bands at 2.9 and 10.3 um
and the diminution of the 1! 9-ym band, by analogy to cis-PIP, they also show important ab-
sorption at 11.1 and &.1 um, indicative of structure 3. These last two bands were previously
noted by Kaplan and Kelleher (22} and, in fact, the 10,-reacted $Q shown in Fig. 2 is effec-
tively the hydroperoxide counterpart of their 5Q-moncalcohol obtained through singlet oxygen-
ation followed by reduction.

Rabek and Ranby {13} recentiy presented an IR spectrum of cis-PIP after ME-photosensitized
cxidation which, although similar to Fig. 1, shows a more definite 11.3-ym band, and hence a
relatively larger amount of 3. Whatever the explanation for this difference, the IR spectra
for 10,-reacted cis-PIP point to 1 as the major and 2 and 3 as the minor products a qualita-
tive distribution suggested also By Np and Guillet (7) by analogy to 4-methyl-d4-octene.

& convenient measure of the degree of hydroperoxidation is given by the ratio, Ay 9/A6 q =AY,
where the 6.9-um band (CH; bending vibration) is an internal standard, The 102 reacted cis-
PIP in Fig. 1, with A* = (.76, was obtained for an oxygen uptake of 0.27 O;/monomer unit., As
shown in Fig. 3, a smooth plot of A' versus 0, uptake was cbtained fer ¢is-PIP with MB or CL
as photesensitizer (101, and similar plots were obtained for trans-FPIF and 3Q. Data for RB
were erratic, often falling to the right of the curve i1n Fig. 3 due to autoxidative effects,
and were therefore omitted. The single data point for tetraphenylporphine as sensitizer,
which fell micely on the A'-0, uptake plot, was obtained in a different laboratory (Z5). An
obvious advantage of this plot is that, once obtained, it affords an estimate of the hydroper-
oxtde content without recourse to chemical methods such as iodometry.

A sample of polystyrene-bound RB (26), in common with free RB, gave rise to concurrent autoxi-
dation and singlet oxypenation when used as photosensitizer for cis- and trans-PIP, Moreover,
the rates of O; uptake by FIP in the case of polymer-bound RB were much lower than expected
(107; on the other hand, the free and polymer-bound RB dyes gave normal singiet oxygenation
of $0, unattended by autoxidation, and at comparable rates., Evidently, RB, free or polymer-
bound, reacts with PIP to produce pelymeric radicals which, in turn, vield peroxy radicals

and ensuant autoxidatien. The rather low efficiency of the bound RB for photosensitized oxi-
dation of PIP, in contrast to that for 3Q and other low melecular weight olefins (26), is
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apparentiy due to the need for the substrate to diffuse

oxidation, coryesponding to Fig. 1.

into the insoluble sensitizer bead,

which is much more difficult for a macromelecule than for a small molecule.

Figure 4 shows the ! NMR spectrum of !D;-reacted cis-PiP correspondlng o the IR spectrum

in Fig. 1. MNew resonances appear at 1.30 (Cli;- & 0.y, 2

80 (=C-CHy-C=), 4.20 (-CH-D-) and

5.54 ppm [-CR=CH-}, while the original resonancer- at 2,03 (- (‘Hzt'f 1 and 5.12 ppm {- I!ZCH 1 are

correspondingly decreased.

Analogous NMR changes were observed for trans-PIF and S0,

except



that the latter compounds also showed new resonances at 4.8-4.9 ppm (-C(=CHz)-}. These Iy
HMR data suppert the IR indications of double bond shifts {to 1 in cis-PIP, and to } and 3 in
trans-PIP and 3Q}, and establish the formation of 2 1n all three compounds the 5.%4 and 4 .8-
4.9 ppm resonances signify 1 and 3, respectively, and the 2. 80 ppm resonance corresponds to

Mskipped” methylenes resulting from shifts to lorZ (as in 1' or 1'), The 10,-reacted cis-

‘o,

4 —

PIP (Figs. 1 and 4) was originally estimated ta have about egual amounts of 1 and 2 with neg-
ligible 3, while the '0;-reacted trans-PIP (Fig. 2) was estimated to have ~48% L, 26% 2 and
26% 3 (10). Recently, Ng and Guillet (7,16) presented a JH NMR spectrum of 10s- reacted cis-
PIP {ohtained with polystyrene-bound RB} which, although otherwise similar to Fig. 4, dis-
played a definite additional peak at 4.5-4.9 ppm indicative of some 3 formed in their hydro-
peroxidized c1s-PIP,

Typical 13C spectra of !Oz-reacted c15-PIP, before and after reduction, are shown in Fig. 5,
These spectra were obtained with ClL or MB as photosensitizer, but not RB., The latter dye pro-
duces extranesus resonances at ~60-85%5 ppm reminiscent of the peroxide/hydroperoxide/alcohel
resonances at ~70-90 ppm in the !3C spectrum of thermally oxidized cis-PIP (27). Figure 5 is
consistent with Figs. 1 and 4 in showing very little double bond shift to 3 in cis-PIP com-
pared to trans-PIP or SQ. Thus, the 113-110 ppm resonances are markedly weaker in cis-PIP
{Fig. 5% than in trans-FiP or SQ (Figs. & and 7). Fipures 5.7 are interesting also in pro-
viding 3¢ data on the effect of converting a hydroperoxide to an alcchol group in isoprenic
compounds:  there is an upfield shift of 3 ppm for exomethylene carbon resomances in PIP and
50; and an upfield shift of 12 ppm in cis-PIP and 14 ppm in both trans-PIP and 8Q, for the
oxygen-bearing carbon resonances, Similar upfield shifts of ~12-13 ppm were observed for the
-(C-0- rescnances in various t-alkyl hydroperoxides on reduction to the corresponding alco-
hols (28).
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Fig, 5. 13C NME spectra of !0;-reacted cis-PIP before {4) and after (B) reduction
with NaBH,. Spectrum A corrésponds to Figs. 1 and 4.
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The !3C spectra in Figs. 6 and 7 reinforce the similarity of trans-PIP and SO in their reac-
tions with 102. Moreover, the resonances at 113 ppm can be assigned to the exomethylene
carbon in an internal isoprene unit, while the resonance at 114 ppm is assignable to the
corresponding carbon in a terminal isoprene unit (as in Q). Also, the resonance at 143 ppm,



associated with the carbon attached to the excmethyleme carbon, is shifted dewnfield by 4 ppm
in both trans-PIP and SQ upon reducing the hydroperoxide to the alcohol.

MODEL COMPQUNDS OF 1,4-POLYTSOPRENE

Tanrelian and Chaineaux {8,9,14 15] carried out an extensive study of the RE-photosensitized
oxidation in methanolic solution of d4-methyl-4-octene (MO}, 4,5-dimethyl-4,8-dodecadiene
(OMDD) , 2,6-dimethyl-2,6-octadiene (DHM) and 2,7-dimethyl-2,é-octadiene (DMOD), as PIP model
compounds comtaining one isoprene unit or two such units in head-to-tall or head-to-head
arrangement. Their study provided further insight into the sinplet oxygenation of FIP monomer
units that could not be readily obtained from work on the polymers themselves. For the

M0O-10, reaction:

1
O
— —21- + + \ (7)
N 4 ’
Q0H OO0H ooH
MO 4 5 6

the distribution of shifted double bonds varied with the stercochemistry of the starting
olefin {Table 1}. The tendency for the relative yield of the excomethylene structure & to de-
crease with increasing cis content of the initial olefin parallels the situation with cis- and
trans-FIP concerning the correspending structures 3. However, the comparison breaks down with
regard to the corresponding structures 5 and 2 {or 4 and )J, and this is perhaps a reflection
of the different solvents used for the M0 and PIP studies. On the other hand, the distribu-
tion obtained by Np and Guillet (7,16) for the singlet oxygenation of MD with unspecified
cis-trans content is almest ldentical to that obtained by us {10} for trans-PIP, but quite
different from the distribution obtained by Tanielian and Chaineaux. It should be added that
the latter workers [15) found the relative reactivities of trans- and cis-MO towards 10, to be
~1.7:1.0, which agrees very well with the corresponding ratio of ~1.5:1.0 obtained by us for
trans- and c¢rs-PIP (10},

TABLE 1. Distribution of Shifted Double Bonds i Various [soprenic
Compounds on Reaction with '02

Percent Distribution

Di- Tri- Exo-

Compound (4orl} (50r2i {6 or 3} Ref,
1008 trans-t10 43 1 48 8
46% trans, 54% cis-MO 53 9 33 8
25% trans, 75% crs-MO 4] 7 33 8
100% cis-MO 66 6 28 15
cis- + trans-MQ 46 26 28 7.16
trans-PIP 48 26 26 10
cis-PIP 47 47 6 10

major miner minor 7. 16

*Mew estimate made for this work.

Tanielian and Chaineaux (8,15) showed that a second additionm of !0; can occur in MO, but only
threugh the intermediacy of the monohydroperoxide having the trisubstituted double bond (5],
inasmuch as the disubstituted and exomethylene double beonds (in 4 and &) are considerably
less reactive: -

OOH OOH OOH

1
0
- O

CQH

They also found that the trisubstituted double bond in 5 was deactivated by the allylic OOH

group such that reaction 8 (yielding 7 and & in the ratio of 1:4) was about 1/20 times as
fast as reaction 7.

The diisoprenic moadel compound, DMDD, was shown to yield on singlet oxygenation all six pos-
cible monohydroperoxides (8 through 14] (8). Furthermore, on the assumption that the trisub-
stituted double bonds in these products are the only ones likely to Teact with additicnal '0,,
there are nine possible dihydroperoxides from MDD, of which four were positively identified



(15 through 18) and three were presumed to have been formed (15, 20 and 21) on the basis that
the trihydroperoxides 24, 25 and 26 were recovered from extended photosensitized oxidation of

DMDD (8).
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00H \ N 5
i\ 12
D oon
o N
O0H HOO \
N 18
) 3 . Q0H  OOR
02 - O2 \
\_>:\_>:\_/—- 0o0H —{\_ / (9
i9
DMDD \_/>_<_>,:\_/ e
W,
HOO £
13 \ OOH
OOH / HOO \
/ 21
14 00H
= HQO
PN
DOH O0H
WalWalW
~ 23
OOH O0H
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In every one of the hydreperoxidized products identified, the new disubstituted double bonds,
Reactions 10a-c showed that diaddition of 10;
to the same isoprene unit is possible but only to a hydroperoxidized monomer unit that con-

where present, were in the trans configuration.

tains a trisubstituted double Lond.

which the

unreacted.,

However, no dihydroperoxides were obtained frem DMDD in

diaddition of !0, occurred in the same isoprene unit while the other unit was left

00H group.

Tanielian
by Kaplan

This result is in keeping with the deactivation of a double bond by an allylic

and Chaineaux also showed, using DMDD (8) and DMOD (%), that the mechanism proposed
and Kelleher (29) for singlet oxygenation of 1,4-polybutadiene (reaction 11} was



1
o, ()

very unlikely. Thus, the dihydroperoxide 22 has a conjugated diene structure appropriate for

undergoing reaction 11, but no dihydroperoxyendoperoxide of DMDD was detected. Likewise, in
the singlet oxygenation of DMOD:

the dihydroperoxide 27 (with a conjugated diene structure) was obtained in fair yield, yet it
could not be further singlet oxygenated to an endoperoxide. The failure of the dihydroper-
oxides 22 and 27 to form endoperoxides (despite the well-known tendency for 0, to react with
a conjugated diene by 1,4-cycloaddition (Z1))} was attributed to their acyclic structure and to
the deactivating effect of the allylic 00OH groups (9). Results analopous te thase of DMDD and
DMOD were also reported for DHM (14).

1,4-POLYBUTADIENE

Returning to the unsaturated polymers, we note that because of symmetr¥ in the 1,4-poivbuta-
diene (PBD} structure, only one double bond shift is possible for the 10, reaction with cis-
{or trans-) PBD:

SN\ 2 AN\ 0%

QOH

A number of papers have been concerned with this reaction, and many of them (1,4,22,29-33)
have noted formation of hydroperoxide groups (revealed by new absorption at 2.9 um in the ATR
or transmission IR spectra of !0,-.reacted PBO), but presented ne evidence for the concomitant
double bond shift. With the aid of IR and lH and !3C NMR spectroscapy, we showed that reac-
tion 13 indeed described the photosensitized oxidation of PBD and, moreover, that the shifted
double bonds are virtually all-trans {l1).

As indicated in Fig. 8, the singlet oxygenation of cis-PBRD, with MB as photosensitizer, gave
rise to new strong bands at 2.9 (00H) and 10.3 um {trans -CH=CH-) and a decrease of the 13.6-
ym band (cis -CH=CH-). CL photosensitization gave similar spectya, but RB again gave extra-
necus bands due to autoxidative side-reactioms (11). IR spectra of ¢is-PBD, after MB-
photosensitized oxidation, were also presented elsewhere (12,13), but these do not show the
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Fig. 8. IR spectra of ¢is-FPBD before [---] and after [—) MB-photosensitized oxidation.

large amount of double bond shift evident in Fig. 8.

Although the IR spectrum of trans.PBD after MB-photosensitized oxidation ({Fig. 9) likewise dis-
plays the 2.9-um band, there is no change in intensity of the 10.3.um trans band nor growth of
a 14, 0-yum ¢1=s band., This is in accord with teaction 13 wheye the shifted double bonds have
only the trans configuration, The 6.0-um absorption is due to the C=C stretch of trans
-CH=CH-, the symmetry of which is perturbed by the allylic OO groups. The 6.2-um peak corre-
sponds to residual MB, Spectra similar to Fig. $ were also presented by Rabek and Rinby (4, 32,
33).
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Fig. 9. IR spectrz of trans-PBD before (---} and after (—) MB-photesensitized oxidation.

That the new disubstituted double bonds formed in reaction 13, starting with either cis- or
trans-PBD, are all-trans i1s in keeping with the reszults indicated earlier for singlcet oxygen-
ation of DMDD (8) as well as those for other isoprenic model compounds (9,14,15) and various
simple low molécular weight olefins [34),

As with cis.PIP (Fig. 3), the degree of hydroperoxidation in cis-PBD is easily followed by
means of the parameter A' = A; ofAg o (Fig. 10}. GCood corretations of A' with O; uptake were
obtained with M8 and CL, but not RB {l1). The single data point for tetraphenylporphine was
again based on an experiment performed in a different laboratory (25].

The H NMR spectrum of loz-reagted cis-PBD (Fig. 11} offers additional microstructural infor-
mation. Besides the 2.1 (-CH;C=) and 5.4 ppm (-CH=} resonances of the unreacted cis-PBD, the
spectrum shows a broad resonance centered at 1.7 ppm (-CH2—$~O—) and other new resonances at
2.8 (=tchy,-b=), 43 (bu 0-), and 7.8 ppm (-¢-00H) Characteristically, the 7.8 ppm peak can
be removed by washlng the 'H NHR sample with 0.

Typical 13C NMR spectra of ]Ozvreacted cis-PBD, before and after reduction, are shown in

Fig, 12 (35). Substitution of -OH for -O0H shifts the § peak at 86 ppm upfield by 13 ppm (te
&3, and the v peak at 24 ppm downfield by 5 ppm (to ¥!'), displacements which reinforce the
asslgnments given. Similar upfield shifts of ~12.14 ppm were noted earliexr for the analogous



\02
—_—
—/ =/ \— / N\ —
O0OH OOH
11
o, (1)
—

00H p—0  OOR

very unlikely, Thus, the dihydroperoxide 22 has a conjugated diene structure appropriate for

undergoing Teaction 11, but no dihydroperoxyendoperoxide of DMDD was detected. Likewise, in
the singlet oxygenation of DMOD:
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the dihydroperoxide 27 {with a cohjugated diene structure) was obtained in fair yield, yet it
could not be further singlet oxygenated to an endoperoxide, The failure of the dihydroper-
oxides 22 and 27 to form endoperoxides (despite the well-known tendency for !0, to react with
a conjugated diene by 1, d.cycloaddition (21)) was attributed to their acyclic structure and to
the deactivating effect of the allylic OOH groups (9). Results analogous to those of DMDD and
DMOD were also reported for DHM (14),

1,4-POLYBUTADIENE

Returning to the unsaturated polymers, we note that because of symmetr¥ in the 1,4-polybuta-
diene (PBD) structure, only one double bond shift is possible for the Qs reaction with cis-
for trans-) PBD:

TN\ I m (3)

O0H

A number of papers have been concerned with this reaction, and many of them (1,4,22,29-33)
have noted formation of hydroperoxide groups (revealed by new absorption at 2.9 um in the ATR
or transmission IR spectra of !0,-reacted PBD}, but presented no evidence for the concomitant
double bond shift. With the aid of IR and 'H and 13C NMR spectroscopy, we showed that reac-
tion 13 indeed described the photosensitized oxidation of PBD and, moreover, that the shifted
double bonds are virtually all-trans (11}.

As indicated in Fig. 8, the singlet oxygenation of cis-PBD, with MB as photosensitizer, gave
rise to new strong bands at 2.9 (00H) and 10.3 um (trans -CH=CH-} and a decrease of the 13,6-
pm band (c¢is -CH=CH-}, CL photosensitization gave similar spectra, but RB again gave extra-
negus bands due to autoxidative side-reactions (11}, IR spectra of cis-FBD, after MB-
photosensitized oxidation, were also presented elsewhere (12,13), but these do not show the
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Fig. 8. IR spectra of cis-PBD before (---) and after (—) MB-photesensitized oxidation,

targe amount of deuble bond shift evident in Fig. 8.

Although the IR spectrum of trans-PBD after MB-photosensitized oxidation (Fig. 9) likewise dis-
plays the 2.9-um band, there is no change in intensity of the 10.3-ym trans band nor growth of
a 14.0-um cis band. This 1s in acgord with reaction 13 where the shifted double bonds have
only the trans configuration. The 6.0-um absorption is due to the C=C stretch of trans
-CH=CH-, the symmetry of which is perturbed by the allylic OOH groups. The 6.2-um peak corre-
sponds to residual MB. Spectra similar to Fig, 9 were also presented by Rabek and Ranby {4,352,
33).
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Fig. 9. IR spectra of trans-PBD before (--.-} and after {—) MB-photosensitized oxidation.

That the new disubstituted double bonds formed in reaction 13, starting with either cis- or
trans-PBD, are all-trans is in keeping with the results indicated earlier for singlet oxygen-
ation of OMDO (8) as well as those for other isoprenic model compounds (9,14,15) and various
simple low molecular weight clefins (34).

as with cis-PIP (Fig. 3), the degree of hydroperoxidation in ¢is-PBD is easily followed by
means of the parameter A' 5 Ay ofAg o {Fig. 10). Good correlations of A' with 0y uptake were
obtained with MB and CL, but not RB (i1). The single data point for tetraphenylporphine was
agaln based on an experiment performed in a different laboratory (25].

The * NMR spectrum of '0,-reacted cis-PBD (Fig. 11) offers additicnal microstructural infor-
mation. Besides the 2.1 (-CHC=) and 5.4 ppm {-CH=) resonances of the unreacted cis-PBD, the
spectrum shows a broad resonance centered at 1.7 ppm {-CH,;-{-0-) and other new resonances at
2.8 (=t-CH2-t=], 4.3 (-CH-0-), and 7.8 ppm {-(-00U]. Characteristically, the 7.8 ppm peak can
be removed by washing the 1H NMR sample with = D0,

Typical '3C NMR spectra of 0,-reacted cis-PBD, before and after reduction, are shown in

Fig. 12 (35). Substitution of -OM for -00H shifts the & peak at 86 ppm upfield by 13 ppm (to
6'), and the y peak at 34 ppm downfield by 5 ppm (to v'), displacements which reinforce the
assignments given., Similar upfield shifts of ~12-14 ppm were noted earlier for the analogous
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5: -0- resonances in 10,- reacted PIP (Figs. 5 and 6} or SQ (Fig. 7). Mot surprisingly, Fig. 12
1
shows only one resonance for —C QOH and only one for C JH, not two resonances (5 ppm apart)

for esach of these carbons; thns is in line with our observatlon that the shifted deublc honds
in reaction 13 have but one isomeric form, namely, trans. Likewise, the !3¢ spectra of '0,-
reacted trans-PBN, before and after reduction (I1), displayed a single § peak [at 36 ppm) and
a single &' peak {at 72 ppm), 1n accordance with the trans-only nature of the shifted double
pond. TFurthermore, Fig, 12 contains no unassigned resonances indicative of the endoperoxides
{reaction 11) proposed by Xaplan and Kelleher {29) for 10,-reacted PBO; a5 we saw earlier,
such structures were dismissed on the basis of model compounds (8, 9,14,15).

1,2-POLY (1,4 -HEXADTENE) S

Having examined the singlet oxygenation of TIP and PBD, polymers with C=C bonds inside the
main chain, we now con51der two polymers, with C=C bonds outside the main chain, which are
quite react1ve towards '0; (17). These are ¢is and trans forms of 1,2-poly(l,4-hexadiene)
[PHO) derived from stereospecific 1,2-polymerization of cis- or trans-1,d-hexadiene:

1 2 3 4 5 6
CHQZCHCH2CH=CHCH3 — A CH, —CHA

4.ci5- {or - trans-) | (14}

ci$- {or trans-) PHD

The cis contents in these polymers were initially 90.2% and 3.8%, respectively, On MB-photo-
sensitized oxidarion, cis- and trans-PHD yielded allylic hydroperoxides accompainied by double
pond shifts to new vinyl and trans vinylene units via rveaction l.

The important IR changes observed for the cis-PHD-)0; reaction {Fig. 13) are decreases of the
14.4- and &, 1-.m bands (both due to cis -CH=CH-], increase of the 10.4-ym band (trans
~CH=CH-1, growth of the 10.9-um band (-CH=CH;}, and dewvelapment of the strong 2.9-um band
(00H). The product shown in Fig. 13 contained 0.32 Op/monomer unit and had an A' = 0,78,

The IR spectrum of !0,-reacted trans-PMD (Fig. 14) similarly shows new bands at 2.9 and 10.9
um, but ne change in intensity of the 10.4-ym band nor a new peak at 4.4 um. Thus, once
again, the shifted vinylene double bonds are virtually all-trans. The product shown in Fig,
14 contatined 0,30 Oo/monomer unit and had an A* = 0 34

Figures 15 and 16 show the 13C spectra of '0O,-reacted cis- and trans-PHD with assignments of
the jmportant peaks (17}, The two peaks labelled 1g and 1l in Fig. 15 (cis and trans
CH3-CH=CH-, respectively) were present in the spectrum of the initial cis-PHD where they had
the same ratio of intensities as indicated here; no lg peak is present in Fig. 16 but it was
barely detectabls in the spectrum of the initial trans-PHD, These 13€ NMR results conform to
the expected absence of cis-trans rsomerization of the original -CH=CH- double bonds on
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!
reaction with 102 (36). Since Figs. 15 and 16 show the same two -?-OOH resonences at 82 and

85 ppm (4§,c and y,6, respectively) and the same three olefinic carbon resonances (i,n,8;
g,0,n), it follows that cis- and trans-PHD must vield the same two hydroperoxidized products,
as shown on the figures. The ratios of new vinyl to new trams vinylene doubJe bonds in 10;-
reacted cis- and trans-PHD were estimated, from the areas under the 8Z- and 85-ppm peaks, as
1.0:1.9 and 1.0:2.3, respectively.

A comparative kinetic study of the MB-photosensitized oxadation of PHD, PBD and its homoleg,
polypentenzmer, revealed a consistent tendency for 'O, to react much faster with cis than with
trans -CH=CH- double bonds whether the unsaturation is in the polywer backbone or located in
the pendent group (17). Thus, the relative rates for singlet oxygenation of cis- and trans-
PHD had a ratio of ~3.8:1.0, while the corresponding ratios for PBO and polypentenamer were
Gl oand 501, respectively. Moreover, cis-PHD, cis polypentenaner and ¢i1s-PBD were found to
have approximately the same singlet oxygenation rates, these being in the order of
"EL3:1.2:1.0,

1,2_POLYBUTADIENE; 1,2-POLY[TRANS-1,3-PENTADIENE)

Unlike cig- and trans-PHD, two other polymers with pendent double bonds were quite ynreactive
towards 10,; these were 1,2 polyburadiene [VBD] and 1,2-pely{trans-1,3-pentadiene] (TP0}:

T

R

where R = H or CHy, respectively. VBD had previously been reported to be inert towards ‘0;
(29], but IR evidence was offered recently for an extremely siow reaction: The spectrum of
10, -reacted VBO, with <0.02 0,/monomer unit, showed a very weak COH absorption at 2.9 wm {12},
However, there were no IR changes indicative of the trisubstituted double bonds expected from
reaction 1. The veryllow 07 uptake, together with the relatively low extinction coefficient

for the 1Z-um band {-C=CH-), doubtless militated against direct (R evidence for shifted double
bonds. We obtained a spectrum for ¥BD after prolonged, treat=ent with '0, which was similar to
that of F1g. 4 in Ref, 12, but were unable to detect —?—OOH resonances in the corresponding

13C spectrum, We therefore concluded that there was negligible VBD-10; reaction (37}, The
samg conclusion was reached for TPG- the IR spectrum of this polymer, after extended exposurs
to 10?, iikewize displayed 2 very weak 2. 9-um band, but gave no indications of new vinyl or
trisubstituted double bonds in line with reaction 1, furthermore, the corresponding '3C

1
spectrum lacked the characteristic -?-OOH resonances (37,

Since the relative reactivities of simple olefins towards !0; ave in the order tetra- » tri-=
disubstituted, with vinyl or monosubstituted double bonds being essentially unreactive (34,33,
3%], 1t 1s net surprising that VBD showed negligible singlet oxygenation. In fact, Rabek and
Ranby (12) even suggested that the observed 03 uptake by their VBD might have been due to the
1,4 doublie bonds present as a minor structural impuyraty, rather than te the 1,2 double bonds.

The lack of reactivity of TPD towards 102 parzliels the cxtremely lpw reactivity noted forv
trans-d-methyl-2-pentene (3%), a low molecular weight analog of TPD.

1, 4-POLY (2 3-DIMETHYL-1,3-BUTADTENE]

A polymer with tetrasubstatuted double bends, 1,4-poly(2,3-dimethyl-1,3-butadiene) (PDME,
-CHLC{CH)}=C(CHy)CHy -, with cisftrans ratio ~1:3), was found to react wvery rapldly with L9,
to yield new exomethylene and trisubstituted double bonds (37). This 1s shown by new bands
at 2.9 ym (QOH), &.1 and 11.1 um {both dug to -C{=CHy)-} und at i1.8 um [—q:CHul i the IR

spectrum of '0y-reacted PDOMB (Fig, 17}, The latter had an A' value of 0,96 and an oxygen up-
take of 0,36 0p/monemer unit, coordinates which fortuitously fit the A'-0; uptake plot for
cis-PIP (Fig. 3). Once again, the 5 &-ym peak 15 due to residual CL.

Figure 18 shows the 13 MMR spectrum of the 10,-reacted PDMB along with tentative assignments
of the major resgnances. Unfortunately, a sample of PDMB with either & very hiph cis or a
liigh trans structure was not available; such a polymer could have vielded simpler }3C spectra.
In any case, the '0,-FPOMB reaction appears straightforward and Jeads to the expected products
in accordance with reaction 1, However, the bydroperoxidized PDMB was quite unstabie, This
13 shown by the peak around &5 ppm which increased in intensity as the sample accumulated
additional transients in the 130 spectrometer. That peak presumably represents epoxides
which can form through the following process (27):
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AN / / 5
RO,= 4 /C=C —= RO+ + C—cC (15)

NS\
0

where the peroxy radical is generated in the decomposition of the hydroperoxide, RO;H.
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Fig. 17. IR spectra of PDMB before (---) and after (—) CL-photosensitized oxidation.
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Fig. 18. '3C MMR spectra of 10,-reacted POMB corresponding to IR spectrum of Fig. 17.

QTHER POLYMERS WITH {=C BONDS

From the feregoing, it would be expected that nearly all hydrocarbon polymers containing di-,
tri- or tetrasubstituted double bonds, either in the backbone or in sidechains, could react
with 10, Among the polymers which fall into this broad category are various butadiene or
isoprene copolymers. Rabek and Ranbky (1,12} recently reported on the dve-photosensitized
oxidation of a butadiene-styrene copolymer (5BR} and a polystyrens-polybutadiene block copoly-
mer [Solprene). The changes observed in the IR spectra of these copolymers after treatment
with )0, were attributed to changes associated with singlet oxygenation of the butadiene
units, the styrenc urits being inert.

Finally, we may note that an EPDM synthetic rubber, comprising ethylene, propylene and
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ethylidene norbornene, can also react with 302 through the anvolvement of its pendent double
bonds (40):

0, OOH
= = . (16)

-2 . 1

Reaction 16 is an interesting example of a zinglet oxygenation of an unsaturated polymer which
may find practical application instead of being deleteriocus; in this case, treatment of EPDM
with !0, causes this elastomer to have improved self-adhesion or tack, an important property
affecting its use in rubber technology (41).

KINETICS OF PHOTQSLENSITIZED OXTDATION

The photosensitized oxidation of wvarious unsaturated polymers can be described by the kinetic
scheme established for simple olefins (19,39 ,42);

k
s 1.l 3, 3 (17a)
kb
’ o+ S0, —=s + 0 (17b)
kE
"0, + A —= A0, (17c)
kd
‘o, — 3o, (174)

where S 1s sensitizer and A 13 acceptor. TFor sensitizers with triplet energy 1n excess of
22.5 kecal/mole, such as CL (32.0), MB (32.0) or RB {42.0 kcal/mole), the energy transfer
reaction L7l is very efficlent, Steady-state treatment of reactions 17a-d leads to

I b (—Jkiﬂl——) (18)
r = 1
{AD,] POl Nk + K [A]

where ¢ denotes quantum vield. For an acceptor which 1s sufficiently reactive and/or is at
high enough concentration to quench or resct with all the 10, befere it decays to the ground
state, ko(A) »» kg, and the reaction is zero order in acceptor. This situation ebtains with
MB-photosensitized oxidations of cis and trans forms of PIP, PBD and PHD, as evidenced by the
typical stratght line plots shown in Fig. 19, The comparative kinetic runs were carried out
under identical conditions of visible light irradiation, and of sensitizer and polymer con-
centration, in 25:1 benzene-methanol solution, using the procedure described (10,17).

& number of kinetlc plots similar to those in Fag, 19 were obtained for each of the unsatu-
rated polymers studied in this laboratory: the average values of the slopes of such plets
were used to abtain relative rate constants for their reactions with '0,, as summarized im
Table 2. This table also contains corresponding literature data for various simpie olefinic
analogs, and for several polymers studied elsewhere. The rate constants, k., are expressed
relative to that for ¢is-PIP (kp = 1.0), while tha ky' values are reiative to that for
cis-3-methyl-Z.pentene (ky' = 1.4},

As may be seen from Table 2, the relative reactivities towards 102 for the unsaturated poly-
mers are similar to those for their scimple mono-clefinie counterparts. This reinforces the
view developed on spectroscopic grounds that the mechanisms for singlet oxygenation are fun-
damentally the same for the two classes of compounds. Where differences arise, these must be
due to secondary processes occurrlng in the hydroperoxidized polymers or to interactions
between polymer and sensitizer,

DEGRADATTION ATTENDING SINGLET OXYCEMATION OF UNSATURATED FOLYMERS

Depending upon the reaction conditions, singlet oxygenation of unsaturated polymers may be
accompanied by either extensive degradation or scarcely any. Thus, dre-photosensitized oxida-
tion 1n solution, besides yielding allvlic hydroperoxides with shifted double bonds according
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ty regction 1, was found to cause sharp decreases 1n viscosity or molecular weight of

PBD (1,4,12,32, 33}, butadiene-styrene copolymers (1,12) and FIP (16). On the other hand,
hydroperoxidation of cis- and trans-PBD in selution, with !0, produced in situ from thermal
decemposition of triphenylphosphite czonide, gave rise to gelled polymers, more so in cis-
than in trans-PBO, but 1n neither polymer was there chain scission (22,293, The gelation was
ascrived to formation of peroxide bradges resulting from partial decomposition of the hydro-
peroxides. In comtrast to singlet oxygenation in solution, thin films of PBD ([22,30,32,33)
and PIP (6,7,16) exposed to 1o, generated in the gas phase by microwave discharge, are hydro-
peroxidized at the surface only and experience no degradation, Mowever, the !Os-treated films
are unstable and display pronownced sutoxidation when beated in air above ~100°C (22,30,32,33);
these same films, in the absence of air and put into solutien, underge chain scission when
irradiated with near UV light (6,7,16,45), These effects, which are also chserved for 102-
reacted polymers obtained by dye photosensitization (7,16,37), are a consequence of the facile
thermal ot photochemical decomposition of the polymer-00H group.

e sharp decrease in viscosity of cis- and trans-PRD with time of dye-photosensitized oxida-
tion in benzene-methanol solution (see Fig. 2 in Ref. 1) involved concomitant chain selssion
and ¢rosslinking (1,12}, The chain scisslon was due neirther to direct action of 'Gs on the
pelymer nor to photodecu. positicn of the hydroperoxides since the latter do not absorb the
visible light used 1n dye photosensitization, Tnstead, on the basis of an F3R and UV spectro-
scapic study of the photeoinduced bleaching of MB, Rabek and Ranby (1,13} concluded that chain
scission was due to free radicals formed in the UV-irradiated MB-methanol-benzene photosensi-
tizing system. Such radicals, of course, could abstract hydrogen from the polymers, thereby
rendering them open to autoxidative chain seission in the presence of ground state oxygen {27].
However, even with a decrease in intrinsic viscasity of PBD by a factor of ~10-15 (1,4 32,33),
the resulting hydroperoxidized polymer chains would still be sufficiently ’'macromclecular’ to
make 1t difficult, if not impossible, to detgct antoxidized end groups in the 1R, H or 13C
KME spectra.

We also observed a sharp decrease in viscosity of PBD (or PIP) during singlet oxygenation in
benzene-methanol sclutlon using MB or RB as photosensitizer (37). On the other hand, when
benzene-soluble CL was used, cbviating the need for methanol in the polymer-sensitizer solu-
tions, no decreasc in viscosity occurred; instead FPBD or TTP became somewhat gelled after
extensive oxygen uptake (37]. However, the products obtained with €L or MBE photesensitizatiaon,
despite the different viscosity effects, were spectroscopically indistinguishable, and we
chose not to pursue the question of molecular wesight changes attending the phatosensitized
oxl.balon,

Althoosh hydroperoxides are the main carriers of the photooxidative chain, their decomposition
does not represent an ef{icient mechanism for main chain scission (45). This was demonstrated
by Mg and Guiliet (6,7,16] wn the near-UV photelysis of cis-PIP hydroperoxide (PIPH] in selu-
tion 1t the absence of oxygen. FPIPH was prepared with different QUM contents by reacting cis-
PIP with 302 produced by microwave discharge or dve-photosensitization, The guantum yields
for hydropeéroxide decomposition and chain scission, ®ggy and g, rvespectively, were found to
cupend on OOH content, solvent, and wavelength and intensity of UV radiation, but the og/%ggy
ritie naintained an approximately constant value of 0,014, This rather low value was in
accord with the propesed mechanism invelving photoinduced rupture of the RO-0H bond (with
pramary quantum yield ~0 8}, free-radical induced chain decomposition of the RODH groups

{with overall ¢ggy of the order of 3 to 3), and subscquent B-scission of the macroalkoxy
radical intermediate, RD- (with &5 of the order of ¢.03 to 0.1}, in competition with hydropen
abstraction by that radical. These results indicate that 10 plays 3 minor role in the
photooxidation of polymers, limited mainly to the initiation process and contributing only
indirectly to the chain scission.

CONCLUSION

The photosensitized oxidation or singlet oxygenation of various unsaturated hydrocarbon poly-
mers follows the same ene-type reaction, leading to allylic hydroperoxides and shifted double
bonds, as de their simple olefinic counterparts. Although the polymer-'0z reaction does not
directly cause degradaticon (chain scrssion and/or crosslinking), the resulting polymeric
hydroperoxides are unstable, especially when dried, and can degrade as a consequence of
1ncidental thermal or photochemics] decamposition of ROOH groups. UDegradation may also
accempany the dye-photosensitized pxidatien in solution to the extent that the irradiated dye,
or radicals genervated from it, can attack the dissolved polymer.
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