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Synopsis 

The photodegradation of segmented polyurethanes based on methylene 4,4'-diphenyldiiso- 
cyanate (MDI) is shown to be dependent on the physical structure of the polymer. As the hard 
segment content of the polyurethane is increased, the photodegradation e5ciency is lowered. In 
particular, the extent of the photolytic decomposition is inversely dependent on the degree of 
hydrogen bonding in the aryl carbarnate groups in the polyurethane backbone. Utilizing ap- 
propriate model compounds for comparison, the formation of the ortho photo-Fries rearrange- 
ment product, 8s detected by fluorescence spectroscopy, is also shown to be dependent on the 
degree of hydrogen bonding. In general, the restrictive mobility imposed by hydrogen bonding is a 
critical factor which must be considered in the photochemistry of segmented polyurethanes. 

INTRODUCTION 

Since their first introduction, polyurethanes based on aromatic diisocyantes 
have been employed in a wide variety of commercial applications. However, 
when used in coatings applications aromatic diisocyanate-based polyurethanes 
(hereafter called aromatic polyurethanes) show low resistance to ultraviolet 
radiation.' As a result, in many cases aromatic polyurethanes have been 
relegated to limited use in favor of the more expensive aliphatic diisocyanate- 
based polyurethanes. 

' h o  primary schemes (shown below) have been proposed to account for the 
photodegradation of aromatic polyurethanes. One2-' results in the formation 
of colored quinoid products (Scheme I) while the other (Scheme 11) yields 

monoquinone imide 
Scheme I 

diquinone imide 
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photo-Fries rearrangement and cleavage-type products.8 Once formed, the 
photo-Fries products could then yield, upon photolysis, colored azo com- 
pounds (Scheme 11). 

@NHC02- CH3 2 @N”. CH3 ;; 
-+ colored azo products 

c0,- 
NHCO2 _c NHCO2 - 

Scheme I1 

Both schemes account for the ultimate discoloration of aromatic 
polyurethanes. In support of the photo-Fries mechanism, several research 
groups using model compounds such as ethyl N-phenyl carbamate (EPC) (see 
Scheme I11 below) have found that indeed photolysis of aryl carbamates gives 
photo-Fries products: ~ 3 - l ~  

NHCO, Et 6 5 6 + 6 + &‘C02Et 

EPC C0,Et 

Scheme I11 

In a recent account, Gardette and Lemaire”-19 suggest that either the quinoid 
type structures or the photo-Fries products may form depending on the 
wavelength of excitation as shown in Scheme IV: 

( < 340 nm) 

Scheme IV 

‘co, - 
Despite the number of reports on the photolysis of aromatic polyurethanes 

and related model compounds, few if any deal with the effect of the poly- 
urethane structure and physical state on the photodegradation process. In 
this paper, we present results for the photolysis of aromatic polyurethane 
segmented elastomers showing that the photolysis process is directly related 
to the “hard-soft” segment content of the polyurethane. In particular, it is 
demonstrated that the photodegradation can readily be related to the extent 
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of hydrogen bonding in the segmented polymer. First, results for the steady- 
state and time-resolved fluorescence analysis of small molecule aryl carba- 
mates are presented to establish the role of the photo-Fries rearrangement 
process in the photolysis of model aryl carbamates in solution. Then the 
fluorescence analysis procedure is extended to studies of model biscarbamates 
and segmented aromatic polyurethanes. 

EXPERIMENTAL 

Methylene 4,4’-diphenyldiisocyanate (MDI-Mobay) was recrystallized be- 
fore use. 1,CButanediol (Aldrich) used in polyurethane preparation was 
distilled prior to use. Poly(ethy1ene oxide) (PEO) (Aldrich) and poly(tetra- 
methylene oxide) (PTMO) (Polyscience) were dehydrated under a rough 
vacuum a t  50°C for 1 day. Polyurethane elastomers were prepared by a 
prepolymer method.20 

The segmented polyurethane elastomer films were cast on aluminum dishes 
from DMF. For percent gel formation and absorbance changes of films, as well 
as the fluorescence lifetime measurements of photolyzed solutions, photolysis 
was performed with either 300 or 350 nm lamps (Rayonet reactor) for various 
time periods. For the percent gel formation determinations, the photolyzed 
films were dissolved in hot DMF and the insoluble gel was collected, dried in a 
vacuum oven, and weighed. The films subjected to fluorescence analysis were 
photolyzed with a xenon lamp (150 W)/monochromator combination at 280 
nm with 5 nm monochromator slit widths. 

Steady state fluorescence spectra were recorded using a Perkin-Elmer 
fluorescence spectrometer Model 650-10s. The fluorescence decay curves were 
obtained with a single-photon-counting apparatus from Photochemical Re- 
search Associates (PRA). The data were analyzed by a software package from 
PRA based on the iterative convolution method. UV spectra were recorded on 
a Perkin-Elmer 320 dual-beam spectrophotometer. The thermal transitions of 
the polymers were examined with a DuPont 910 differential scanning calorim- 
eter. ET-IR spectra were recorded on a Nicolet Instrument Corporation 1200 S. 

RESULTS AND DISCUSSION 

The results and discussion section is divided into two parts. The first deals 
with photolysis of model aryl carbamates and biscarbamates and establishes 
the background and methods to aid in interpretation of the results for the 
segmented polyurethanes. The second part presents results for the photolysis 
of segmented aromatic polyurethanes and relates the hard segment content 
and degree of hydrogen bonding in the polyurethane to the extent and 
mechanism of degradation. 

Photolysis of Model Aryl Mono- and Biscarbamates. Judging from the 
reported products produced by the well-studied photolysis of EPC (depicted in 
Scheme 111), one would expect a photolyzed solution of EPC to give a 
well-defined and quite characteristic fluorescence emission spectrum. In an 
earlier report, we have shown that the steady-state fluorescence of EPC is 
totally lost upon photolysis (300 nm lamps of a Rayonet reactor) and replaced 
by two new emission peaks, one with a maximum at - 340 nm and the other 
with a maximum above 400 nm.21 The fluorescing species have been tenta- 
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Time (ns) 
F'ig. 1. Fluorescence decay curve (N,) of 2 x 10-4M solution of ethyl 2-amino benzoate in 

DMF: A, = 330 nm; A, = 420 nm. 

tively assigned (see Ref. 21) by comparison with the steady-state fluorescence 
of authentic samples of the photo-Fries products of EPC. Figure 1 gives the 
fluorescence decay curve (A, = 420 nm, N,) of ethyl 2-aminobenzoate 
(hereafter referred to as the ortho photo-Fries product of EPC) with a single 
exponential decay time of 9.38 ns in DMF. Comparing the fluorescence decay 
time of 9.34 ns (Fig. 2) obtained by monitoring the photolyzed EPC solution in 

Time (ns) 
F'ig. 2. Fluorescence decay curve (N,) of photolyzed (Rayonet reactor, 300 nm lamps, 1 h, air) 

2.4 X 10-4M solution of ethyl N-phenyl carbamate in DMF A, = 330 nm; A, = 420 nm. 
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air at 420 nm gives positive identification of the ortho photo-Fries as the 
species responSible for the red-shifted emission with maximum above 400 nm. 

In addition to the EPC model, we have also analyzed the photolysis of a 
model biscarbamate of MDI (shown below): 

Like EPC, the photolysis of the model biscarbamate (1 h, Rayonet reactor, 
300 nm lamps, air) gives a steady-state emission spectrum with red-shifted 
maximum above 410 nm with the long-lived component of the fluorescence 
decay m e  (fit to a double exponential decay function) having a lifetime of 
9.97 118. Comparison with the 11.1 11s (1.5 x DMF) decay time of propyl 
2-amino 5-methylbenzoate (PAMB), a model ortho photo-Fries product which 
is para-methyl-substituted, leads to the conclusion that photolysis of the 
model biscarbamate of MDI also results in ortho photo-Fries product forma- 

TABLE I 
Photophysical Data for Photolyzed Model Aryl Carbamates 

Compound 
Photolysis 
conditions A, ( m y  Lifetime (ns) 

& CO, Pr 

CH3 

NHCO,C,H~' 
I 

Unphotoly zed 416 11.1' 

Photolyzed-1 h 
in Rayonet reactor 402 9.34' 
(300 nm lampel 

'2 x 1 0 - 4 ~  in DMF. 
b1.7 X 10-4M in DMF. 
cUnphotolyzed sample is 2.4 X 10-4M in DMF. 
dUnphotolyzed sample is 9 X l O % f  in DMF. 
'Emission maximum recorded, uncorrected for instrumental spectral response. ' Decay w e  fit to single exponential decay function. 
gLong-Iived component of decay curve. 
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tion when photolyzed in solution. The results for photolysis of EPC and the 
MDI biscarbamate model are compiled in Table I along with the appropriate 
entries for the two authentic photo-Fries compounds utilized for comparison. 
Similar data to those reported in this paper for EPC photolysis have been 
found for other mono- and bisarylcarbamates which suggests that the ortho 
photo-Fries product formation is a general reaction for photolysis of 
arylcarbamates.12p l6 The r d t s  derived from this section on model compound 
studies will be utilized, along with W spectral and gel percent measurements, 
to analyze the photolysis of actual segmented aromatic diisocyanate based on 
polyurethane films. 

Photolysis of Segmented Polyurethanes Based on MDI-Chain Flexi- 
bility Effects Using W, Gel, and Fluorescence Analysis. In this section, 
results are presented for the effect of chain flexibility and hydrogen bonding 
on the photolysis of a series of segmented polyurethanes based on MDI and 
various polyether polyols which are chain extended with 1,4-butanediol (BDO). 
Two sets of polyurethanes were synthesized for this study by the standard 
prepolymer method.20 The first set is a series of MDI/l,Cbutanediol 
(BDO)/poly(tetramethylene oxide) (FTMO-average molecular weight 1OOO) 
polymers with varying hard segment (1,4-butanediol extender) content. In the 
first series of polymers, names are based on the ratio of MDI : BDO : FTMO. 
For example, a polymer comprised of 4 parts MDI, 3 parts BDO, and 1 part 
PTMO would be named PU-FTMO 4 : 3 : 1 indicating that it is an elastomeric 
polyurethane (PU) based on poly(tetramethy1ene oxide) (FTMO) with molecu- 
lar weight lo00 and an MDI : BDO : FTMO ratio of 4 : 3 : 1. The second series 
are based on MDI and poly(ethy1ene oxide) (PEO) with the 1,4-butanediol 
extender. In this series, the ratio of MDI : BDO : PEO is 2 : I : 1 for each 
polymer, and names are based on the PEO molecular weight. Thus, the 
segmented polyurethane comprised of 2 parts MDI, 1 part 1,4-butanediol, and 
1 part PEO (average molecular weight of 300) is PU-PEO 300. The other 
polymer in this series is named accordingly PU-PEO 600. A generalized 
structure of the segmented polyurethanes utilized in this section is shown 
below. 

PEO or PTMO MDI 

0 

BDO 

0 
II - -fO-CH2-CH2jO- C-HN I' -@CH2-@NH- C -O-(CH2-)-O- 4 

\ / \ / 
soft hard 

The soft segment may either have ethylene oxide (as shown) or tetramethy- 
lene oxide repeat units. In keeping with the traditional view of segmented 
polyurethanes, the soft and hard segments are identified as the polyol and the 
MDI/BDO region, respectively. Results are presented first for the PTMO 
based polyurethanes. 

Figure 3 shows results for the change in the absorbance at  400 nm (selected 
to illustrate the absorbance buildup in the fa r  W/near visible region) upon 
photolysis of two MDI-FTMO-based polyurethane films. The polyurethane 
represented by curve a has a ratio of MD1:BDO:PTMO of 2:l:l 
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0'51 a) PU-PTMO 2:i:i 

Y i 3 
Time (id 

Fig. 3. W absorbance changes (recorded at 400 nm) as a function of photolysis time (Rayonet 
reactor, 300 nm lamps) for (a) PU-PTMO 2 : 1 : 1 and @) PU-PTMO 5 : 4 : 1 films in air. 

(PU-PTMO 2 : 1 : 1) while curve b is for a polyurethane with 
MDI : BDO : PTMO of 5 : 4 : 1 (designated PU-PTMO 5 : 4: 1). Even though 
the PU-PTMO 5 : 4 : 1  polymer has a significantly higher concentration of 
carbamate chromophores, its rate of absorbance increase with photolysis time 
is less than for the PU-PTMO 2 : 1 : 1 polyurethane. Apparently the larger 
content of hard segments in the PU-PTMO 5 : 4 : 1  poly;ner retards the 
photodegradation process. Similar results have been found for increase in gel 
content, i.e., photolysis of PU-PTMO 5 : 4 : 1 for a given time results in a 
lower production of insoluble gel than for PU-PTMO 2 : 1 : 1. In fact, Figure 4 
shows that in general as the hard segment concentration increases (increasing 
BDO content) the extent of insoluble gel formed upon photolysis (8 h, 
Rayonet reactor, 300 nm lamps, air) decreases. Interestingly, there is'a large 
drop (by almost half) in the gel percent going from the PU-PTMO 2 : 1 : 1 
polymer to the PU-PTMO 3 : 2 : 1 polymer followed by a leveling off with 

25 i 

MDI:BDO:PTMO 

Fig. 4. Gel percent formation vs. hard-segment content on photolysis (Rayonet reactor, 
300 nm lamps, 8 h, air) of PU-PTMO polyurethane films in air. 
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I 
280 3io 340 370 460 450 1 

WAVELENGTH [ nml 

0 

Fig. 5. Fluorescence spectral change (A, = 280 nm) on photolysis (&yonet reactor, 300 nm 
lamps, 30 min, air) of PU-PEO 300 (0.01 g/dL) and/or PU-PEO 600 (0.005 g/dL) in DMF 
solution: (a) 0 min photolysis; @) 30 min photolysis. 

increasing BDO content. The decrease in photolytic reactivity of the seg- 
mented polyurethanes correlates with the increase in hard segment 
(MDI-BDO portion) content of the polymer. This is due to a decrease in 
polymer flexibility and/or an increase in hydrogen-bonded carbonyl with 
increasing hard segment concentration in the polyurethane backbone. (This 
concept will be explored further in the next few paragraphs in an investigation 
of the photolysis of the PEO-based polyurethanes). 

Before discwing the results for photolysis of the PU-PEO films in the 
solid state, it should be noted that the photolysis of PU-PEO 300 and 
PU-PEO 600 in DMF solution (30 min, 300 nm lamps, Rayonet reactor, air) 
gives a new fluorescence emission (curve b, Fig. 5) above 400 nm. The 
long-lived lifetime components of the emission above 400 nm are approxi- 
mately 10.7 and 10.0 ns for the photolyzed PU-PEO 300 and PU-PEO 600 
solutions (Table 11). By comparison with the lifetime of the model photo-Fries 
product (propyl 2-amino 5-methylbenzoate) shown in Table 11, the emission 
above 400 nm can be assigned (at least in part) to an ortho photo-Fries type 
product. Thqse results are also consistent with the lifetime for the photolyzed 
biscarbamate solution in Table I and provide further evidence for formation 
of the ortho photo-Fries product in the PU-PEO 300 and PU-PEO 600 
solutions. 

Photolysis of the PU-PEO 300 and PU-PEO 600 films in air, as opposed to 
the solution photolysis, gave quite different results. The photolyzed PU-PEO 
300 film (Fig. 6) s h o d  no, or at  least very little, new emission above 400 nm. 
By contrast, the photolyzed PU-PEO 600 film (Fig. 7) is characterized by a 
new emission above 400 nm which has a multiexponential decay curve. 
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TABLE I1 
Photophysical Data for Photolyzed PU-PEO 300 and PU-PEO 600 Solutions 

771 

Compound 
Photolysis 
conditions A,, (nmId Lifetime (ns) 

NHZ Unphotolyzed 

CH, 
PU-PEO 300b 

PU-PEO 600' 

416 ll.le 

Photolyzed-30 min 
in Rayonet reactor 425 
(300 nm  lamp^, Nz ) 

in Rayonet reactor 425 
(300 lamps, N, 1 

Photolyzed-30 min 

10.7' 

10.0' 

*1.7 X 10-4M in DMF. 
bUnphotolyzed sample is 0.01 g/dL in DMF. 
'Unphotolyzed sample is 0.005 g/dL in DMF. 
dEmission maximum recorded; uncorrected for instrumental spectral response. 
eDecay curve fit to  single exponential decay function. 
Long-lived component of decay curve. 
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Fig. 6. Fluorescence spectral change (Aa = 285 nm) on photolysis (285 nm, Xenon 
lamp/monochromator) of PU-PEO 300 film in air: (a) 0 min photolysis; (b) 20 min photolysis, (c) 
40 min photolysis; (d) 60 min photolysis. 



772 HOYLE ET AL. 

I 
ZBO 310 340 370 460 Ajo A 

WAVELENGTH 1 nml  

Fig. 7. Fluorescence spectral change (Aex = 285 nm) on photolysis (285 nm, Xenon 
lamp/monochromator) of PU-PEO 600 film in air: (a) 0 min photolysis; (b) 20 min photolysis, (c) 
40 min photolysis; (d) 60 min photolysis. 

Although positive identification of all of the species contributing to the 
emission above 400 nm in Figure 7 cannot be made, the important fact is that 
the photolyzed PU-PEO 600 shows the new emission above 400 nm while 
PU-PEO 300 does not. 

Results are shown in Figure 8 for the increase in gel formation upon 
photolysis (Rayonet reactor, 300 nm lamps) of PU-PEO 300 and PU-PEO 
600 films in air. As the molecular weight of the PEO soft segment doubles, the 
percent insoluble gel formed increases. How can these results be explained? 

W-PEO 300 

low 0 2 4 6 8 10 12 14 

Photolysis Time (hr) 

Fig. 6. Gel percent formation vs. photolysis time (Rayonet Reactor, 300 nm lamps) for 
PU-PEO 300 a d  PU-PEO 600 films in air. 



PHOTOLYSIS OF SEGMENTED POLYURETHANES 773 

al 
0 
C 
m 
2 
n a 
u) 

PU-PEO 300 PU-PEO 600 

Bonded 
1701 F r e e  

al 
0 
C 
m 
2 
n a 
u) 

i aoo 1700 iaoo  1700 

Wavenuhers ( cm-' Wavenumbers ( Cm-' ) 

Fig. 9. IR spectra of PU-PEO 300 and PU-PEO 600 films. 

One might first turn to a crystallinity argument. However, DSC and X-ray 
diffraction analysis of the segmented polymers show little or no crystallinity 
for either PU-PEO 300 or PU-PEO 600. Consideration of the increasing 
flexibility of the soft segment on going from PU-PEO 300 to PU-PEO 600 no 
doubt accounts for some difference in behavior. And certainly oxygen, which is 
necessary (as demonstrated in another paper in this series22) to the crosslink- 
ing process, might be expected to diffuse faster in the PU-PEO 600 than in 
the PU-PEO 300 film. But a most compelling argument involves the dramatic 
difference in the nature of the hydrogen-bonding characteristics of the two 
segmented polyurethanes under consideration. The FT-IR spectra of PU-PEO 
300 and PU-PEO 600 (Fig. 9) reveal a hydrogen-bonded carbonyl(l705 cm-') 
and a nonbonded or free carbonyl (1725 cm-') (see Ref. 23 for discussion of 
this phenomena). In the case of PU-PEO 300, there is a significant degree of 
hydrogen bonding to the carbonyl in the urethane moiety. PU-PEO 600, on 
the other hand, has primarily nonbonded carbonyl and is free to move. This 
could well account for the lower yield of gel content on photolysis of PU-PEO 
300. The carbonyl radical formed by an N-C bond cleavage in the excited 
urethane group, if restricted by hydrogen bonding, might be less likely to lead 
to photodegradation. The hydrogen-bonding argument in general calls for 
restrictive local mobility and such would be expected to inhibit processes 
leading to crosslinking (gel formation). 

In summary, it is not difficult to imagine that the reduced degradation of 
PU-PEO 300 results from a decrease in flexibility due both to hydrogen 
bonding as well as the inherent shorter length of the PEO soft segment. Of 
course, both factors are closely related and difficult to differentiate between. 
Finally, the argument advanced for the differences in the PU-PEO films can 
be extended to the PU-PTMO polymers. The decrease in gel formation upon 
photolysis of the PU-PTMO polyurethanes with higher hard segment content 
is probably due to an increase in hydrogen bonding and decrease in chain 
flexibility. 

CONCLUSIONS 

Results for the photolysis of segmented polyurethanes [based on MDI, an 
aliphatic diol (1,6butanediol) and appropriate polyols] have been presented 
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with emphasis on the effect of physical structure of the film on the photo- 
degradation proceas. The following general conclusions can be drawn from the 
results in this paper: 

1. The photodegradation of segmented aromatic polyurethanes is directly 
related to the hard segment content of the polymers. 
2. The photnlytic degradation of segmented aromatic polyurethanes is 

inversely related to the extent of hydrogen bonding in the carbamate chromo- 
phores. 

3. The photolysis of model aryl carbarnates can be effectively utilized in the 
study of aromatic polyurethanes. 

This work was sponuored in part by the O5ce of Naval Research. Acknowledgment is also 
made to  the donors of the Petroleum Research Fund, administered by the American Chemical 
Society, for partial support of this research. 
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