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The photochemical behaviour of aliphatic-based poly(ester-urethanes) is investigated. Polymer samples are 
submitted to irradiation in the presence of oxygen in conditions of long wavelength irradiation (A > 300 nm) 
or short wavelength irradiation (A = 254 nm). The evolution of the structure of photooxidized polymers is 
monitored by FTi.r. analysis of thin samples and the different photoproducts formed are identified. It is 
shown that long wavelength irradiations provoke an induced oxidation of urethane functions. This reaction 
is initiated by hydrogen atom abstraction on the methylene groups in the o position of nitrogen atoms. On 
irradiation at short wavelength, the results provide evidence for a dual mechanism for photooxidation: 
induced oxidation and direct photolysis of the urethane groups following three possible photoscissions that 
involve the homolysis of C-N and C-O bonds. 0 1997 Elsevier Science Ltd. 
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INTRODUCTION 

The photochemical processes responsible for the degra- 
dation and ultimate failure of polyurethanes have been 
extensively investigated for the last thirty years’)*. 
Mechanisms for the u.v.-induced oxidative process of 
polyether and polyester linkages have been proposed. It 
has been shown that the polyether component of 
poly(ether-urethane) contributes to the poor weathering 
properties of these materials819. This behaviour results 
from the high intrinsic oxidizability of the methylene in 
cy of the ether function that leads to the formation 
of hydroperoxides and consequent chain scissions. 
Although far less oxidizable, the polyester component 
of poly(ester-urethane) may also undergo hydroperoxide 
formation by oxidation of the methylene in (Y of the ether 
function. However, the mechanism by which these units 
contribute to the degradation of these polymers is not 
fully understood. 

Several mechanisms for the u.v.-induced oxidative 
process of urethane linkages have been proposed, 
although they are sometimes contradictory. Conven- 
tional polyurethanes based on aromatic diisocyanates, 
such as methylene 4,4’-diphenyl diisocyanate (MDI) or 
toluene diisocyanate (TDI), are known to undergo 
marked yellowing on exposure to u.v.-iradiation. The 
photolytic degradation of these polyurethanes has 
received considerable attention. It is generally agreed 
that the principal structural species responsible for 
discoloration of MDI-based polyurethanes are mono- 
and di-quinone-imide, shown in Scheme 1. The formation 
of products resulting from photo-Fries rearrangement 

*To whom correspondence should be addressed 

and subsequent oxidative coupling has also been shown to 
provoke the discoloration of MDI- and TDI-based 
polyurethanes (Scheme 2)9-l ‘. 

In order to obtain polymers resistant to light-induced 
discoloration and degradation, more costly aliphatic 
diisocyanates were substituted for MDI. Although 
polyurethanes based on aliphatic diisocyanates such as 
hexamethylene diisocyanate (HDI) also degrade on 
exposure to U.V. light, no discoloration was observed. 

In previous investigations8’9 we studied the photo- 
chemical behaviour of four classes of model poly- 
urethanes based on various hard segments (aromatic or 
aliphatic) and on various elastomeric phases (polyether 
or polyester). At first we concentrated our investigations 
on the primary hydroperoxides formed on exposure of 
these polymers to long-wavelength light (X > 300 nm) in 
the presence of oxygen’, then we studied the mechanism 
by which the aromatic isocyanate-based polymers 
discoloured’. We focused our attention on the influence 
of irradiation wavelengths and on the effect of oxygen on 
the formation of the coloured photoproducts. The 
structure of the oxidized polymers was examined 
essentially by infrared and u.v.-visible spectroscopy 
combined with chemical titration of the hydroperoxidic 
groups. One of the main difficulties encountered in our 
investigations was the opacity of polyurethanes in the i.r. 
domains of interest: the NH and C=O stretching 
vibrations of urethane and/or ester groups result in 
high absorption in the hydroxyl and carbonyl domains. 

Since this work was published (1981) the basic 
knowledge in the field of polymer photodegradation 
has improved. So have the analytical tools, particularly 
since the development of FTi.r. spectroscopy. It now 
appears possible to gain a better insight into the 
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Scheme 1 Formation of mono- and di-quinone-imide m MDI-baaed 
polyurethanes 
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Scheme 2 Photo-Fries type mechanism in MDi-based polyurethanes 

photodegradation mechanisms of polyurethanes. In a 
series of papers, we will report on the photochemical 
behaviour of four classes of model polymers based on 
aromatic or aliphatic diisocyanates and on polyether or 
polyester macrodiols. 

In this paper, we describe the photochemical evolution 
of three model compounds based on aliphatic diiso- 
cyanate. The first model compound was obtained by 
polycondensation of hexamethylene diisocyanate (HDI) 
on 1,Cbutanediol (BDO). The simple structure of this 
model may allow a better understanding of the reactivity 
of urethane linkage due to the absence of other reactive 
sites and to a simplified infrared spectrum as opposed to 
that of poly(ester-urethane). Indeed, i.r. absorption of 
the ester structure is strong and hides most of the 

Table 1 Characteristics of products used for the synthesis 

Diisocyanate: 
hexamethylenediisocyanate. HDI 

Chain extender: 
1 ,Cbutanediol, BDO 

(I-W Hydroxy-terminated oligomer: 
poly(tetramethylene ethylene adiphate) with 10% of ethylene, PABE 

hydroxylated and carbonylated photooxidation pro- 
ducts. On the basis of the results obtained with the 
simplified model, we will describe the behaviour of two 
aliphatic polyurethanes elaborated from two polyesters 
having different molecular weights. 

EXPERIMENTAL 

Muterials and synthesis 

The materials used in this study were aliphatic 
segmented polyurethanes. Segmented polyurethanes are 
block polymers composed of alternating soft segments 
(polyester) and hard segments (urethane). 

The formulae of the different products used in the 
synthesis of polyurethanes are listed in Table 1. 

The model compound, HDI-BDO, which involved no 
soft segments, was obtained by reacting one part 
hexamethylene diisocyanate (HDI) with one part 1,4- 
butanediol (BDO). Polymerization was carried out in 
tetrahydrofuran (THF) solution with a total concentra- 
tion of reactants of about 10%. Dibutyltindilaurate 
(DBTDL) (0.01 wt% of the reactants) was used as 
catalyst and the reaction was carried out at 50°C under 
N2 for 12 h. The polymer obtained was precipitated in 
methanol. then filtered and dried. 

The two models of block polyurethanes that include 
soft segments were synthesized following the stan- 
dard prepolymer methodi3. The soft segments used 
were poly(tetramethylene ethylene adipate) (PABE), 
containing about 10% of ethylene structure. The average 
molecular weights of the polyesters used for the synthesis 
were respectively 560 and 2000 (PABE 560 and PABE 
2000). The chain extender used was 1,4-butanediol 
(BDO). Taking into account the true functionality of 
oligomers, polycondensation of three parts HDI with 
one part PABE was carried out in bulk at 80°C for 4 h. 
Then THF was added with three parts BDO and 0.01% 
DBTDL at room temperature to encourage chain 
extension. The total concentration of polymer in THF 
was about 10%. The reaction proceeded at 50°C under 
N? for 15 h. The polymers were precipitated in methanol, 
then filtered and dried at room temperature. Those two 
polymers are called ESHDI 560 and ESHDI 2000. 

Prepuration of sumples 

Due to the strong infrared absorption of the urethane 
structure. FTi.r., analysis required very thin samples (5- 
IOjLm) to be within an absorbance range where the 
Beer -Lambert law is obeyed. 

The three models were dissolved in 1,1,1,3,3,3_hexa- 
fluoroisopropanol (HFIP). For the model compound 

NCOp(CH& -NC0 
M, = 168gmol.’ 

OHp(CH>), OH 
M, = 90gmol-’ 

HO -(CH2),-O- C -(CH2)“- C -0 - H 

1 ! 6 I m 

M, = 560gmol ’ n=2or 
M, = 2000gmol~’ 
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ESHDI 2000, films were cast from HFIP solutions onto 
glass dishes. After evaporation of the solvent at room 
temperature, the films were fixed on sample holders used 
for U.V. irradiation and FTi.r. transmission analysis. 

Irradiation and analysis 

The polymer samples ESHDI and the model com- 
pound HDI-BDO were irradiated in a SEPAP 12-24 
unit at 60°C. This medium-accelerated photoaging 
device has been described in several papers (see for 
instance ref. 14). It allows irradiation at wavelengths 
above 300 nm. 

Short-wavelength irradiation (X = 253.7 nm) was car- 
ried out in a cylindrical unit equipped with six low- 
pressure mercury lamps emitting mainly at 253.7nm 
(described in ref. 15). 

Fourier transform infrared (FTir.) spectra in trans- 
mission mode were recorded using a Nicolet 20SX 
spectrometer equipped with a TGS detector using 32 
scans summation at a nominal resolution of 2 cm-‘. 

For photolysis experiments, polymer samples were 
placed in Pyrex tubes (for long-wavelength irradiation) 
or quartz tubes (for short-wavelength irradiation) and 
sealed under vacuum (lo@ torr) obtained using a 
mercury diffusion vacuum line. 

Photooxidized films were exposed to reactive gases at 
room temperature in a simple flow system that could be 
sealed off to allow the reaction to proceed. The gases 
used for chemical derivatization reactions were SF4 and 
NH3 (supplied respectively by Fluka and UCAR). SF4 
treatments were carried out in an all-Teflon system 
because SF4 attacks glass. 

RESULTS 
Interpretation of the initial i.r. spectra 

Since the experimental results reported here were 
based on the analysis of the evolution of i.r. spectra of 
photooxidized polyurethanes, the absorption frequencies 
of the polymers under investigation had first to be 
precisely assigned. 

In order to assign the different maxima observed on 
the i.r. spectra of the three models (HDI-BDO, ESHDI 
560 and ESHDI 2000), we had to compare these models 
with each other and with the compounds used for their 
synthesis (HDI, PABE), and with low molecular weight 
compounds of similar structure (ethyl N-ethyl carbamate 
and ethyl carbamate)16. The assignments are given in 
Tables 2 and 3. 

Long-wavelength (A > 300 nm) irradiation 
In absence of oxygen. The i.r. spectra of the three 

model compounds were recorded for long-wavelength 
irradiation carried out in the absence of oxygen. No 
noticeable evolution of the spectra was observed, even 
for prolonged irradiation times. 

In presence of oxygen. (a) Photooxidation of the model 
compound HDZ-BDO. The photooxidation of HDI- 
BDO caused severe modifications to the i.r. spectra of 
the irradiated samples. 

The changes in the i.r. spectra are shown in Figures 1-3 
in relation to different zones of the spectra and 
corresponding to irradiation times of up to 960 h. This 
evolution corresponds to a low extent of oxidation and as 
a consequence the modifications remain low. The direct 

Table 2 Absorption band assignments for HDI-BDO 

Frequency Relative 
(cm-‘)” intensityb Main assignmentsC References 

3420 VW, sh 
3320 vs 
3054 w 
2960 sh 
2940 vs 
2871 m 
2860 m 
1720 vw, sh 
1688 vs 
1540 S 

1478 W 

1466 VW 
1458 VW 
1337 m 
1263 vs 

1244 w, sh 
1222 m 
1140 S 

1065 m 
1048 sh, w 
997 m 
772 S 

751 W 

733 m 
638 S 

587 sh 

21 (NH) free 
ZI (NH) bonded 
overtone of amide II band 
v,, (CH*) in BDO 
v,, (CH2) in HDI 
yym (CH1) in BDO 
v,,, (CHI) in HDI 
u (GO) free 
u (C=O) bonded 
6 (NH) + 2, (CN) 
amide II band 
6 (CH2) 

6 (CH2) 

6 (CH2) 
6 (CH2) in HDI or w (CH,) 
v (CN) + 6 (NH) 
amide III band 
r~ (C=O) + v (0-CH2) 
21 (C-O-C) 
u (C=O) + ZI (0-CH2) 
21 (C-O-C) 
21 (C-N) 
u (C-C) in HDI 
/I (CH*) or y (CO-O-C) 
P (CH2) 

P (CH2) 

w (NH) 
amide V band 
P (CH2) 

4, 17 
8, 11, 17, 19 

17 
21 
17 
21 
19,20 
19,20 
17.20 

17 

2 
17 
2 

17 
2 

’ In the infrared analysis, absorption frequencies are accurate to 2 cm-’ 
b The relative intensity is based on the whole infrared spectrum of a 
sample at room temperature: w = weak, m = medium, s = strong, 
vs = strong, sh = shoulder 
‘The main assignments are: u = stretching, 6 = bending, w = wagging, 
p = in plane bending, uaS = assymetric stretching, us,,,,, = symmetric 
stretching 

Table 3 Absorption band assignments for the soft PABE segment 

Frequency Relative 
(cm-‘)’ intensityb Main assignments’ References 

-3550 VW 
3450 VW 
2958 S 

2922 VW, sh 
2900 VW, sh 
2874 W 

1735 vs 
1490 VW 
1476 VW 
1465 VW 
1414 VW 
1403 vw 
1371 vw 
1233 w, sh 

1180 S 

1140 S 

1067 m 
960 VW 
931 VW 
912 VW 
736 W 

586 VW 

overtone of 2, (C=O) 

2) (CH2)ass 

21 (CH2)ass 

2, (CH,),, 

2) (CH2)sym 
v (C=O) 

6 (CH2) 

6 ((332) 

6 (CH2) 

6 (CH2) 

6 KHz) 

6 (CR4 
u (C=O) + v(O-CH2) 
0 
v (C-o-C)-c-o-c 
2, (C=O) + u (0-CH2) 

f; 
v(CO-C) -c -0% 

17 
17 
17 

2, 17 
17 
17 
17,18 

17, 2, 22 

2 

2 

’ In the infrared analysis, absorption frequencies are accurate to 2cm-’ 
’ The relative intensity is based on the whole infrared spectrum of a 
sample at room temperature: w = weak, m = medium, s = strong, 
vs = very strong, sh = shoulder 
‘The main assignments are: v = stretching, 6 = bending, w = wagging, 
p = in plane bending, v,, = asymmetric stretching, v,,,,,, = symmetric 
stretching 
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spectra and the subtraction of the initial spectrum from 
the spectra recorded after several irradiation times permits 
us to characterize this evolution in the different domains. 

In the hydroxyl domain (Figure I) a broad band 
increased between 3600 and 3050cm-’ which indicated 
the formation of hydroxyl structures along with evolution 
of the NH absorptions. The increase of a broad complex 
carbonyl band was observed, overlaying the decrease of 
the u (C=O) bands of the urethane group (Figure 2). 

A substantial loss of urethane structures was indicated 
by the decrease in the intensity of the bands at 3320 cm-’ 
(amide II), 1263cm-’ (amide III), 781 cm-’ (&N-H)) 
and 638 cm-’ (amide V). 

An appreciable decline of the absorption bands at 
2940 and 2860cm-’ (respectively 71ass (C--H) and (I,~,,, 
(C-H)) and at 1478, 1466 and 1458cm- (S(CH,)) 
indicated a loss in the methylene group content in (r 
position to the NH. The bands assigned to the 

-c-o- 
II 
0 

groups of the carbamate structures at 1244 and 1140 cm ’ 
were also observed to decrease substantially (Figure 3). 

A broadening of the 3320cm-’ band was observed. 
Despite poor resolution, the evolution suggested 
the appearance of absorption maxima at 3180 
and 3450 cm-‘, which accounts for the formation of 
hydroxylated photoproducts. 

In the carbonyl domain, the urethane carbonyl 
band (1688- 1720 cm-‘) gradually broadened with increas- 
ing irradiation time, leading to the formation of a shoulder 

at higher frequencies (1800- 1700 cm-‘). The differences 
between spectra on Figure 2 permit us to characterize this 
shoulder by four maxima at 1785, 1755, 1737 and 
17 15 cm-‘. It may be postulated that more maxima were 
increasing at lower frequencies (around 1700cm-‘), but 
they developed concurrently with the decrease of the 
initial urethane carbonyl band and as a consequence 
could not be observed distinctly on the spectra. 

On the same figure, it is observed that a weak band at 
1607 cm-’ increased when the near band at 1540cm-’ 
decreased. The shape of this evolution strongly suggested 
that the decrease of the 1540 cm-’ band had to be related 
to the increase of the 1607cm-’ band. 

In the domain of the deformation vibrations, one may 
observe the formation of several bands at 1495, 1410, 
1340, 1204, 1170 and 1078 cm-’ (Figure 3). 

In the domain 900-400 cm-‘, despite poor resolution 
due to the weak intensity of the initial bands, one may 
observe a decline of the bands at 772 and 638 cm-‘. 

In presence qf oxygen. (h) Photooxidation of ESHDI 
560 and ESHDI 2000: injluence qf the polyester 
segments. In this section, results are presented for the 
influence of the soft segments on the photooxidation of 
the two segmented polyurethanes: ESHDI 560 and 
ESHDI 2000. 

First, it should be noted that the i.r. spectral evolutions 
of these two model compounds under U.V. irradiation 
were similar to those reported above in the case of HDIL 
BDO. The differences of spectra, compared to the 
previous band attributions, showed that the decrease of 
absorption bands corresponded to urethane groups. No 

3600 3400 3200 3000 2800 
wavenumber (cm-l) 

2600 2400 

Figure 1 Evolution of the spectrum of the HDILBDO model on irradiation at long wavelength: ~ initial; - ~ ~ 960 h. The insert shows the initial 
spectrum subtracted from the spectrum of the photooxidized film 
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decrease of the i.r. bands assigned to the ester function 
was observed. 

It appeared then that no influence of the ester functions 
on the photochemical behaviour of either polymer could 
be identified for long-wavelength irradiation. The non- 
reactivity of the ester component of these polyurethanes 
was confirmed by the fact that, on irradiation under the 
same experimental conditions, no evolution of the i.r. 
spectra of poly(tetramethylene ethylene) adipate was 
observed, even for longer exposure times. 

In conclusion, it should be pointed out that for long- 
wavelength irradiation no influence of the polyester soft 
segments on the photochemical behaviour of aliphatic 
poly(ester-urethane) was observed. The evolution of the 
i.r. spectra of irradiated poly(ester-urethane) may then 
be interpreted from those of HDI-BDO. 

Chemical treatments of photooxidized samples. Deri- 
vatization reactions have been used to identify the oxida- 
tion photoproducts observed by i.r. analysis. These 
reactions were carried out by treating photooxidized 
samples with gaseous reactants (sulfur tetrafluoride, 
ammonia). 

Carboxylic acids react with SF4 to give l,l,l- 
trifluorides23. The first product of this reaction is an 
acyl fluoride than can be isolated: 

RCOOH + SF4 + RCOF 

2.5 

2.0 

Q) 1.5 
is 
z _ 
5: 

2 l.O- 

0.5 - 

The reactions with carboxylic acids to give acyl fluorides 
and with alcohols or hydroperoxides to give alkyl 
fluorides are those most likely to occur. 

Acyl fluorides formed by reaction of carboxylic acid 
with SF4 are characterized by a distinct C=O absorption 
above 1800 cm-’ 24. Treatment by SF4 carried out on a 
photooxidized ESHDI sample as well as on a photo- 
oxidized HDI-BDO 
1841 cm-’ (Figure 4). 

sample gave an absorption band at 

Although some data on the i.r. absor@on of acyl 
fluorides were available in the literature , they con- 
cerned compounds in solution and some former results 
have shown that matrix effects could be suspected. To 
obtain accurate assignments, the matrix effect on the 
C=O frequencies of different acyl fluorides formed in 
different polymers was studied. The results obtained 
are detailed elsewhere”. For example, hexanoic acid, 
introduced in an ESHDI 2000 film and then subjected 
to SF4, 
1841 cm-‘. 

gave a new C=O absorption band at 

The reaction of ammonia with an ESHDI sample led 
to a decrease of the carbonyl bands between 1750cm-’ 
and 1700 cm-’ and to an increase of absorbance between 
1500 and 1630 cm-’ with a maximum around 1560 cm-‘. 

Carboxylic acids react with NH3 to give carboxylate 
ions: 

ROOOH + NH3 + RCOO-, NH,+ 

1800 1700 1600 1500 
wavenumber (cm-l) 

Figure 2 Evolution of the spectrum of the HDI-BDO model on irradiation at long wavelength for 960 h: a: 0 h; b: 100 h; c: 320 h; d: 455 h; e: 604 h; f: 
774 h; g: 960 h. The insert shows the initial spectrum subtracted from the spectrum of the photooxidized film 
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Carboxylate ions derived from aliphatic acids usually 
present an absorption maximum around 1560 cm-’ 

Short-wavelength photooxidation (A = 254 ?zlyl J 

Znfluence of the soft segment. Samples of HDILBDO 
and ESHDI 560 or 2000 were irradiated in the presence 
of atmospheric oxygen under monochromatic light 
(X = 254 nm). 

In contrast to the results presented above for long- 
wavelength conditions, irradiation at short wavelength 
gave quite similar evolutions for the HDI-BDO 
and ESHDI models except for an important 
decrease of the bands assigned to the ester functions. 
For HDI-BDO, the main difference from the evolution 
reported above for long-wavelength irradiation are as 
follows: 

?? In the spectral domain 3600~-2400cm ‘, there was 
observed the growth of an intense broad band with a 
shoulder at 3205cm-’ (Figure 5). The subtracted 
speCtra showed the decrease of the bands at 2940 and 
2858 cm-’ (respectively z+~ (C-H) and ?J,~,,,(C H)) 
and of two bands at 2871 and 2858cm-’ (respectively 
V asym (C-H) and V,), (C-H)) that correspond to the 
stretching vibrations of both methylenes in ~1 position 
to the urethane groups: 

shoulder at 1785 cm ‘, and the decrease of the 
urethane band at 1688 cm-’ prevented observation 
of any definite maximum between 1720 and 1670 cm-’ 
(Figures 6a and 6). 

?? In the domain 1500-900 cm-‘, no maximum at 
1204cm- was observed, but a substantial growth of 
a band at 1025cm-’ was observed. 

As for the ESHDI models, in addition to the changes 
reported for HDI-BDO, there was observed a marked 
decrease of the absorption bands assigned to the 
polyester component (Figures 7a and b). This behaviour 
indicates a decarboxylation of the ester groups. 

Photooxidation oj’ poly( tetramethylene ethylene adi- 
putel. Under the same irradiation conditions, the 
changes in the i.r. spectrum of poly(tetramethylene ethy- 
lene adipate) were characterized by an appreciable loss of 
ester structure, as indicated by the decline of the bands at 
1731, 1263, 1167 and 1065 cm-‘. A weak increase of 
absorption was observed in the hydroxyl domain with 
a maximum at 3223cm-’ and in the carbonyl domain 
by a broad band with a shoulder at 1778 cm-‘. The 
decline of the ester band at 1731 cm-‘, however, pre- 
vented observation of the absorption maximum of the 
broad band. 

-CH,-NH-C -0-CH,- 
II 
0 

DISCUSSION 

?? In the domain 1900- 1500 cm ‘. the maximum at 
1755 cm-’ reported above was not observed. Only a 
broadening of the initial band was recorded, with a 

It is not the aim of the paper to discuss the nature and 
chemical structure of the chromophors that induce the 
oxidation of the polymer matrix. This general problem of 
the induced oxidation of non-absorbing polymers has 
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2.0 

1.5 

8 
s a 1.0 
6 

9 

0.5 

0.0 
1 IO * 1400 ’ 13bo ’ 12bo ’ IlbO 

1- 
1 obir’ 9’00 

wavenumber (cm-l) 

8, I. 8 * 8. I * I 

, 1400 1300 1200 llcm loo0 9Cnl 
wavenumber (cm*) 

Figure 3 Evolution of the spectrum of the HDI-BDO model on irradiation at long wavelength for 960 h: a: 0 h; b: 320 h; c: 455 h; d: 604 h; e: 960 h. 
The insert shows the initial spectrum subtracted from the spectrum of the photooxidized film 
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2.5 

2.0 

8 1.5 
s n 
z 
z 1.0 

0.5 

1900 1850 1800 1750 1700 1650 1600‘ 1550 1500 
wavenumber (cm-l) 

Figure 4 Effect of SF4 treatment on an ESHDI 2000 model after photooxidation: ~ initial; - - - after 960 h of irradiation; ~ - - after SF4 reaction 

0.7 

0.6 

0.5 

E 
1 
3 0.4 
.Ei cd 

0.3' 

0.2' 

1 
f 

ii 

iz 
a 

0.3 q 
I .I\ f f-a 

0.2- 

I. 

0.1 - 

I I 1 I I I I I I I , I 
3600 3400 3200 3000 2800 2600 2400 

wavenumber (cm-l) 
Figure 5 Evolution of the spectrum of the HDI-BDO model on irradiation at short wavelength for 960 h: a: 0 h; b: 123 h; c: 406 h; d: 572 h; e: 742 h; 
E 930 h. The insert shows the initial spectrum subtracted from the spectra of the photooxidized films 
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a 1.5 

8 1.0 
ii 
2 
zi 9 
cU 0.5 

0.0 
1 

f 

d” 

iii 
a 

17’00 - do0 ’ 1ioo 
wavenumber (cm-l) 

b 0.8 

0.6 

8 0.4 
s D 
5 0.2 

9 
0.0 

-0.2 

1800 1700 1600 1500 
wavenumber (cm-l) 

Figure 6 (a) Evolution of the spectrum of the HDI--BDO model on irradiation at short wavelength (A = 254nm): a: 0 h; b: 123 h; c: 406h; d: 572 h: e: 
742 h; f: 930 h. (b) Subtraction of the initial spectrum from the spectrum of the photooxidized film 

been reviewed many times and it is well agreed that, reactivity of the urethane function 
among the many possible candidates, extrinsic chromo- 
phores formed during the synthesis and preparation of 

-CH,-NH-C -0-CH2- 

the samples are the most probable ones to induce the 
II 
0 

oxidation of the polymer matrix. is involved. 
In conditions of irradiation at long wavelengths, no 

difference of behaviour was observed for the three 
compounds, which showed that, in these conditions of 
irradiation, the polyester component has little reactivity 
in comparison to the reactivity of polytetra(methylene 
ethylene adipate). This result shows that only the 

For long wavelength irradiation, a selective loss in the 
intensity of methylene groups at 2940 and 2860 cm-’ was 
observed, which indicates an oxidation of the carbon 
atom in N position to the NH of urethane groups. This 
radical-induced oxidation leads to the formation of 
primary hydroperoxides: 

. 
-CHy-NH-$-O-Cl+-- I -CH-NH-C-*CH~--- (I) 4 02 

t; 
-CH-NH-C--0-CH2- (II) 

0 &. 8 

02, PH 
- -YH-N+$-D-CY- 

OOH 0 
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Figure 7 (a) Evolution of the spectrum of the ESHDI 560 model on irradiation at short wavelength (A = 254nm): ~ initial; - - - 500 h. (b) 
Subtraction of the initial spectrum from the spectrum of the photooxidized film 

The reactivity of cr-methylene has been shown 
previously by Beachell and Chang’. The authors have 

of the photooxidation of ESHDI 2000. The hydroper- 
oxides accumulate up to low stationary concentrations 

shown that the U.V. irradiation of ethyl N-ethyl around 60 mmol kg-’ ’ . They can decompose thermally or 
carbamate led to the formation of the radical CHs- photochemically to give a macroalcoxyradical (III) and a 
CH-CO-0-C2H5. The primary hydroperoxides hydroxyl radical HO.. The main route of evolution of this 
formed by oxidation of methylene groups had been pair of radicals involves a cage reaction that leads to the 
detected and chemically titrated in a previous study formation of an acetylurethane function: 

hv * -CttNH-C-0- ( 
&-OH 8 

[-g;ttg-0-1 cage reactiok -~-NW!-* + ~20 

POLYMER Volume 38 Number 16 1997 4027 



Infrared analysis of aliphatic poly(ester-urethane): C. Wilhelm and J. -L. Gardette 

This photoproduct corresponds to the absorption observed on the i.r. spectrum of ethyl N-ethyl carbamate, 
maximum at 1755cm-’ (the corresponding model is missing on the i.r. spectrum of ethyl carbamate and 
compound replaced by an absorption band at 1605 cm-‘, 6 (NH,). A 

H&-C -NH-C -O-&H, 
similar evolution has been reported for the photooxidized 

/J II 
polymers (decrease of the band at 1540 cm-’ and growth 

0 
of a band at 1607 cm-‘). In the domain of N-H stretching 
vibrations, the i.r. spectrum of ethyl carbamate shows 

gives two maxima at 1755 and 1700 cm- ’ ). However, as three maxima (3471, 3355 and 3202 cm-‘) instead of one 
concerns the studied polyurethanes, no observation can (3338 cm-‘) for ethyl N-ethyl carbamate. The decrease of 
be made around 1700cm- since the decline of the the +_n band (3320 cm-‘) and the presence of two of the 
urethane absorption bands prevents one from measuring three maxima were indeed observed on the i.r. spectra of 
absorption maxima that grow around this frequency. the photooxidized polymers as reported above. Finally, as 
This photoproduct readily reacts with water formed ir? observed with the models, the &_N vibration was shifted 
situ to give a carboxylic acid and a urethane group: from 1040cmP’ to 1071 cm-‘, and the initial amide III 

-C&-~-NH-f--O= + Hz0 - 4+-f-OH + HO-g-O.= 

0 0 0 0 

The formation of carboxylic acid accounts for the band at 1263cm ’ decreased whereas three maxima at 
increase in the C=O band at 17 15 cm-‘. The presence of 1412, 1380 and 1334cm-’ increased. 
carboxylic acid is also revealed by the reaction with SF4 Radical III may also react by hydrogen abstraction 
that leads to an acyl fluoride with a C=O band at and give an unstable hydroxylated product that is 
1841 cm-‘, and by the reaction with NH, that leads to converted to an aldehyde group and a primary urethane. 
the carboxylate salt with a v(COy ) band at 1560 cm ’ Aldehydes are readily oxidized in carboxylic acids26: 

(III) PH_ -CH-NH-C-O 4 --f-H + H#l-f-O- 
AH 8 0 

I 

0 

-+--OH 

0 

Acids can also be obtained by radical attack on 
hydroperoxide groups, as suggested in the following 
reaction reported in the case of polyethylene27: 

Y 0 
I Rm + -C-NW + -&NH- - -cy + =NW 

&OH &OH OH 

The formation of urethane end groups The products that are observed are similar to those 
obtained by hydrolysis of acetyl urethane groups. 

H2N-C -0 A third way of evolution for radical III is a ,Bscission 

II 
involving the homolysis of C-N bonds. The products 
formed by this reaction are indistinguishable from those 

by conversion of in-chain urethane 
reported above: 

H 
NH-C -O- 

! 

-k-NH-C-O N -C-H + ‘NH-C-O 
A. 6 8 

i 1 

6 

is also evidenced from the comparison of the i.r. spectra of PH 

the photooxidized polymers with those of corresponding 
low molecular weight models (ethyl N-ethyl carbamate --V-l l-W-:-D- 
and ethyl carbamate). The amide II band at 1535 cm-‘. 0 0 
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The last route of evolution of radical III is a ,&scission 
involving the homolysis of C-C bonds: 

position to the 

(III) __) -C&O + tt$-NH-E-0 

(Iv) O O 

c-o- 

6 

The alkyl end chain radical CH2m reacts readily 
with oxygen to yield, by a classical chain oxidation 
scheme, several oxidation photoproducts including 
carboxylic acids (similar to those of the reaction 
above), peresters (v,--~ = 1785 cm-‘) and hydroxylated 
compounds (mainly alcohols) (tibonded OH = 3450 cm-’ 
and G-O = 1025cm-‘). This is the only way to explain 
the product at 1785 cm-‘. 

groups that is observed on irradiation at short 
wavelength. 
Oxidation of radical (VII) leads to several photo- 
products including, carboxylic acids and hydroxylated 
products. Oxidation of radical (VII) leads also to the 
formation of peresters, that 
tion maximum at 1785 cm-‘. 

may explain the absorp- 

Scission of the O-C bond leads to radicals (VII) and 
(VIII): 

On irradiation at short wavelength (A = 254nm), 
there is observed with HDI-BDO a loss of both types 
of methylene group in IY position to the urethane groups 

hv 

( 
-CH @NH-C-O - CH 2~ 

(1) 
A 

(2) ) 

Radical (VIII) can decarboxylate and radical (V) is 
obtained: 

which indicates an oxidation of the carbon atoms in 
positions 1 and 2. Conversely, on irradiation at long 
wavelengths that leads to induced oxidation, there is 
observed only an oxidation of the methylene groups in Q 
position to the NH of urethane groups (position 1). Since 
it is highly improbable that the oxidation site in a radical- 
induced oxidation is wavelength dependent, one has to 
suspect that the oxidation of the carbon atoms in 
position 2 involves at first a direct photoscission of the 
polymeric backbone. On irradiation at long wavelengths, 
this reaction is not observed to occur. 

Three different scissions may be considered that 
explain why methylene absorbance decreases: 

*WC&-NH-($0. - Co, + *Cb-NH. 

0 

?? Scission of the C-N bond leads to radicals (VII) and 
(IX): 

hv ~Cliz-NH-$-O- __) -Cl+ ?? + NH-$-O-- 
0 0 

?? Scission of the N-C bond as observed in the case of 
polyamides2*, leads to the formation of two radicals 
(V) and (VI): 

Hydrogen abstraction by radical (IX) leads to a 
primary urethane. 

It has been reported above that the proportion of 

Radical (V) is the precursor of an amine whose 
formation contributes to the increase of absorbance at 
1605 cm-i. Radical (VI) evolves by loss of carbon 
dioxide, leading to an alkyl radical (VII): 

hydroxylated compounds was higher on irradiation at 
short wavelength than at long wavelengths. This means 
that on irradiation at short wavelength those reactions 
that involve an initial photoscission of the C-N and O-C 
bonds are favoured in comparison to those involving an 
induced oxidation that leads mainly to the formation of 
acetylurethane groups. 

Oxidation of radical (VII) is responsible for the 
decrease of absorbance of methylene groups in o 

In addition to the reaction of the urethane segments, 
short-wavelength irradiation provokes the decarboxyla- 
tion of the polyester segments of ESHDI polymers. This 
reaction produces alkyl radical end groups that oxidize 
as in the reaction reported above: 

t 

-cH.J-o-cwcH.J,- 
X=254nm * -Cl+’ + co, +*cH2”” 

hv 

POLYMER Volume 38 Number 16 1997 4029 



Infrared analysis of aliphatic poly(ester-urethane): C. Wilhelm and J. -L. Gardette 

CONCLUSION to the 

The oxidation mechanism shown in Scheme 3 can be 
proposed to explain the different routes of evolution of 
ESHDI polymers on irradiation at short or long wave- 
lengths. This scheme prompts the following comments. 

At X > 300nm, an induced oxzidation occurs, 
implying excitation of chromophoric defects. This 
reaction initiates oxidation of the methylene groups in 
o position to the NH of the urethane function. Neither 
induced oxidation of the methylene groups in a position 

c-o 

6 
of the urethane nor induced oxidation of the methylene 
groups of the soft polyester segments is observed to be an 
important path of evolution. 

At X = 254 nm, photoinitiation through direct excita- 
tion of the 

-NH-C-O- 
II 
0 

ii 

I . . . 
I 

ROOH 

I 

stationary 
(C 

-CH-NH-C-O- 
/ 

Acids _. . 
-CH2’ - Peresters 

6. 
‘OH ’ > -co + ‘NH-C-O- 

‘H S I cage reaction 

-C-NttC-O- 

8 6 
+ Hz0 

1755 cm-l 
Scheme 3 Photooxidation mechanism for ESHDI polymers 
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chromophore occurs. Photoscission of C-N and O-C 
bonds is observed. 

Scission of the O-C bond leads to the oxidation of the 
methylene groups in o position to the oxygen atom of the 

-NH-C-O- 

! 
chromophore. At this irradiation wavelength, decar- 
boxylation of the polyester segments through direct 
excitation of 

-C-O- 

is observed. 
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