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ABSTRACT: Ultraviolet radiation in the regions 266 < A < 400 nm and 250 < A < 400 nm has been employed
to study the oxidative photodegradation pathways for silver-backed polyacrylonitrile film. Measurements
based on Fourier transform infrared reflection absorbance (FTIR-RA) spectroscopy were supported by electron
paramagnetic resonance (EPR) studies. Isotopic *CN PAN was used to confirm some photodegradation
products. Upon irradiation at wavelengths below 266 nm the polymer turns yellowish-brown and also increases
in electrical conductivity, suggesting the presence of a chromophore system of the type (>C=N-),.

Introduction

Protective films have been used recently for photovoltaic
solar energy conversion systems.!® In particular, polymers
have been applied to protect metallic surfaces from ex-
posure to environmental degradation.*® The photo-
degradation of the polymeric films remains an obstacle and
the selection of the photostabilizers and photoinhibitors®
is extremely dependent on the type of degradation, e.g.,
oxidative or nonoxidative. Therefore, an understanding
of the photodegradation mechanisms of aluminum- or
silver-backed polyacrylonitrile (PAN) films is important
for their effective utilization in solar energy systems. There
have been numerous studies of the thermal degradation
and the mechanism of color formation in PAN (solid or
liquid), of which several recent publications!®'® are rep-
resentative. However, there are a limited number of in-
vestigations'®!” of the UV photodegradation of this poly-
mer. Burlant et al.!® studied the effect of high-energy
radiation (1-meV electrons) on PAN films in the presence
and absence of oxygen. But a fundamental and systematic
study of the photodegradation of PAN/Ag films in the 250
< X £ 400-nm region of the spectrum has yet to be ac-
complished. Fourier transform infrared reflection ab-
sorption (FTIR-RA) spectroscopy is a useful tool for ob-
taining analytical information on surface reactions. The
technique is sensitive, reproducible, and nondestructive
with high signal-to-noise (S/N) ratios achievable and with
computer software enabling the digital subtraction of
spectra. Several authors have used recently an FTIR
technique to study the thermal degradation of PAN under
vacuum, oxidative, and nonoxidative environments.!#2!

Experimental Section

The spectrophotometer used for these experiments is a Digilab
FTS-14B equipped with mercury cadmium telluride (MCT) and
triglycine sulfate (TGS) detectors. Two controlled environment
chambers were designed to fit the spectrometer sample com-
partment as shown in Figure 1. An earlier chamber*? used to
collect the infrared spectra of polymeric coatings on mirrors, while
simultaneously undergoing exposure to UV and flowing ambient
gases (e.g., Oy, Ny), was modified by attaching two thermistors,
one on the film and the other on the reference mirror, to record
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the temperature achieved during the UV exposure. The second
chamber® is vacuum tight and can be used to study both the
degradative changes in the film as well as the gases produced
during UV irradiation. These chambers were designed to max-
imize the sensitivity of the absorbing species to IR (the angle of
incidence was kept at 78°).2+% The irradiation of the PAN/Ag
film was accomplished through the quartz windows of the
chambers by an SS-1000-2 solar simulator supplied by the Optical
Radiation Co. (ORC). For these experiments, UV light with 266
< XA £ 400 nm (dichroic filter) at air mass one and 250 < X < 400
nm (without dichroic filter) were used. The spectral distribution
of the ORC simulator at air mass one and without dichroic filter
is given in Figure 2. The acrylonitrile polymer with an average
molecular weight of 150000 and intrinsic viscosity of 1.95 dL g!
was obtained from E. I. duPont de Nemours and Co.

Experiments on the solubility of PAN in various solvents in-
dicated dimethyl sulfoxide (Me,SO) to be the most suitable solvent
to yield thin films. Clear films of PAN, of approximately 4.4-um
thickness, were successfully drawn at a rate of 1 mm s in nitrogen.
The optimum concentration of PAN in Me,SO was about 8%
(w/v). The PAN-coated mirrors were dried in nitrogen and then
in a vacuum oven at 72 °C for 48 h. The IR-RA spectra (Figure
3) of these films were consistent with the reference spectra of
PAN?% and our own spectra of the polymer. (It should be
remembered that the relative intensities of absorption bands are
dependent upon film orientation). There was no spectroscopic
evidence for entrapped Me,SO solvent in these films. As indicated
by their IR spectra, the Ag-supported PAN films were of a very
satisfactory quality for the study of polymer degradations. The
irradiation of PAN was carried out under both oxidative conditions
(dry purge air, oxygen-16, and oxygen-18) and a nonoxidative
atmosphere (Nj) in both chambers described earlier. The flow
rate of gases in the open chamber was maintained at 40 cm® s7%.
After stabilization of the xenon lamp for 25 min, the sample was
exposed to UV radiation for a specific time. The IR spectra were
collected during and after the period of exposure. The loss of
the original bands in the polymer and the formation of new bands
during the photodegradation were studied from the absorbance
subtraction spectra. The maximum temperature reached during
the irradiation of PAN/Ag samples as measured by the ther-
mistors was 57 °C.

Results and Discussion

The PAN/Ag film was exposed to UV light of 266 < A
< 400 nm (dichroic filter at air mass 1, Figure 2) for as long

© 1986 American Chemical Society
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Figure 2. Spectral distribution for solar simulator.

as 15 h. The experiment was conducted with 450 torr of
zero-air in the closed chamber. Formation bands (Figure
4) at 1300 (-OH deformation), 1140 (C-O str), 3330 (-OH
and NH), and 1660 cm™ (>C=0) were observed.’**%2 The
presence of NH was confirmed by a separate experiment
using nonoxidative conditions (Figure 5) in the presence
of N, from the liquid N, tank. This figure also indicates
the absence of the formation bands due to the oxygen-
containing species assigned above. The gaseous products
collected (Figure 6) in the closed chamber are® (i) H,0
(3600 cm™ (str mode)), 1600 cm™ (bending mode); (ii) CO,
(2340 cm™); (iii) CO (2100 em™); (iv) hydrocarbon (e.g.,
CH,, 3100 cm™); (v) HCN (3300 cm™); (vi) NH; (1040
cm™). Furthermore, loss of -CH,, ~CH (2940 cm™), -C=N
(2245 cm™), and skeletal combination bands (1060 cm™)
also was observed. To study the photodegradation of PAN
below 1000 ¢cm™, a chamber with KRS-5 windows was
employed. The flow of purge air was maintained at 40 cm?
s, The formation of two additional bands at 940 (C-O
str)3 and 760 cm™ (-OH def)® was observed (Figure 7).

To confirm the assignments of the formation bands at
1300 cm™ and 1140 cm™ as due to an oxygen-containing
species, two more experiments were performed in the
closed chamber with %0, and '®0,. The subtraction
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Figure 3. (a) FTIR-RA spectrum of PAN/Ag film. (b) FTIR
absorbance spectrum of isotopic (*CN) PAN polymer film.
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Figure 4. Subtraction spectrum of the original PAN/Ag film
from one irradiated for 15 h under oxidative conditions, air mass
one,

spectra (Figure 8) showed that the peaks at 1300 and 1140
cm™ have shifted to lower frequency by 20 cm™, consistent
with the previous assignments. In other words, the bands
at 1300 (-OH)* and 1140 cm™ (C—-O str)¥® result from the
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Figure 6. Gases produced during the irradiation of PAN.

formation of alcohols, carboxylic acids, hydroperoxides, or
ethers.

To investigate the presence of radicals generated during
the oxidative photodegradation of PAN polymer, electron
paramagnetic resonance (EPR) studies were performed
(using an E-9 X-band spectrometer coupled with a Varian
620/L100 microcomputer). The EPR spectrum of the
unexposed polymer film (Figure 9a) showed no signal.
However, the film when exposed to UV radiation (266 <
A < 400 nm) for 10 min, under oxidative conditions, gave
a broad signal (Figure 9b). A broad EPR band of g =
2.0037 was observed (Figure 9c) when the PAN film was
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Figure 7. Subtraction spectrum after 15 h exposure to UV (air
mass 1) using an open chamber.

exposed to UV radiation (250 < A < 400 nm) for 2 h, and
it became yellowish brown. The g value was calculated by
comparing with the g (2.0036) of a standard diphenyl-
picrylhydrazyl (DPPH). From the shape and g value of
the spectrum, it can be inferred that (i) the g value indi-
cates the presence of organic radicals;* (i) the broad band
is an indication of the presence of a mixture of organic
radicals; (iii) the low power (0.2 mW) necessary for the
spectrometer to give an optimum signal, for the exposed
PAN film, is also characteristic of organic radicals. In-
organic radicals such as those of transition metals require
a higher power between 5 and 10 mW for optimum signal.
It also has been observed that radicals generated in PAN
during the photodegradation are stable for a long period
of time. However, when the exposed polymer was dis-
solved in Me,SO the EPR signal disappeared but the color
remained in the solution, indicating that these radicals are
not the source of the color formation.

Since, in the presence of this UV light, molecular oxygen
is partially converted to ozone, a pathway involving the
formation of ozonide cannot be excluded, although these
experiments disclosed no evidence of its presence.

Lo
wWwiH—CHvw 2 W CH==CHWY O vvv(l:/o\cvw
o—-0

An ozonide band would escape detection because of overlap
with the skeletal combination band of the polymer. Also,
no infrared bands of the gaseous O, were detected because
of its lower concentration and/or extreme reactivity toward
the double bond. Further photodegradation studies of
PAN/Ag with radiation components of higher energy (250
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Figure 8. Subtraction spectra after 15 h exposure to UV irra-
diation (air mass 1), using 450 torr of oxygen-16 (spectrum a) and
oxygen-18 (spectrum b).

120 minules

0 minutes

106 e

Figure 9. EPR spectra of PAN film; (a) unexposed to UV light;
(b) exposed to UV 266 < A < 400 nm for 10 min (c) exposed to
UV 250 £ A < 400 nm for 2 h until it became yellowish brown.

< X\ < 400 nm) were carried out under both oxidative and
nonoxidative conditions in the open chamber. In addition
to the bands observed at UV A\ 2 266 nm under oxidative
conditions, new formation bands were observed (Figure
10) as a result of the higher energy irradiation. The as-
signments are®*®2 (i) the broad envelope at 3330 cm™ is
due to both -OH and -NH; (ii) the band at 2050 cm™,
present with aluminum- and silver-backed surfaces but
absent in film only, can be assigned to M(CN),*' formation
(this band disappears when the substrate is coated with
Si0); (iii) the band at 1620 cm™ is due to the (>C=
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Figure 10. Subtraction spectra of the original PAN/Ag film from
the irradiated one with 250 < A < 400 nm under oxidative con-
ditions: (a) after 15-h exposure to UV; (b) after the sample was
cooled to room temperature; (c) after 6-h exposure to UV.
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Figure 11. Subtraction spectrum of the original PAN/Ag film
from one irradiated at 250 < A < 400 nm under an inert atmo-
sphere: (a) after 15-h exposure to UV; (b) after 13-h exposure;
(c) after 6-h exposure.

NC=N-) species. The polymer became yellowish brown
after the UV irradiation under both oxidative and non-
oxidative conditions. Furthermore, the electrical con-
ductivity of the irradiated polymer was doubled [to 5.04
X 1078 (@ cm)™L. This information indicates that the for-
mation of a conjugated system, such as a (>C=N-),, po-
lyimine structure, took place after the high-energy irra-
diation. The bands at 3330, 2050, and 1620 ¢cm™ in Figure
10 were the same as those obtained under nonoxidative
conditions (Figure 11). Note that the broad band in the
3330-cm™! region is of lesser intensity than that produced
under oxidative conditions (Figure 10). The absence of
the absorbance bands at 940 and 760 ¢cm™ under nonox-
idative conditions further confirmed their assignments to
the oxygen-containing species.
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Figure 12. Subtraction spectrum of the original isotopic (1*CN)
PAN film from one irradiated (250 < A < 400 nm) under oxidative
conditions.

Some authors,!%% as a result of thermal degradation
studies, have assigned the 1620-cm™ band and the color-
ation of the polymer to >C==C< conjugation. However,
in this study, the small loss of -CH, at 2940 ¢cm™, as
compared with the formation of the 1620-cm™ band, im-
plies that no relationship exists between -CH, loss and the
1620-cm™ formation band. However, if any (>C=C<),
formation occurs, it can easily react with Oy to give ozonide,
which absorbs in the 1065-1040-cm™ region. In the
opinion of other authors,'"'? the chromophore responsible
for the color in PAN is a conjugated nitrone system
[>C=N(—0)},. In this study, however, the coloration of
the polymer also takes place in the absence of O, Fur-
thermore, it can be seen from the subtraction spectra of
PAN/Ag under oxidative conditions that no strong ab-
sorption appears in the 1150-1270-cm™ region, which is
assigned?®7 to the N-O stretching mode.

To further explore the species formed during the oxi-
dative photodegradation of PAN, isotopic studies were
performed. PAN film of (*3CN) polymer was used for these
experiments. The FTIR spectrum (Figure 3b) of the
unexposed isotopic film shows a shift of the -CN band to
lower wavenumber by 53 em™. The subtraction spectrum
of the I3CN PAN film (Figure 12), irradiated at 250 < A
< 400 nm under oxidative conditions, leads to the following
observations:

(i) The formation band at 1620 cm™ of the exposed 2)CN
film, assigned to >C=N-, was shifted to 1600 cm™ for the
exposed 3CN PAN. The shift of -20 cm™ was in agree-
ment with theoretical calculations using the harmonic
oscillator model (A7 = —22 cm™) and supports our as-
signment.

(ii) The band at 2050 cm™ in the ordinary irradiated
PAN/Ag film is absent in this irradiated PAN not backed
by metal, thus confirming our independent observations
that this band is due to the formation of an M(CN),
species. The gas-phase products collected during the UV
irradiation of *CN PAN film are shown in Figure 13.
Both 13CO, and ?CO, are formed, as shown by a —65-cm™
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Figure 13. Gases produced during the irradiation of isotopic
(13CN) PAN: (a) with 266 < \ < 400 nm; (b) with 250 < X < 400
nm.

shift, suggesting that the CO, is produced not only from
the ~CN functional group but from the skeletal backbone
of PAN polymer as well. Furthermore, no shift was ob-
served for the CO band (2100 cm™), suggesting that the
carbon monoxide is generated only from the skeletal
backbone of the polymer. It is difficult to measure shifts
of other gaseous species like HCN because of their low
concentration. However, their presence is very distin-
guishable in the gas-phase products collected from the
12CN PAN film (Figure 6), which were present in much
larger quantities.

On the basis of the FTIR spectroscopic information of
the photodegradation products (gaseous and solids), EPR
spectra, conductivity measurements, and isotopic studies,
two separate oxidative photodegradation mechanisms are
evident:

(i) For radiation 266 < A < 400 nm, cleavage at the
a-carbon gives rise to four possible reaction paths (Figure
14). Terminal H and CN radicals lead to the formation
of carboxylic group, CH,, CO,, H,0, and CO under oxi-
dative conditions while radical formation at the a-carbon
gives CO, and NHj via peroxide and hydroperoxide for-
mation. The scission of the a—8 carbon bond produces
tertiary alcohols and ethers. Reduction of the C==N group
gives primary amine.

(ii) For radiation 250 < A < 400 nm, in addition to the
photodegradation products at lower energy (Figure 14), two
more species, apparently M(CN), and a polyimine struc-
ture, appear to be produced (Figure 15).

Conclusion

Oxidative photodegradation pathways are proposed for
PAN/Ag film, with radiant energy of A = 266 nm and A
> 250 nm (with and without dichroic filter). With the



Macromolecules, Vol. 19, No. 5, 1986

CH,-CH
o,

hv‘)\ZZGGnm
terminal groups W—-CH, -G +H: we CH,+ - CH wcH!cﬁ—“H—'w CH,CH
wCH=CH, *HCN 'N T I *
o ¢ N o HC-NH,
wCH: CH, aw]0,
0% (0,01 0y) g-0o wCH,
wcngoc_o,_‘?;_,gmo - CHy - Con 0
CHoro N W CHyp- Coan
4 H
-H‘hv éN
0-0H
w=CHy-C M
CN
o be o
I .
- CH,-F-«+HOCN\ W CHy-C L H,0
g w0 &y
O+ NH N\ OH
!
V\-—CHZ-(T'—M

CN

Figure 14. Some oxidative photodegradation pathways for
PAN/Ag film with 266 < A < 400 nm.

\{CHZ-(‘:H
CN ],

hy [A< 266nm
PATHWAYS PROPOSED M(CN)
FOR X 2 266nm H\CH/CHI\CH/CNZ\CH/CHI\CH/CHI\CH/F *
{ FIGURE 14) l \ l | l
L L .C L C
SeUS USO TS TS,

-OH
H hy

CH, CHa CHy CH,
N T e

| | | I |
¢ c ¢ ¢ c
HO/ \N/ \N/ \N/ \N/ \NH
Figure 15. Some oxidative photodegradation pathways for
PAN/Ag films with 250 < A < 400 nm.

higher energy radiation, a conjugated system (>C=N-),
was found to be generated.

Acknowledgment. We express our appreciation to the
Solar Energy Research Institute (SERI) for financial
support of this project under Subcontract XP-9-8011-1 to
A. G. Emanuel of E. 1. du Pont de Nemours Co. for sup-
plying the PAN polymer, and to Drs. J. Rafalko and M.
Borzo of Celanese Research Co. for providing the isotopic
PAN film. We are also grateful to Dr. S. S. Eaton,
University of Denver, for her assistance with the EPR
studies and to Dr. Henry Teoh of Brookhaven National
Laboratory for conductivity measurements.

Registry No. PAN, 25014-41-9; Ag, 7440-22-4.

References and Notes

(1) Popovic, Z. D.; Loutfy, R. O., J. Appl. Phys. 1981, 52, 6190.

(2) Papovic, Z. D. J. Chem. Phys. 1982, 76, 2714.

(3) Minami, N.; Sasaki, K.; Tsuda, K. J. Appl. Phys. 1983, 54,
6764.

4)
(5
(6

(M

®)

9
(10)
(11)
(12)
(13)
(14)
(15)

(16)

(17)
(18)
(19

(20)
(21)
(22)
(23)
(24)
(25)
(26)
27

(28)
(29)

(30)
(81)
(32)

(33)

(39)

(85)
(36)

(87

Photodegradation of Polyacrylonitrile Films 1453

Webb, J. D.; Schissel, P.; Czanderna, A. W.; Chughtai, A. R.;
Smith, D. M. Appl. Spectrosc. 1981, 35, 6, 598.

Webb, J.; Schissel, P.; Czanderna, A. W.; Smith, D. M.;
Chughtai, A. R. Proc. Electrochem. Soc. 1983, 83, 202.
Webb, J.; Jorgensen, G.; Schissel, P.; Czanderna, A. W.;
Chughtai, A. R.; Smith, D. M. In Polymers for Solar Energy
Utilization; Gebelein, G. C., Williams, D. J., Deanin, R., Eds.;
American Chemical Society: Washington, DC., 1983.

Webb, J. D.; Jorgensen, G. J.; Schissel, P.; Czanderna, A. W.;
Chughtai, A. R.; Smith, D. M. Proceedings of the Pittsburgh
Conference, Mar 1983, Abstract 134A.

Sergides, C. A.; Chughtai, A. R.; Smith, D. M.; Schissel, P. J.
Polym. Sci., Polym. Phys. Ed. 1985, 23, 8, 1573.

Smith, D. M.; Chughtai, A. R.; Sergides, C. A.; Schissel, P.
Proc. SPIE-Int. Soc. Opt. Eng. 1985, 562, 94.

Conley, R. T.; Bieron, J. F. J. Appl. Polym. Sci. 1963, 7, 1757.
Brandrup, J. Macromolecules 1968, 1, 72.

Friedlander, H. N.; Peebles, L. H., Jr.; Brandrup, J.; Kirby, J.
R. Macromolecules 1968, 1, 79.

Peebles, L. H.; Peebles, L. H.; Jr. In Encyclopedia of Polymer
Science and Technology; Mark, H. F., Bikales, N. M., Eds;
Wiley: New York, 1976; Supplement Vol. 1, p 1.

Gupta, A. K.; Maiti, A. K. J. Appl. Polym. Sci. 1982, 27, 2409.
Chung, T\ C.; Schlesinger, Y.; Etemad, S.; Macdiarmid, A. G.;
Heeger, A. J. J. Polym. Sci., Polym. Phys. Ed. 1984, 22, 1239.
Ranby, B.; Rabek, J. F. Photodegradation, Photooxidation
and Photostabilization of Polymers; Wiley: New York, 1975;
p 190.

McKellar, J. F.; Allen, N. S. Photochemistry of Man-made
Polymers; Applied Science: London, 1979; p 93.

Burlant, W. J.; Taylor, C. R. J. Phys. Chem. 1958, 62, 247.
Coleman, M. M.; Sivy, G. T. In Polymer Characterization;
Craver, C. D., Ed.; American Chemical Society: Washington,
D.C, 1983; Adv. Chem. Ser. 203, p 559.

Lerner, N. R. Polymer 1983, 24, 800.

Rafalko, J. J. J. Polym. Sci., Polym. Phys. Ed. 1984, 22, 1211.
Webb, J. D.; Schissel, P.; Czanderna, A. W.; Chughtai, A, R.;
Smith, D. M. J. Vac. Sci. Technol. 1982, 20 (4), 1069.
Sergides, C. A.; Chughtai, A. R.; Smith, D. M. J. Appl. Spec-
trosc. 1985, 39 (4), 735.

Greenler, R. G. J. Chem. Phys. 1966, 44, 310.

Greenler, R. G. J. Chem. Phys. 1969, 50, 1963.

Allara, D. L. In Characterization of Metal and Polymer Sur-
faces; Lee, L. H., Ed.; Academic: New York, 1977; Vol. 2, p
193.

Liang, C. Y.; Pearson, F. G.; Marchessault, R. H. Spectrochim.
Acta 1961, 17, 568.

Yamadera, R. J. Polym. Sci. 1961, 50, 54.

Tadokoro, H.; Murahashi, S.; Yamadera, R.; Kamei, T. L. JJ.
Polym. Sci., Part A 1963, 1, 3029.

Socrates, G. Infrared Characteristic Group Frequencies; Wi-
ley: New York, 1980.

Bellamy, L. J. The Infrared Spectra of Complex Molecules;
Champan and Hall: London, 1975; Vol. 1.

Pretsch, E.; Seibl, J.; Simon, W.; Clerc, T. Tables of Spectral
Data for Structure Determination of Organic Compounds,
Springer-Verlag: Berlin, Heidelberg, Germany, 1983; p 15.
Tables of Wavenumbers for the Calibration of Infrared
Spectrometers; International Union of Pure and Applied
Chemistry; Commission on Molecular Structure and Spec-
troscopy, Butterworths: Washington, DC, 1961, p 555.
Ranby, B.; Rabek, J. F. ESR Spectroscopy in Polymer Re-
search; Springer-Verlag: New York, 1977.

Clarke, A. J.; Bailey, J. E. Nature (London) 1973, 243, 146,
Smith, P. A.; Robertson, J. E. J. Am. Chem. Soc. 1962, 84,
1197.

Hamer, J.; Macaluso, A. M. Chem. Rev. 1964, 64, 473.



