Photodegradation of Polymer-dispersed perylene di-imide dyes
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Abstract
Polymer-dispersed perylene di-imide dye photodegradation is investigated by monitoring the
fluorescence intensity as a function of 532 nm laser pulses. Anaerobically irradiated polymer-dye
films exhibited an accelerated decrease in fluorescence intensity, which was partially recovered
upon exposure to oxygen. Decelerated photodegradation rates were observed for perylene diimide ethanol solutions upon the addition of a singlet oxygen quenching antioxidant. These
observations suggest reversible photoreduction and Type II photo-oxidation as important
photodegradation mechanisms. Type II photo-oxidation for Perylene Red 532 nm irradiation is
supported by a singlet oxygen quantum yield of 0.09±0.03, determined via detection of timeresolved O2 (a1∆g → X3Σg-) infrared phosphorescence.

OCIS codes: 130.0130, 130.3130, 160.2540, 160.3130, 160.4890.

1. Introduction
Polymer-dispersed perylene di-imide dyes (Fig. 1) have found use in optical/optoelectronic
applications such as energy transfer dye lasers,1-3 solid-state dye lasers,4-6 optical amplifiers,7
luminescent solar concentrators,8 luminescent converters for blue LEDs9 and electron transport
materials for photovoltaics10-12. Of central importance to these applications is the dye
photostability. Previous photostability studies of pyrromethene difluoroborate dyes, used in
energy transfer dye lasers and solid-state dye lasers, have shown type II photo-oxidation to be the
primary mechanism of photodegradation.13 - 15 The perylene di-imide dyes, Perylene Red and
Perylene Orange, have demonstrated superior photostability relative to the pyrromethene
difluoroborate laser dyes, PM567 and PM597.4, 6, 14 Methyl methacrylate solutions of Perylene
Orange (BASF241) have demonstrated slower photodegradation, measured as a reduction in
lasing efficiency, under vacuum relative to ambient conditions for 532 nm irradiation.14 This
suggests photo-oxidation as the primary mechanism of photodegradation. Photoreduction of
Perylene Orange has also been reported.16
(Fig. 1)
In this report the photostability of polymer-dispersed films and solutions of Perylene Orange
and Perylene Red laser dyes are investigated for 532 nm laser irradiation under aerobic and
anaerobic conditions to better understand the photodegradation mechanism. Furthermore, the
singlet oxygen quantum yield was determined for Perylene Red, in an effort to determine the
relative importance of type II photo-oxidation for Perylene Red photodegradation.

2. Experimental
A. Photodegradation measurements
Perylene di-imide dyes were obtained from two sources and used without further purification.
Lumogen F Orange 240 (Perylene Orange) and Lumogen F Red 300 (Perylene Red) obtained
from BASF had molar masses of 710.873 and 963.956 grams respectively. Perylene Orange and
Perylene Red obtained from Exciton has molar masses of 710.87 and 1029.26 grams respectively.
Polyester (LR7804 density ~ 1.27 g cm-3) and poly(methyl methacrylate) (PMMA, average
molar mass ~ 120,000) were obtained from Radiant Color and Aldrich Chemical Company
respectively. Buckminster fullerene (C60) was obtained from Fullerene Enterprises. All of the
above chemicals were used without further purification. Thin film samples were fabricated by
spin casting (3000 rpm, 30 seconds) dye/polymer/chloroform solutions onto glass microscope
slides. These films were heated to 800C for 20 hours under vacuum. Films composition and
thickness values are listed in Table 1.

Table 1. Film composition and thickness
PMMA /g Polyester /g Dye/CHCl3 solution

Volume of dye/CHCl3
solution
5

Thickness
/µm
0.4

0.25

1.0×10-3 M
Lumogen F Red 300

0.5

6.0×10-4 M
Lumogen F Orange 240

5

1

5

1.0×10-3 M Perylene Red
(Exciton)

40

2

5

1.0×10-3 M Perylene
Orange (Exciton)

40

2

Photodegradation experiments were carried out by measuring the fluorescence (dye films) or
absorbance (dye solutions) following 532 nm irradiation provided by the second harmonic of a
pulsed Nd:YAG laser. The PMMA dispersed dye films cast on glass slides served as planar
waveguides for the resulting fluorescence similar to previous studies.17,18 The waveguided
fluorescence orthogonal to laser propagation was collected via a lens and focused onto the
entrance slits of a monochromator. This dispersed emission was detected by a photomultiplier
(Hamamatsu R928) tube and recorded via a boxcar integrator. An apparatus shown in Figure 2
was used for thin film fluorescence experiments. The spin cast slide served as a window for this
apparatus with the dye polymer film facing inward.

(Fig. 2)

For thin films under vacuum, the films were evacuated for 10 minutes prior to irradiation. A
one centimeter cuvette equipped with a cold finger and stopcock was used to measure the
absorbance of dye solutions following 532 nm irradiation. Solution phase samples were
deoxygenated by 15 freeze-pump-thaw cycles with liquid nitrogen. This was preferred over
nitrogen purging in order to maintain the initial volume of solution, since photodegradation rates
are solution dependent.

B. Singlet oxygen quantum yield measurements
Buckminster fullerene (C60) was obtained from Fullerene Enterprises and used as purchased.
HPLC grade benzene was purchased from Aldrich chemical Co. and used without further
purification.

Samples were irradiated with the second harmonic (532 nm) of a Nd:YAG laser and the
resulting O2 (a1∆g → X3Σg-) infrared phosphorescence at 1267 nm was detected at right angles to
the laser propagation. This phosphorescence was filtered by three high pass filters (Rolyn OG5550, 65.1398, 65.1400) and a 1270 nm narrow bandpass filter (Spectrogon Filter N13-1270010-8) and finally imaged on the active element of a high speed (τ ~ 1 µs) Applied Detector Ge
photodiode. Laser fluence values in the range of 0.5 – 1.4 mJ cm-2 pulse-1 resulted in a linear
laser power dependence. To avoid interference with Perylene Red fluorescence, apparent decay
profiles were fit to an exponential decay for two lifetimes after a 20 microsecond delay to ensure
fitting of 1O2 phosphorescence. Phosphorescence intensities were computed as the value of c1-c0.
Singlet oxygen production quantum yields were obtained from comparing plots of
phosphorescence intensity vs. absorbance for benzene solutions of Perylene Red to C60/benzene
solutions.19

3. Results and discussion
A. Thin film photodegradation
Figure 3 shows the photodegradation of polyester dispersed Lumogen F Red 300 and Lumogen F
Orange 240 films resulting from 532 nm irradiation under vacuum and ambient conditions.
Samples under vacuum exhibited an accelerated decrease of fluorescence relative to samples
under an ambient atmosphere. Partial recovery of fluorescence is observed when samples
irradiated under vacuum are exposed to the ambient atmosphere. Perylene Red and Perylene
Orange PMMA films also demonstrated an accelerated anaerobic photodegradation with partial
recovery upon exposure to the ambient atmosphere with cessation of the irradiation as shown in
Fig. 4. Egerton et al. observed a similar anaerobic photodegradation and recovery upon oxygen

exposure for nylon films containing 1-piperidinoanthraquinone.20 This was explained by
reversible photoreduction. Evidence for perylene di-imides behaving as good electron acceptors
is noted by their use as n-type conductors in photovoltaics10-12 and their use as photooxidants for
various substances via superoxide formation.21 – 23 Thus, reversible photoreduction is suggested
as a major component of the anaerobic photodegradation mechanism for the perylene di-imide
dyes.

(Fig. 3)

(Fig. 4)
To determine if the photodegradation deceleration observed in the ambient atmosphere is
attributed to oxygen, Perylene Red/PMMA films were irradiated under varying oxygen partial
pressures. Figure 5 shows decreasing photodegradation rates for Perylene Red and Perylene
Orange for increasing oxygen partial pressures. This shows that increased photodegradation
under vacuum is attributed to O2 removal. These results are contrary to those of Rahn, in which
slower photodegradation of deoxygenated Perylene Orange (BASF241) methyl methacrylate
solutions was observed relative to oxygenated solutions.14 This difference could be due to the
fact that PMMA is a better Lewis base than MMA, typically an electron acceptor due to
stabilization via carbanion delocalization upon electron acceptance.24 This illustrates the danger
in extrapolating photostability results from dye/monomer solutions to polymer-dispersed dyes.

(Fig. 5).

B. Ethanol Solution Photodegradation

Decreased photodegradation rates for oxygenated PMMA dispersed perylene di-imide dyes
relative to deoxygenated samples is attributed to suppression of photoreduction. The presence of
high electron affinity O2 suppresses photoreduction by intercepting electrons that would
normally reduce the excited state perylene di-imide dyes. Nevertheless, perylene di-imide dye
Type II photo-oxidation must be considered. Addition of the singlet oxygen quencher NaN3 is
expected to suppress Type II photo-oxidation resulting in increased perylene di-imide
photodegradation lifetimes. This predicted increase in photodegradation lifetime is observed in
Fig. 6a for NaN3 addition to Perylene Red ethanol solutions under aerobic conditions.

(Fig. 6).

For deoxygenated Perylene Red ethanol solutions addition of NaN3 resulted in accelerated
Perylene Red photodegradtion rates shown in Fig. 6b. Exposure of the photodegraded dye
solutions to the ambient atmosphere once again resulted partial recovery of dye absorbance. This
is consistent with reversible photoreduction proposed for perylene di-imide polymer films. The
increased photodegradation rate upon NaN3 addition for deoxygenated solutions is consistent
-

with N3 serving as a source of electrons for photoreduction. This is consistent with
anthraquinone triplet state quenching by electron donating inorganic anions (X-) as shown in
the scheme below, where D represents anthraquinone dye.20
D
3D

hν
⎯⎯→

+

X-

1D*

→

3D

→

D-•

+

(1)
X

(2)

The visible spectra of Perylene Red/ethanol solutions before and after 532 nm irradiation are
shown in Fig. 7. Following irradiation the decrease of the Perylene Red peak at 578 nm is

accompanied by the rise of a peak at 793 nm. This new peak is believed to be that of the
Perylene Red anion, stabilized by the sodium cation. Gosztola et al. observed absorbance peaks
at 526 nm and 700 nm for the neutral and anion respectively of a perylene di-imide derivative.25
This anionic bathochromic shift is consistent with assigning the new post-photolysis 793 nm
peak to the Perylene Red anion. Exposure of this anaerobically irradiated sample to the ambient
atmosphere resulted in a disappearance of the anion peak and partial recovery of the neutral
Perylene Red peak. This is believed to occur via the following mechanism.
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(Fig. 7)

Attempts to reproduce the above results with anaerobic irradiation of Perylene
Orange/NaN3/ethanol solutions were unsuccessful: the growth of an anion peak was not detected
and the Perylene Orange peak recovery was not observed upon exposure of the photolyzed
solution to the ambient atmosphere. This is in contrast to anaerobically irradiated Perylene
Orange/polymer thin films which exhibited partial recovery upon exposure to the atmosphere.
This suggests that reversible photoreduction observed for perylene di-imide polymer films as
well as Perylene Red ethanol solutions does not play a role in the photodegradation of Perylene
Orange ethanol solutions. Ethanol solutions of Perylene Orange may still undergo irreversible
photoreduction.

C. Singlet oxygen quantum yield

The relative photostabilization of Perylene Red by NaN3 irradiated under aerobic conditions in
Figure 6a suggests quenching of 1O2 and/or quenching of the triplet state of Perylene Red by
NaN3 according to the Type II photo-oxidation scheme:26
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Direct observation of O2 (a1∆g → X3Σg-) time-resolved infrared phosphorescence (Eq. 13) as
shown in Fig. 8 bolsters the possibility of the above Type II photo-oxidation mechanism. The
infrared phosphorescence was fit to the an exponential of the form:
phosphorescence intensity = c0 + c1 exp(-c2 t)
To gauge the relative importance of this mechanism the quantum yield of 1O2 infrared
phosphorescence was determined.

(14)

(Fig. 8)

Time-resolved 1O2 phosphorescence following 532 nm (1.06 mJ cm-2 pulse-1) irradiation of
2.1×10-5 M Perylene Red in benzene. The solid curve represents the exponential leastsquares fit
for a selected region of the phosphorescence decay profile following a 20 µs delay.

(Fig. 9)

The ratio of the least squares slopes of 1O2 phosphorescence vs. absorbance plots shown in
Fig. 9 is equal to the ratio of quantum yields, if the same solvent is used.20 This results in a
singlet oxygen quantum yield of 0.09 ± 0.03 (2σ) for Perylene Red. This value is comparable the
1

O2 quantum yield of 0.09 for the laser dye Pyrromethene 567 in benzene.27 Low quantum yields

for singlet oxygen are expected, since suitable laser dyes have high fluorescence quantum yields.
The higher photostability of the perylene di-imide dyes relative to the pyrromethene dyes may be
attributed to a lower singlet oxygen reaction rate constant, k11, for the perylene di-imide dyes
relative to the pyrromethene dyes.4,6,14
We have recently reported the enhanced photodegradation of Pyrromethene 567 and
Pyrromethene 597 by Pyrromethene 546 via electron transfer.28 The photoexcited Pyrromethene
567/597 donates an electron to Pyrromethene 546 initiating photodegradation. In that
pyrromethene system a competition exists between dye electron donation and 1O2 photooxidation. Both Pyrromethene 546 and 1O2 withdraw electrons from Pyrromethene 567/597 and
electron donation from the excited dye (PM597/567) is dominant under both aerobic and
anaerobic conditions. By contrast, the perylene di-imide photodegradation channels are
competitive between electron capture, prevailing ender anaerobic conditions, and electron

donation (photo-oxidation), prevailing under aerobic conditions. Thus electron transfer and type
II photo-oxidation contribute to the photodegradation of both pyrromethene and perylene diimide dyes. The primary difference is the higher photoreduction rate of perylene di-imide dyes
under anaerobic conditions and higher photo-oxidation rate of pyrromethene dyes under aerobic
conditions.

4. Conclusion
We have shown that perylene di-imide dye photodegradation consists of both Type II photooxidation and partially reversible photoreduction. Type II photo-oxidation prevails under aerobic
conditions, whereas photoreduction predominates under anaerobic conditions. This has
ramifications for the operation lifetime of photonic devices incorporating perylene di-imide dyes.
Oxygen-free device fabrication and encapsulation is used to extend the operation lifetime of
organic photonic devices.29-31 This procedure might not be suitable for perylene di-imide optical
and/or optoelectronic devices, since the exclusion of oxygen would facilitate the photoreduction
mechanism. A better strategy is device fabrication in the ambient environment incorporating 1O2
quenchers and/or triplet perylene di-imide dye quenchers to suppress Type II photo-oxidation.
Caution must be exercised in incorporating this strategy for optoelectronic devices, since these
devices consist of other components in addition to the polymer-dispersed dye phase.
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Figure Captions
Fig. 1. Generic perylene di-imide dye structure.

Fig. 2.
Thin film sample holder (a) O-ring. (b) thin film. (c) glass slide. (d) O-ring joint. (e) O-ring joint.
(f) stopcock.

Fig. 3
Normalized fluorescence following 532 nm irradiation for samples under ambient conditions
and vacuum c. z designates the normalized fluorescence for samples exposed to ambient
atmosphere for five minutes with no irradiation following irradiation under vacuum. (a) 2.5 ×10-4
M Lumogen F Red 300 / polyester (100 mJ cm-2 pulse-1, 2 Hz) λobs = 643 nm (b) 7.62 ×10-3 M
Lumogen F Orange 240 / polyester (86 mJ cm-2 pulse-1, 2 Hz) λobs = 587 nm.

Fig. 4.
Normalized fluorescence following 532 nm irradiation for samples under ambient conditions
and vacuum c. z designates the normalized fluorescence for samples exposed to ambient
atmosphere for 5, 10, 15, and 20 minutes with no irradiation following irradiation under vacuum.
(a) 1.2 ×10-3 M Perylene Red /PMMA (124 mJ cm-2 pulse-1, 10 Hz) λobs = 602 nm (b) 1.2 ×10-3
M Perylene Orange /PMMA (169 mJ cm-2 pulse-1, 10 Hz) λobs = 595 nm.

Fig. 5.
Normalized fluorescence following 532 nm irradiation for samples under and vacuum z, 10
Torr O2 c, 50 Torr O2

(Perylene Red) 30 Torr O2

(Perylene Orange), and 150 Torr O2 ∆.

(a) 1.2 ×10-3 M Perylene Red / PMMA (157 mJ cm-2 pulse-1, 10 Hz) λobs = 615 nm (b) 1.2 ×10-3
M Perylene Orange / PMMA (159 mJ cm-2 pulse-1, 10 Hz) λobs = 583 nm.

Fig. 6.
Normalized absorbance at 578 nm following 532 nm irradiation (138 mJ cm-2 pulse-1) of
3.33×10-5 M Perylene Red ethanol solutions devoid of NaN3 ( ) and with 3.33×10-4 M NaN3
(c)(a) under ambient conditions and (b) under vacuum. z designates the normalized
absorbance for samples exposed to ambient atmosphere for 0, 1, 2, and 3 minutes following
irradiation under vacuum.  designates the normalized absorbance for samples exposed to
ambient atmosphere for 1.5, 2.3, 3.3, 4.3 and 5.3 minutes following irradiation under vacuum.

Fig. 7.
Absorbance spectra of 1.67×10-5 M Perylene Red / 3.33×10-4 M NaN3 in ethanol: ______ initial
spectrum under vacuum,

____

following 6000 pulses 532 nm irradiation (138 mJ cm-2 pulse-1)

under vacuum and …… exposure of the 6000 pulse irradiated sample to the ambient atmosphere.

Fig. 8.
Time-resolved 1O2 phosphorescence following 532 nm 1.06 mJ cm-2 pulse-1 irradiation of
2.1×10-5 M Perylene Red in benzene. The solid curve represents the least-squares fit for a
selected region of the phosphorescence decay profile following a 20 µs delay.

Fig. 9.
Initial 1O2 phosphorescence intensity vs. absorbance for C60/benzene (c) and Perylene
Red/benzene ( ). ----- represents the leastsquares fit.
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