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Abstract

The photo-destabilizing action of 1,3,5,7,8-pentamethylpyrromethene difluoroborate complex (PM546) on 1,3,5,7,8-pentamethyl-
2,6-diethylpyrromethene difluoroborate complex (PM567) and 1,3,5,7,8-pentamethyl-2,6-di-t-butylpyrromethene difluoroborate complex
(PM597) has been investigated. Acetonitrile solutions of PM567 and PM597 demonstrated accelerated photodegradation upon the addition
of PM546; whereas the photodegradation rate of the correspondingn-hexane solutions remained invariant with respect to PM546 addition.
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he enhanced photodegradation rate is explained by electron transfer from PM567 and PM597 to PM546. A PM546 singlet ox1O2,
2 (a1�g)) quenching rate constant of 3.86± 0.18 (2σ) × 107 dm3 mol−1 s−1 is obtained from infrared phosphorescence measurements2
a1�g → X3�g

−).
2004 Elsevier B.V. All rights reserved.
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. Introduction

The photostability of organic laser dyes limits their practi-
al applications to photonics where long lifetime and durabil-

ty are required. Previous investigations have measured the
hotostabilities of laser dyes possessing high fluorescence
uantum yields such as pyrromethene difluoroborate com-
lexes (PM dyes) and perylene diimides[1–5]. Molecular
xygen O2 plays an important role in the photodegradation
echanism of dyes and pigments[6,7]. The photobleaching
echanism may depend on oxygen and the nature of the sol-

ent.
The photodegradation of a mixture of laser dyes is im-

ortant for energy transfer dye lasers (ETDL), in which a
onor dye absorbs radiation to sensitize the emission of an
cceptor dye. The introduction of PM567 (donor dye) to the
erylene red (acceptor dye) has resulted in enhanced laser
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efficiency, improved photostability, and an extended tun
range of perylene red[8]. Ahmad et al. reported the photos
bility improvement of PM567/ethanol solutions and polym
dispersed PM567 by the addition of Coumarin 540 (C5
[9]. This was attributed to C540 hindering PM567 oxidat
possibly by quenching singlet oxygen. On the other h
Jones reported fluorescence quenching of pyrromethen
acetonitrile solutions by electron acceptors such as meth
ologen or pyromellitic dianhydride via electron transfer[10].
This may result in the decrease of photostability. Thus
addition of a donor dye could result in either an incre
or decrease of acceptor dye photostability dependent o
donor’s propensity to inhibit oxidation or promote elect
transfer.

In this paper we report on the change in photodegrad
rates of PM567 and PM597 solutions by PM546 addi
following intense 532 nm laser irradiation. To better un
stand the role of PM546 in the photodegradation of PM
and PM597, the singlet oxygen quenching rate consta
PM546 has been determined in acetonitrile solution.
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.11.013
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2. Experimental

Pyrromethenes 546, 567 and 597 were obtained from Ex-
citon Inc. and used as received. Rose bengal was obtained
from Aldrich and used without any further purification. Ace-
tonitrile (HPLC grade) andn-hexane (ultimAR grade) were
obtained from Aldrich and Mallinckrodt, respectively. The
second harmonic of a Q-switched Nd:YAG laser (Contin-
uum Surelite, 8 ns FWHM, 10 Hz) was used as an excitation
source.

Photostability experiments were carried out for
1.0× 10−5 mol dm−3 acetonitrile solutions of PM597/
PM546 and PM567/PM546 and for 1.0× 10−5 mol dm−3

n-hexane solutions of PM597/PM546 with varying PM546
concentration. Photodegradation was monitored by mea-
suring absorption spectra with a Varian Cary 300 Bio
UV–vis spectrophotometer following 532 nm irradiation. To
accelerate photodegradation 1.5 ml of the sample solution
was irradiated with a laser fluence of 150 mJ cm−2 pulse−1

consistent with fluence magnitudes of previous studies
carried out in this laboratory[3,5,7].

Fluorescence quenching of PM597 by PM546 in acetoni-
trile was measured using a Jobin Yvon Spex Fluorolog-3
spectrofluorimeter with a front-surface excitation emission
geometry.

For singlet oxygen quenching measurements 3.0 ml of
5 ith
v nm.
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Fig. 1. Absorption spectra of acetonitrile solutions of 1.0× 10−5 mol dm−3

PM567, 1.0× 10−5 mol dm−3 PM597, 2.5× 10−5 mol dm−3 PM546.

maxima occur at 491, 515, and 520 nm for PM546, PM567,
and PM597, respectively. At the laser excitation wavelength
(532 nm) the absorbance of PM597 is approximately twice
that of PM567 and the absorbance of PM546 is negligible.
Fig. 2displays PM597 absorption spectra with decreasing ab-
sorbance for cumulative pulses. Isobestic points are observed
near 300 and 430 nm.

Relative absorbance changes of PM567/acetonitrile,
PM597/acetonitrile and PM597/n-hexane solutions are com-
pared inFig. 3.

After 36,000 pump pulses a 34 and 51% decrease in ab-
sorbance was observed for acetonitrile solutions of PM567
and PM597, respectively. This degradation rate disparity may
be attributed to the difference in the 532 nm absorption co-
efficients[3]. In contrast with the results in polar acetoni-
trile, a 14% decrease in PM597 absorbance was observed
in n-hexane. This is consistent with previous photostability
studies[12]. The photostability of pyrromethene dyes in non-
polar solvents exceeds that of the polar solvents. One possible
explanation for the higher photodegradation rate in polar sol-

F
a

.6× 10−5 mol dm−3 rose bengal acetonitrile solutions w
arying PM546 concentrations were excited at 532
he resulting 1270 nm phosphorescence attributed t2
a1�g → X3�g

−) was detected at right angles to the la
ropagation and filtered by three high pass filters (Rolyn
550, 65.1398, 65.1400) and a 1270 nm narrow bandpa

er (Spectrogon Filter N13-1270-010-8). The low laser in
ity of 1.6 mJ cm−2 pulse−1 ensures a linear phosphoresce
esponse. The filtered infrared phosphorescence was im
nto the active element (0.5 cm× 0.5 cm) of a Judson ge
anium photodiode (J16D-M204-R05M-60) equipped w
preamplifier (PA-9-44) via a Herasil 1 in.f/1 lens. The

hotodiode output was collected and averaged over 20
ulses by a LeCroy 9350 500 MHz digital oscilloscope.
veraged phosphorescence decay profiles were stor
personal computer. Three phosphorescence profiles

ecorded for fresh solutions for each concentration.
Geometry optimizations of the S0 and T1 states of the PM

yes were performed using Becke’s three-parameter h
ensity functional in combination with the Lee–Yang–P
orrelation functional (B3LYP) and Handy’s pure den
unctional including gradient-corrected correlation (HCT
ll calculations were performed using Gaussian 03W[11].

. Results and discussion

.1. Photostability of PM567 and PM597 in solution

The absorbance spectra of the pyrromethene difluo
ate dyes in acetonitrile are displayed inFig. 1. The absorptio
ig. 2. Changes in the absorption spectra of 1× 10−5 mol dm−3 PM597
cetonitrile solution as a function of laser pulses.



N. Tanaka, W.N. Sisk / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 109–114 111

Fig. 3. Photodegradation of 1× 10−5 mol dm−3 pyrromethene dye solu-
tions, whereA/A0 designates the absorbance maximum normalized to the
absorbance maximum at 0 pulses. (�) PM597 inn-hexane, (©) PM567 in
acetonitrile, (�) PM597 in acetonitrile.

vents is due to the contribution of an oxygen independent
mechanism, which was postulated to explain the enhanced
photodegradation rate of PM567 thin films upon the applica-
tion of an electric field[13].

1D + hν → 1D∗ (1)

1D∗ + hν → 3D∗ (2)

3D∗ + D → [D•+ + D•−] (3)

[D•+ + D•−] → D•+ + D•− (4)

D•+ + D → products (5)

D•− + D → products (6)

Polar solvents would achieve better stabilization of the free
ions (Eq.(4)), thus resulting in more reaction products per
unit time.

In a recent study of PM597 photodegradation in methanol
dye photodegradation was observed to be second order with
respect to PM597 concentration in accordance with Eq.(7)
[5].

[PM597]0
[PM597]

= 1 + [PM597]0kt (7)

In the present investigation, least-squares fits of acetonitrile
a Eq.
( /
h ate
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i da-
t the
fi es.”
T be
a ster
1 ane
[

Fig. 4. Least-squares fit of PM-597 concentration vs. number of pulses (t)
to Eq.(7) (©) n-hexane solution and (�) acetonitrile solution. Solid lines
show the linear fits. Note: initial pulses are fitted for acetonitrile solutions.

Fig. 5shows the effect of 2.5× 10−5 mol dm−3 PM546 ad-
dition on the photostability of 1.0× 10−5 mol dm−3 PM567
and PM597. Addition of PM546 resulted in significantly
faster photodegradation of PM567 and 597 in acetonitrile.

On the other hand inn-hexane, PM546 addition resulted
in a nominal change in the photodegradation rate of PM597
and PM567. There is no significant decrease in absorbance
of PM546.Fig. 6 compares the ratios of the absorbance of

F
P l-
i f
1 -
l
P
a
(
PM597/2.5× 10−5 mol dm−3 PM546. (c) PM567/acetonitrile absorbance
normalized absorbance decay: (©) PM567 absorbance of acetonitrile solu-
tion of 1.0× 10−5 mol dm−3 PM567; (�) PM567 absorbance of acetonitrile
solution of 1.0× 10−5 mol dm−3 PM567/2.5× 10−5 mol dm−3 PM546.
ndn-hexane solutions of PM597 photodegradation to
7) are shown inFig. 4. The linear dependence of PM597n-
exane solutions to Eq.(7) suggests a photodegradation r

hat is second order with respect to concentration co
ent with PM597/methanol photodegradation[5]. To bette
llustrate deviation of the PM597/acetonitrile photodegra
ion from Eq.(7), the least-squares fit was restricted to
rst three data pair, i.e., the three lowest “number of puls
he non-linear fit of PM597/acetonitrile solutions may
ttributed to longer singlet oxygen lifetimes and/or fa
O2 quenching by PM597 in acetonitrile relative to hex
5,14,15].
ig. 5. Photodegradation of mixtures of 1.0× 10−5 mol dm−3 PM567 or
M597 and 2.5× 10−5 mol dm−3 PM546. (a) PM597/n-hexane norma

zed absorbance decay: (�) PM597 absorbance ofn-hexane solution o
.0× 10−5 mol dm−3 PM597; (�) PM597 absorbance ofn-hexane so

ution of 1.0× 10−5 mol dm−3 PM597/2.5× 10−5 mol dm−3 PM546. (b)
M597/acetonitrile absorbance normalized absorbance decay: (�) PM597
bsorbance of acetonitrile solution of 1.0× 10−5 mol dm−3 PM597;
�) PM597 absorbance of acetonitrile solution of 1.0× 10−5 mol dm−3
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Fig. 6. Plots of absorbance ratios after 36,000 laser pulses vs. PM546 con-
centration. (©) PM597/PM546 in acetonitrile, (�) PM567/PM546 in ace-
tonitrile.

PM567 and PM597 in acetonitrile after 36,000 laser pulses
for several PM546 concentrations, whereA0 andA represent
the absorbance in the absence and presence of PM546 after
36,000 laser pulses.

As the concentration of PM546 increases, the ratiosA0/A
monotonically increases.

In order to investigate the effect of oxygen, deoxygenated
sample solutions were irradiated. As shown inFig. 7slower
photodegradation was observed for the deoxygenated sam-
ples relative to the ambient samples. Under these conditions
photooxidation via oxygen is inoperative, however acceler-
ated photodegradation following PM546 addition occurs for
acetonitrile samples under vacuum. Thus, other photodegra-
dation mechanisms need to be considered.

These alternative photodegradation mechanisms may in-
volve the chemical reaction or complex formation between
PM546 and PM597. Complex formation and chemical reac-
tion were evaluated by analyzing the emission and absorption
spectra. Fluorescence quenching of PM597 by PM546 in ace-
tonitrile is shown inFig. 8with an excitation wavelength of

F d
a t
a ile
s

Fig. 8. Fluorescence quenching of PM597 by PM546 in acetonitrile for
532 nm excitation. The PM546 concentrations are 0, 1.8× 10−3 and
2.7× 10−3 M.

532 nm. There is no change in the shape of the fluorescence
spectra, which suggests no exciplex formation. Absorption
spectra even at the highest concentration of PM546 can be
reproduced by the sum of the PM597 and PM546 spectra, in-
dicating no ground state complex formation. The bimolecular
quenching constantkq is estimated using the Stern–Volmer
equation,

I0

I
= 1 + kqτ0[PM546] (8)

whereI0 andI are the fluorescence intensities in the absence
and the presence of the quencher andτ0 the fluorescence life-
time of PM597, 4.27 ns[16] in the absence of the quencher.
The I0/I versus [PM546] plot is observed to be linear. Lin-
ear regression analysis resulted in a bimolecular quenching
constant of 2.6× 1010 dm3 mol−1 s−1.

3.2. Effect of PM546 addition

To rationalize the higher PM597 photodegradation rate
and PM597 fluorescence quenching upon PM546 addition,
additional elementary reactions should be considered in the
photodegradation model[5]. Additional processes to con-
sider in PM597 photophysics are: (1) dipole–dipole inter-
action induced singlet–singlet energy transfer, (2) Dexter
triplet–triplet energy transfer, (3) PM546 sensitized singlet
o nsfer
f ans-
f y
o yes.
F -
i 597
( ave-
l is
c ence
f ave
ig. 7. Oxygen dependence of PM597 photodegradation. (©) deoxygenate
nd (�) ambient airn-hexane solution, (�) deoxygenated and (�) ambien
ir acetonitrile solution and (�) ambient air PM597/PM546 (1:1) acetonitr
olution.
xygen generation and (4) excited state electron tra
rom PM dyes to PM546. The singlet–singlet energy tr
er mechanism can be ruled out since the S1 state energ
f PM546 is much higher than those of the other PM d
rom noting the absorbance profiles inFig. 1 there is min

mal absorbance at 532 nm for PM546. Thus for PM
PM567) excited at 532 nm, PM597 fluorescence at w
engths≥532 nm will not lead to PM546 excitation. This
onsistent with the failure to observe PM546 fluoresc
ollowing 532 nm irradiation. Previous investigations h
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Table 1
Calculated total energies for the S0 and T1 states in hartrees and the relative energies of the T1 stateET in kcal mol−1

HCTH/3-21G B3LYP/3-21G(d)

S0 T1 ET S0 T1 ET

PM546 −873.1806645 −873.1190955 38.61 −873.2061878 −873.1446925 38.59
PM567 −1029.617821 −1029.557958 37.56 −1029.616355 −1029.556248 37.72
PM597 −1186.020021 −1185.963281 35.60 −1185.996168 −1185.938160 36.40

attributed the photodegradation of PM567 and PM597 to
singlet oxygen mediated photooxidation[1,5–7]. Since this
mechanism involves the dye triplet state, participation of the
triplet state is considered to explain increased PM597 pho-
todegradation upon PM546 addition. The longer triplet state
lifetime can make energy transfer possible. In order to evalu-
ate the Dexter triplet–triplet energy transfer mechanism (2),
DFT calculations were performed to determine S0 and T1
energies. Calculated total energies for the S0 and T1 states
and the relative energies of the T1 state are listed inTable 1.
The T1 energy of PM567 is in good agreement with the ex-
perimentally obtained value of 37.9 kcal mol−1 [17]. The T1
energy of PM546 is higher than those of PM567 and PM597.
Therefore, the triplet–triplet energy transfer is not a possible
path. Since PM546 possesses a relatively high fluorescence
yield in acetonitrileΦ = 0.93–0.95[18,19]and deoxygenated
PM597 exhibited accelerated photodegradation upon PM546
addition, PM546 sensitized singlet oxygen generation will be
a minor path for PM dye degradation. Further validation of
this was stable PM546 absorbance readings following the
prolonged 532 nm irradiation of a 2.5× 10−5 M PM546 ace-
tonitrile solution. On the basis of the fluorescence quenching
experiment, electron transfer may occur from the excited state
of PM597 to the ground state of PM546. The predicted stan-
dard free energy changes (�G◦) are displayed inTable 2. The
�G◦ values were estimated using the Rehm-Weller equation

�

w d
r vely,
E -
t en
t of
t d at
t e ex-
o pon
t MO
o ene

T
P

P
P
P

difluoroborate framework with� character. The overlap of or-
bitals may be effective due to similar family structures, which
results in efficient electron transfer,

D∗ + PM546� [D+ · · · PM546−] � D+ + PM546−

(D : PM567 or PM597) (10)

followed by[11]

PM546− + O2 → PM546+ O2
− (11)

D+ + O2
− → products (12)

D+ + D → products (13)

PM546− + D → products (14)

In non-polarn-hexane, solvent stabilization of the ion pair
is weaker resulting in a shift of the equilibrium in Eq.(10)
towards reactants. The failure to form the ion-pair leads to
deactivation of this photodegradation mechanism.

3.3. Phosphorescence quenching by PM546

The observed decrease in PM567 and PM597 photostabil-
ity upon PM546 addition is in marked contrast to the reported
photostability enhancement upon C540 addition[9]. In the
present experiment accelerated photodegradation predomi-
n bility
a ition.
A is
a
s d by
r es of
a le
s ho-
r
fi
v ence
d ration
c
r
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q on in
F rted
f ed
P pite
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P

G◦ = E

(
D

D+

)
− E

(
A

A−

)
− E00 − e2

εrDA
(9)

hereE(D/D+) andE(A/A−) are the half-wave oxidation an
eduction potential for the donor and acceptor, respecti
00 the excitation energy,ethe electronic charge,ε the dielec

ric constant of the solvent, andrDA the separation betwe
he donor and the acceptor. TherDA is equated to the sum
he radii of the donor and acceptor which were calculate
he B3LYP/6-31G(d) level. The free energy changes wer
ergic. The probability of electron transfer is dependent u

he orbital overlap between donor and acceptor. The LU
rbital of PM dyes is mainly delocalized in the pyrrometh

able 2
hotochemical and electrochemical properties of PM dyes

E(D/D+) (V)a E(A/A−) (V)a E00 (eV) �G◦ (eV)

M546 −1.18 –
M567 1.02 2.41 −0.17
M597 1.01 2.38 − 0.15
a Ref. [9].
ates in the competition between enhanced dye photosta
nd accelerated dye photodegradation upon PM546 add
n additive’s ability to enhance PM dye photostability
ttributed to singlet oxygen quenching[1,6,7]. The PM546
inglet oxygen quenching rate constant was determine
ecording the 1270 nm phosphorescence decay profil
n irradiated 5.6× 10−5 mol dm−3 rose bengal/acetonitri
olution with varying PM546 concentration. The phosp
escence temporal decay profiles are shown inFig. 9 with
tting curves by an exponential functionc0 +c1 exp(−c2t)
ia weighted linear regression. Increasing phosphoresc
ecay rates are observed for increasing PM546 concent
onsistent with1O2 quenching by PM546. A1O2 quenching
ate constant of 3.86± 0.18 (2σ) × 107 dm3 mol−1 s−1

as obtained from the Stern–Volmer plot of the appa
uenching rate constants versus PM546 concentrati
ig. 9 (insert). The obtained value is close to that repo

or PM567 in benzene[17]. The observation of accelerat
M dye photodegradation upon PM546 addition des

he significant1O2 quenching rate constant, suggests fa
inetics for PM546 electron transfer (Eq.(10)) rather than
M5461O2 quenching.
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Fig. 9. Time-resolved1O2 phosphorescence following 532 irradiation of
rose bengal/acetonitrile solution with varying PM546 concentration. Insert:
apparent1O2 quenching rate constant vs. PM546 concentration.

4. Conclusions

Gibbs free energy changes suggest electron transfer from
the excited states of PM567 and PM597 to the ground
state of PM546 as the mechanism responsible for the flu-
orescence quenching and the accelerated PM dye pho-
todegradation. The singlet oxygen quenching rate constant
of PM546 in acetonitrile was determined to be 3.86± 0.18
(2σ) × 107 dm3 mol−1 s−1. This suggests that in addition to
the singlet oxygen photodegradation mechanism, photoin-
duced electron transfer between the dye (PM567/PM597)
and additive (PM546), which also acts as a singlet oxygen
quencher, must be considered.
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