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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-pentamethyliZh6tgipyrromethene 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 correspondiegane solutions remained invariant with respect to PM546 addition.

The enhanced photodegradation rate is explained by electron transfer from PM567 and PM597 to PM546. A PM546 singlétyxygen (
O (aAg)) quenching rate constant of 3.86.18 (2r) x 10’ dm?® mol-1 s~ is obtained from infrared phosphorescence measurements of O
(atAg— X3%¢).

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction efficiency, improved photostability, and an extended tunable
range of perylene rd@]. Ahmad et al. reported the photosta-
The photostability of organic laser dyes limits their practi- bility improvement of PM567/ethanol solutions and polymer
cal applications to photonics where long lifetime and durabil- dispersed PM567 by the addition of Coumarin 540 (C540)
ity are required. Previous investigations have measured the[9]. This was attributed to C540 hindering PM567 oxidation,
photostabilities of laser dyes possessing high fluorescencepossibly by quenching singlet oxygen. On the other hand,
quantum yields such as pyrromethene difluoroborate com-Jones reported fluorescence quenching of pyrromethene dye
plexes (PM dyes) and perylene diimidgs-5]. Molecular acetonitrile solutions by electron acceptors such as methyl vi-
oxygen Q plays an important role in the photodegradation ologen or pyromellitic dianhydride via electron trangf].
mechanism of dyes and pigmef8s7]. The photobleaching  This may result in the decrease of photostability. Thus, the
mechanism may depend on oxygen and the nature of the sol-addition of a donor dye could result in either an increase
vent. or decrease of acceptor dye photostability dependent on the
The photodegradation of a mixture of laser dyes is im- donor’s propensity to inhibit oxidation or promote electron
portant for energy transfer dye lasers (ETDL), in which a transfer.
donor dye absorbs radiation to sensitize the emission of an  In this paper we report on the change in photodegradation
acceptor dye. The introduction of PM567 (donor dye) to the rates of PM567 and PM597 solutions by PM546 addition
perylene red (acceptor dye) has resulted in enhanced lasefollowing intense 532 nm laser irradiation. To better under-
stand the role of PM546 in the photodegradation of PM567
* Corresponding author. Tel.: +1 704 687 4433; fax: +1 704 687 3151. and PM597, the singlet oxygen quenching rate constant of
E-mail addresswsisk@email.uncc.edu (W.N. Sisk). PM546 has been determined in acetonitrile solution.
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2. Experimental

25 CH;

Pyrromethenes 546, 567 and 597 were obtained from Ex- PM546(2.5x) " e
citon Inc. and used as received. Rose bengal was obtained 7% N\
from Aldrich and used without any further purification. Ace- ) ! N —
tonitrile (HPLC grade) and-hexane (ultimAR grade) were g f \/B\/
obtained from Aldrich and Mallinckrodt, respectively. The §1‘5_ FoF CHy
second harmonic of a Q-switched Nd:YAG laser (Contin- 5 R
uum Surelite, 8 ns FWHM, 10 Hz) was used as an excitation £ 10 H PM546
source. CH; PM567

Photostability experiments were carried out for C(CHy; PM597

1.0x 105 moldm 3 acetonitrile solutions of PM597/ 05
PM546 and PM567/PM546 and for 1x010~° mol dm3
n-hexane solutions of PM597/PM546 with varying PM546 00 i
concentration. Photodegradation was monitored by mea- 300 400 500 532 600 700
suring absorption spectra with a Varian Cary 300 Bio Wavelength /nm

UV-vis spectrophotometer following 532 nm irradiation. To
accelerate photodegradation 1.5ml of the sample solution
was irradiated with a laser fluence of 150 mJ&pulse!

consistent with fluence magnitudes of previous studies ,ovima occur at 491 515. and 520 nm for PM546. PM567
carried out in this laborator}s,5, 7} , _ and PM597, respectively. At the laser excitation wavelength
_ Fluorescence quenching of PM597 by PM546 in acetoni- 535 nm) the absorbance of PM597 is approximately twice
trile was measured using a Jobin Yvon Spex Fluorolog-3 ihat of PM567 and the absorbance of PM546 is negligible.
spectrofluorimeter with a front-surface excitation emission Fig. 2displays PM597 absorption spectra with decreasing ab-

Fig. 1. Absorption spectra of acetonitrile solutions of £.00~> mol dm3
PM567, 1.0x 10~° mol dm~2 PM597, 2.5x 10> mol dm2 PM546.

geometry. _ sorbance for cumulative pulses. Isobestic points are observed
For singlet oxygen quenching measurements 3.0ml of o2 300 and 430 nm.
5.6 x 10~°>mol dm2 rose bengal acetonitrile solutions with Relative absorbance changes of PM567/acetonitrile

varying PM546 concentrations were excited at 532NM. p\597/acetonitrile and PM59%hexane solutions are com-
The resulting 1270 nm phosphorescence attributed o O pared inFig. 3

(a'Ag— X®%q") was detected at right angles to the laser ™ afier 36 000 pump pulses a 34 and 51% decrease in ab-
propagation and filtered by three high passfilters (Rolyn OG- s4pance was observed for acetonitrile solutions of PM567
5550, 65.1398, 65.1400) and a 1270 nm narrow bandpass fil-y 4 ppms97, respectively. This degradation rate disparity may
ter (Spectrogon I;Hter N113'1270'010f8)' The lowlaserinten- po atripyted to the difference in the 532 nm absorption co-
sity of 1.6 mJ cm* pulse * ensures alinear phosphorescence gficients[3]. In contrast with the results in polar acetoni-
response. The filtered infrared phosphorescence was 'mage’i{rile, a 14% decrease in PM597 absorbance was observed
onto the active element (0.5cr0.5cm) of a Judson ger- i, hexane. This is consistent with previous photostability
manium photodiode (J16D-M204-R05M-60) equipped with 1, gieq12]. The photostability of pyrromethene dyes in non-

a preamplifier (PA-9-44) via a Herasil 1iff1 lens. The 5 solvents exceeds that of the polar solvents. One possible
photodiode output was collected and averaged over 20 laselgy|anation for the higher photodegradation rate in polar sol-
pulses by a LeCroy 9350 500 MHz digital oscilloscope. The

averaged phosphorescence decay profiles were stored on

a personal computer. Three phosphorescence profiles were Number of laser pulses
recorded for fresh solutions for each concentration. 0.6~ —0
Geometry optimizations of theg@nd T; states of the PM — 52888
dyes were performed using Becke’s three-parameter hybrid 8 — 0%
density functional in combination with the Lee—Yang—Parr § 0.4
correlation functional (B3LYP) and Handy’s pure density §
functional including gradient-corrected correlation (HCTH). <
All calculations were performed using Gaussian OR\/. 0.2
3. Results and discussion ; | 1 .
%500 350 400 450 500 550 600

3.1. Photostability of PM567 and PM597 in solution Wavelength / nm

The apsorbanC? spectra .Of the py_rromethene diﬂU_OrObo'Fig. 2. Changes in the absorption spectra of 10-° mol dm3 PM597
rate dyesin acetonitrile are displayedrig. 1. The absorption  acetonitrile solution as a function of laser pulses.
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Fig. 3. Photodegradation ofx110-2moldmi2 pyrromethene dye solu-
tions, whereA/Aq designates the absorbance maximum normalized to the Eq.(7) (O) n-
absorbance maximum at 0 pulse&) PM597 inn-hexane, () PM567 in '

acetonitrile, 0) PM597 in acetonitrile.

vents is due to the contribution of an oxygen independent
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Fig. 4. Least-squares fit of PM-597 concentration vs. number of puses (
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~° mol dm~3 PM546 ad-

mechanism, which was postulated to explain the enhanceddition on the photostability of 1.8 10~> mol dm~3 PM567
photodegradation rate of PM567 thin films upon the applica- and PM597. Addition of PM546 resulted in significantly

tion of an electric field13].

faster photodegradation of PM567 and 597 in acetonitrile.
On the other hand in-hexane, PM546 addition resulted

1 1
D+hv—"D @ in a nominal change in the photodegradation rate of PM597
1ID* 4+ hy — 3D* 2) and PM567. There is no significant decrease in absorbance
of PM546.Fig. 6 compares the ratios of the absorbance of
3D* +D — [D*T + D*] (3)
[Do+ + Dof] - Do+ + D*— (4) 1.0 * z T .
(@ Foorox

D** + D — products (5) 08
D*~ + D — products (6) 06

0.4
Polar solvents would achieve better stabilization of the free 1o ®
ions (Eg.(4)), thus resulting in more reaction products per (b) i
unit time. £08 E !

In arecent study of PM597 photodegradation in methanol < o6 [ o 0

dye photodegradation was observed to be second order with 04 B, b
respect to PM597 concentration in accordance with(E)y. o i
[5]. ' .

05 LA
[PM597¢ . o,
————— =1+ [PM597gks 7 ! ¢
(PM597 +[ 1o (7) 0.6 .o,

0.4
In the present investigation, least-squares fits of acetonitrile s PP PP —
and n-hexane solutions of PM597 photodegradation to Eq. Pulses

(7) are shown irFig. 4. The linear dependence of PM587/

hexane solutions to E¢7) suggests a photodegradation rate Fig. 5. Photodegradation of mixtures of &0A0 5> moldm 3 PM567 or
that is second order with respect to concentration consis-!’MjWb a”g 2.5 1d(rS mzlxd;n’\;;gil\/l?ﬁ éa) PM;9T-hexaneln?rmal;

: | 1Zzed absorbance decay apsorbance ar-nexane solution o

Fent ok PM.59.7/methan0| photodegrad_apm. To better 1.0x 10-°moldm—3 PM597; (¥) PM597 absorbance afi-hexane so-
illustrate deviation of the PM597/acetonitrile photodegrada- |,sion of 1.0x 10-5 mol dn2 PM597/2.5x 10-5 mol dr3 PM546. (b)
tion from Eq.(7), the least-squares fit was restricted to the Pms597/acetonitrile absorbance normalized absorbance dégaPN597
first three data pair, i.e., the three lowest “number of pulses.” absorbance of acetonitrile solution of %@0~°moldn3 PM597;
The non-linear fit of PM597/acetonitrile solutions may be (W) PMS97 absorbance of acetonitrile Solution of £.00"°mol dm-®
attributed to longer singlet oxygen lifetimes and/or faster 7V597/2:5< 107> moldm * PMS46. () PMS67/acetonitrile absorbance
1 . . " . normalized absorbance decag) PM567 absorbance of acetonitrile solu-

O2 quenching by PM597 in acetonitrile relative to hexane o, of 1.0x 10-5 mol dnr-2 PM567; @) PM567 absorbance of acetonitrile
[5,14,15] solution of 1.0x 10-5 mol dnT3 PM567/2.5x 10~5 mol dn3 PM546.
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. . Fig. 8. Fluorescence quenching of PM597 by PM546 in acetonitrile for
PM567 and PM597 in acetonitrile after 36,000 laser pulses 532nm excitation. The PM546 concentrations are 0,x118° and

for several PM546 concentrations, whégandA represent 2.7x 1073 M.

the absorbance in the absence and presence of PM546 after
36,000 laser pulses. 532 nm. There is no change in the shape of the fluorescence

As the concentration of PM546 increases, the raAigé spectra, which suggests no exciplex formation. Absorption
monotonically increases. spectra even at the highest concentration of PM546 can be
In order to investigate the effect of oxygen, deoxygenated reproduced by the sum of the PM597 and PM546 spectra, in-
sample solutions were irradiated. As showrfig. 7 slower dicating no ground state complex formation. The bimolecular
photodegradation was observed for the deoxygenated samauenching constarky is estimated using the Stern—\olmer
ples relative to the ambient samples. Under these conditionsequation,
photooxidation via oxygen is inoperative, however acceler- p,
ated photodegradation following PM546 addition occurs for = 1+ kqro[PM546] (8)

acetonitrile samples under vacuum. Thus, other photodegra- ) o
dation mechanisms need to be considered wherelg andl are the fluorescence intensities in the absence

These alternative photodegradation mechanisms may in-2nd the presence of the quencher agithe fluorescence life-
volve the chemical reaction or complex formation between time of PM597, 4.27 nl6] in t_he absence of the _quench_er.
PM546 and PM597. Complex formation and chemical reac- 1 € lo/l versus [PM546] plot is observed to be linear. Lin-
tion were evaluated by analyzing the emission and absorption®af "€gression anal3/S|s resu[uledilln a bimolecular quenching
spectra. Fluorescence quenching of PM597 by PM546 in ace-constant of 2.6¢ 10'°dm® mol~*s™*.
tonitrile is shown inFig. 8 with an excitation wavelength of .
3.2. Effect of PM546 addition

1.0

. g . 9 o To rationalize the higher PM597 photodegradation rate
Y N 8 * * . and PM597 fluorescence quenching upon PM546 addition,
ol Y A = ” additional elementary reactions should be considered in the
' a A photodegradation mod¢b]. Additional processes to con-
. 08— M . sider in PM597 photophysics are: (1) dipole—dipole inter-
< v a . . . g
= v action induced singlet-singlet energy transfer, (2) Dexter
0.4 triplet—triplet energy transfer, (3) PM546 sensitized singlet
oxygen generation and (4) excited state electron transfer
0.2 from PM dyes to PM546. The singlet-singlet energy trans-
fer mechanism can be ruled out since thestate energy
0.0l | | | | of PM546 is much higher than those of the other PM dyes.
0 1 2 3 ax1e* From noting the absorbance profileskig. 1 there is min-
Number of laser pulses imal absorbance at 532nm for PM546. Thus for PM597

_ (PM567) excited at 532 nm, PM597 fluorescence at wave-
Fig. 7. Oxygen dependence of PM597 photodegradatiopdeoxygenated o gths>532 nm will not lead to PM546 excitation. This is

d bient aim-h lution, %) d ted anch) ambient S )
and @) ambient aim-hexane solution.4) deoxygenated and ambien consistent with the failure to observe PM546 fluorescence

air acetonitrile solution andn) ambient air PM597/PM546 (1:1) acetonitrile > ) o ’ ] -
solution. following 532 nm irradiation. Previous investigations have
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Table 1
Calculated total energies for thg 8nd T; states in hartrees and the relative energies of thetateET in kcal mot!

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

So T1 Er S T1 Er
PM546 —8731806645 —8731190955 38.61 —8732061878 —8731446925 38.59
PM567 —1029617821 —1029557958 37.56 —1029616355 —1029556248 37.72
PM597 —1186020021 —1185963281 35.60 —1185996168 —1185938160 36.40

attributed the photodegradation of PM567 and PM597 to difluoroborate framework witkr character. The overlap of or-
singlet oxygen mediated photooxidatifih5—7] Since this bitals may be effective due to similar family structures, which
mechanism involves the dye triplet state, participation of the results in efficient electron transfer,

triplet state is considered to explain increased PM597 pho- R R
todegradation upon PM546 addition. The longer triplet state D*+PM546= [D™ ---PM546] = D + PM546-
lifetime can make energy transfer possible. In orderto evalu- (D : PM567 or PM597) (10)
ate the Dexter triplet—triplet energy transfer mechanism (2),

DFT calculations were performed to determing&d T followed by[11]

energies. Calculated total energies for theaBd T, states  ppm546- + 0, — PM546+ 0, (11)
and the relative energies of the $tate are listed iffable 1
The T, energy of PM567 is in good agreement with the ex- D' + 02~ — products (12)

perimentally obtained value of 37.9 kcal mél[17]. The Ty
energy of PM546 is higher than those of PM567 and PM597.
Therefore, the triplet—triplet energy transfer is not a possible PM546™ + D — products (14)
path. Since PM546 possesses a relatively high fluorescence - . .
yield in acetonitriled = 0.93-0.9418,19]and deoxygenated In non-polarn-hexane, solvent stabilization of the ion pair
PM597 exhibited accelerated photodegradation upon PM546'S wezker resulting 'Il'nha fh;ﬂ of th? eqm::br!um m_E(;j.OL
addition, PM546 sensitized singlet oxygen generation will be Ijowar. S r.eact?nr:.s. he 3' ure ctjo 'orm t eh|oq-pa|r eads to
a minor path for PM dye degradation. Further validation of eactivation of this photodegradation mechanism.

this was stable PM546 absorbance readings following the )

prolonged 532 nm irradiation of a 22610~° M PM546 ace- 3.3. Phosphorescence quenching by PM546

tonitrile solution. On the basis of the fluorescence quenching The ob dd in PM567 and PM597 oh bil
experiment, electron transfer may occur from the excited state € observed decrease in an photostabil-

of PM597 to the ground state of PM546. The predicted stan- ity upon PM546 additionis in marked contrast.to the reported
dard free energy changes@°) are displayed ifable 2 The photostability enhancement upon C540 addifi®h In the

AG® values were estimated using the Rehm-Weller equation present experiment accelerated photodegradation predomi-
nates in the competition between enhanced dye photostability

. D A e2 and accelerated dye photodegradation upon PM546 addition.
AG =E (ﬁ) - E (A_> — Eoo— ) An additive’s ability to enhance PM dye photostability is
attributed to singlet oxygen quenchifiy6,7]. The PM546
whereE(D/D") andE(A/A ~) are the half-wave oxidationand  singlet oxygen quenching rate constant was determined by
reduction potential for the donor and acceptor, respectively, recording the 1270 nm phosphorescence decay profiles of
Ego the excitation energgthe electronic charge the dielec- an irradiated 5.6 10~>mol dm3 rose bengal/acetonitrile
tric constant of the solvent, anga the separation between solution with varying PM546 concentration. The phospho-
the donor and the acceptor. Tt is equated to the sum of  rescence temporal decay profiles are showRim 9 with
the radii of the donor and acceptor which were calculated at fitting curves by an exponential functias + c; exp(—cot)
the B3LYP/6-31G(d) level. The free energy changes were ex- via weighted linear regression. Increasing phosphorescence
oergic. The probability of electron transfer is dependent upon decay rates are observed for increasing PM546 concentration
the orbital overlap between donor and acceptor. The LUMO consistent witHO, quenching by PM546. AO, quenching
orbital of PM dyes is mainly delocalized in the pyrromethene rate constant of 3.860.18 () x 10’ dm®mol-1s!
was obtained from the Stern—Volmer plot of the apparent

D* + D — products (13)

ETrDA

Table 2 guenching rate constants versus PM546 concentration in
Photochemical and electrochemical properties of PM dyes Fig. 9 (insert). The obtained value is close to that reported
E(D/D*) (V)2 E(A/AT) (V)2  Ego(eV) AG° (eV) for PM567 in benzengl7]. The observation of accelerated
PM546 _1.18 _ PM dye photodegradation upon PM546 addition despite
PM567  1.02 2.41 -0.17 the significantO, quenching rate constant, suggests faster
PM597  1.01 2.38 - 015 kinetics for PM546 electron transfer (E(LO)) rather than

a Ref.[9]. PM54610, quenching.
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Fig. 9. Time-resolvedO, phosphorescence following 532 irradiation of
rose bengal/acetonitrile solution with varying PM546 concentration. Insert:
apparentO, 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 3i86.18
(20) x 10" dm® mol~1s~1. This suggests that in addition to
the singlet oxygen photodegradation mechanism, photoin-

[11] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,

J.R. Cheeseman, J.A. Montgomery, Jr., T. Vreven, K.N. Kudin,
J.C. Burant, J.M. Millam, S.S. lyengar, J. Tomasi, V. Barone,
B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Peters-
son, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B. Cross, C.
Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J.
Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K. Mo-
rokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski,
S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K. Malick,
A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui,
A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe,
P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A.
Pople, Gaussian 03, Revision B.03, Gaussian, Inc., Pittsburgh PA,
2003.

duced electron transfer between the dye (PM567/PM597)[12] M. Ahmad, T.A. King, D.-K. Ko, B.H. Cha, J. Lee, Opt. Commun.

and additive (PM546), which also acts as a singlet oxygen
quencher, must be considered.

203 (2002) 327.

[13] K. Kang, W.N. Sisk, M. Yasin, F. Farahi, J. Photochem. Photobiol.

A: Chem. 121 (1999) 133.

[14] R.D. Scurlock, P.R. Ogilby, J. Photochem. Photobiol. A: Chem. 72

(1993) 1.

Acknowledgement [15] M.A.J. Rodgers, J. Am. Chem. Soc. 105 (1983) 6201.
[16] J.B. Prieto, F.L. Arbeloa, V.M. Maimez, T.L. Arbeloa, I.L. Arbeloa,

The authors are grateful to Prof. T. Fujii of Shinshu Uni-
versity for his encouragement throughout this work.

J. Phys. Chem. A 108 (2004) 5503.

[17] A.A. Gorman, |. Hamblett, T.A. King, M.D. Rahn, J. Photochem.

Photobiol. A: Chem. 130 (2000) 127.

[18] R.Y. Lai, A.J. Bard, J. Phys. Chem. B 107 (2003) 5036.
[19] F.L. Arbeloa, T.L. Arbeloa, I.L. Arbeloa, J. Photochem. Photobiol.

References

[1] M.D. Rahn, T.A. King, Appl. Opt. 34 (1995) 8260.

A: Chem. 121 (1999) 177.



	The photodegradation of pyrromethene 567 and pyrromethene 597 by pyrromethene 546
	Introduction
	Experimental
	Results and discussion
	Photostability of PM567 and PM597 in solution
	Effect of PM546 addition
	Phosphorescence quenching by PM546

	Conclusions
	Acknowledgement
	References


