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Abstract

Photophysics and photochemistry of acridinedione (ADD) dyes doped in PMMA matrix have been studied using fluorescence and flash
photolysis technique. The absorption and emission spectra of acridinedione dyes in PMMA matrix are broad. A pronounced influence
of Lexc ON the red shift of ADD fluorescence spectra was found which is independent of the various substituents in the ADD dyes. This
observed shift was explained by the inhomogeneity in the PMMA matrix site results in the migration of the electronic excitation energy
from the blue centres to red ones. The inhomogeneous distribution of ADD dyes in PMMA matrix causes the non-exponential fluorescence
decay. The triplet lifetimes of these dyes in polymer matrix is found to be in millisecond time domain, whereas in solution the triplet lifetime
is in microseconds. Laser flash photolysis shows that the photoionisation of ADD dyes in PMMA matrix results in the formation of an
electron and a cation radical. Steady state photolysis of ADD dyes in PMMA matrix was carried out. ADD dyes have higher photostability
in PMMA matrix than in solution.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction better optical transparency and its superior resistance to laser
damagd8].

The influence of molecular structure and motion of Polymer matrices have been considered as a convenient
polymer matrices on the photochemical and photophysical media for spectroscopic investigation of excited triplet
processes of molecularly doped chromophores is a topic ofstates over wide temperature ranges and the use of pho-
current interest. Over the last decade, important advancegophysically detectable probes allow the investigation of
in the preparation of inorganic glasses have taken placethe structure of polymer matrices and of photophysical
through the application of the sol-gel methidd. Organic transitions connected with changes in the mobility of cer-
molecules can be trapped within the ceramic matrix if they tain structural units. Such studies are connected with the
are dissolved in the medium during gelati@j. Dyes have  practical interests connecting the reactivity of low molec-
been used as probes to monitor the gelation process andilar compounds embedded in polymer matrices in pho-
as permanent guests imparting to the glass specific pho-tomemory and photosensitive polymer systems, and of
toreactivity, such as photoconductivifg], photochemical  the reactivity of additives admixed to polymers as sta-
hole-burning capabilitief8] and photochromisi#]. One of bilisers against photodegradation and thermal degradation
the important advantages of transparent polymers compared?9].
with inorganic glasses and crystals are that they exhibit su- The lifetime of the excited state depends on a number of
perior optical homogeneity, which is extremely important in factors such as environment, energy difference between the
fabricating conventional optical elements for various laser ground and excited states, type of chromophore, etc. The
applicationg5-7]. The most frequently used polymeric ma- solid state environment enables the molecule to enhance
terial is poly(methyl methacrylate) (PMMA) because of its the lifetime at its excited state than the liquid state and

gaseous phase and is due to its rigid nature of the solid
ST i surroundings. Difference between the solid state reactions
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methacrylate) and polystyrene, which form a transparent CaCh and then distilled twice under reduced pressure and
glassy substances even at room temperature. Poly(methykept at low temperature to prevent polymerisation.
methacrylate) is an organic glass and usually regarded
as an inert matrix for photochemical and photophysical 2.2. Preparation of ADD dyes in MMA polymer
processes. matrix [28]

Polymer matrices have much influence on the triplet life-
time of organic molecules. Non-exponential decay of triplet The ADD dyes were dissolved in 25ml of purified
state was reported for various aromatic hydrocarbons, dopedmonomer to give a solution with concentrations of 10~4
in polymer matrice§10—13] The photophysics of pyrene in  to 7 x 10~4 M. After the addition of 0.015g AIBN to the
organic glassy polymers was examined by Avis and Porter solution in a stoppered pyrex tube of diameter 2.5cm cov-
for PMMA glasseq14]. Fujiwara et al. studied the drastic ered with aluminium foil, was immersed in a water bath at
changes of fluorescence dynamics in pyrene doped PMMA 50-60°C for 12—18 h. This method gives reproducible high

latex microspherefl5]. quality PMMA polymeric glasses. The solid samples were
Acridinedione dyes have been reported as a new classthen annealed at 12C for 2 h before cut and polished to
of laser dyes with lasing efficiency comparaljlis6—19] appropriate shapes. The absorption spectra of ADD dyes

to that of coumarin-102 and these dyes have structuralwere found to be independent of the AIBN addition which
similarities with NADH. These dyes have been shown to confirms that there is no degradation of ADD dyes during
mimic the NADH analogs to greater extent because of the polymerisation processes.
its tricyclic structure, which is capable of protecting the Absorption spectra were recorded on a Hewlett—Packard
enamine moiety20]. The photophysical and photochemi- 8452A diode array spectrometer. Steady state photolysis ex-
cal properties of acridinedione dyes in solution have been periments were carried out using a Spectroline low-pressure
extensively studied21-27] In the present investigation, mercury pencil ray lamp with a maximum output at 365 nm.
acridinedione dyes were doped into the PMMA matrix. The intensity of light reaching the matrix has been mea-
The flash photolysis of acridinedione dyes was carried out sured to be ®4 x 10'° photons per second. Conventional
using conventional flash photolysis and laser flash photol- flash photolysis experiments were carried out using an Ap-
ysis techniques. The following dyes were selected for the plied Photophysics KN-020 series flash kinetic spectrometer
investigation. fitted with a Czerney Turner monochromator and a Hama-
matsu R928 photomultiplier tube as detector and equipped
0 R! 0 with an IE-567 Digitest Lab, India oscilloscope for signal
capture and display. Laser flash photolysis experiments were
carried out using the third harmonic output from a Quanta
Ray GCR-2 Nd-YAG laser (355 nm, 8 ns). The monitoring

N source was a 250 W pulsed xenon lamp. The transient sig-
nals were captured with a 54201A Hewlett—Packard digi-
R tal storage oscilloscope interfaced to a PC via GPIB-IEEE
488 board and the analysis of the data were done using an
ADD-1 — : R=H, R'=CH; in-house developed software described elsew[’9E

Fluorescence spectra were recorded using a Perkin-Elmer
LS5B luminescence spectrometer. Fluorescence decay
ADD-3 . R=CH,, R'=CH, was recorded using TCSPC method using the follow-
ing set-up. A diode pumped millennia CW laser (Spectra
Physics, 532 nm) was used to pump the Ti—Sapphire rod
) in Tsunami picosecond mode locked laser system (Spectra
2. Experimental Physics). The 750 nm (82 MHz, 2.4 ps FWHM) was taken
from the Ti—-Sapphire laser and passed through pulse picker
The dyes 1-3 used in the study were prepared following (Spectra Physics, 3980 2S) to generate 4 MHz pulses. The
the methods described in the literat&5]. The experi-  second harmonic output (375 nm) was generated by a flexi-
ments were carried out using methanol as solvent (HPLC ple harmonic generator (Spectra Physics, GWU 23PS). The
grade, Qualigens, India Ltd.). The methyl methacrylate vertically polarised 375 nm laser was used to excite sample.
(MMA) was purchased from E. Merck. Azobisisobutyroni- The incident power at the sample compartment is 0.3 mW.

ADD-2 : R=H, R' = C¢H;s

trile (AIBN) was purchased from Fluka. The fluorescence emission at magic angle (54vwas dis-
persed in a monochromatof/3 aperture), counted by a
2.1. Purification of MMA MCP PMT (Hamamatsu R 3809) and processed through

CFP, TAC and MCA. The instrument response function for
The methyl methacrylate was extracted with 2M NaOH this system is~52 ps. The fluorescence decay is obtained
solution, washed several times with water and dried over which is further analysed using IBH software (DAS6).
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Fig. 1. Absorption spectrum of ADD dyes in PMMA matrix: (1) ADD-1; (2) ADD-2; (3) ADD-3.

3. Results and discussion in PMMA matrix and methanol are compiled irable 1 In
comparison with methanol, the absorption and fluorescence
3.1. Absorption and fluorescence maximum of ADD dyes are blue shifted with broadening

(around 10 nm measured at FWHM) in the respective spec-
Acridinedione dyes have the absorption maximum around trum. Solvent effect on the absorption and emission spectral
360-374nm in PMMA matrix. The absorption spectra of properties of ADD dyes have been thoroughly studied and
ADD dyes in PMMA matrix are shown ifig. 1. The emis- reported by Srividya et a[26]. On decreasing the solvent
sion spectra of ADD dyes in PMMA matrix were recorded polarity the absorption and emission maximum of ADD dyes
by exciting at the absorption maximum. The emission spec- are blue shifted. Based on the solvent effect, the absorption
trum of ADD dyes in PMMA matrix are shown ifig. 2 and fluorescence of ADD dyes are assigned to intramolec-
The absorption and fluorescence spectral data of ADD dyesular charge transfer. The blue shift in the absorption and
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Fig. 2. Emission spectrum of ADD dyes in PMMA matrix: (1) ADD-1; (2) ADD-2; (3) ADD-3.
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Table 1 polymerisation process it is known that the dyes are trapped
Absorption and emission maxima of ADD dyes in PMMA matrix and in  in different sites having different free volume and environ-
methanol ment[30,31]. Excitation of ADD in fluid media will lead to
Dyes Absorption Emission fast relaxation to a most stable solvent relaxed state and the
PMMA Methanol  PMMA Methanol emission originates from this state. So in fluid media, the
matrix (hm)  (nm) matrix (nm) (nm) emission maximum is independent of excitation wavelength.
ADD-1 371 380 425 447 In polymer matrix, the relaxation rate constant is smaller
ADD-2 364 375 420 437 than the fluorescence rate constant and hence the emission
ADD-3 374 384 443 464 will occur from a excited state corresponding to the solva-

tion site specifically excited. In the rigid polymer matrix, the

dynamic equilibrium between the different solvation sites is
fluorescence maximum of ADD dyes in PMMA matrix indi-  |ost and excitation of ADD dyes in a given solvation site
cates that the dyes experience a less polar environment comyyjl| lead to an emission of the ADD in that solvation site,
pared to methanol. The fluorescence maximum are greatlywhich results in the excitation wavelength dependence of
influenced by solvents than the absorption maximum which fluorescence of ADD in po]ymer matr[}SO,:g]_]_ The mag-
indicates that the excited state is more polar than the groundnjtude of the shift depends on the environment in the matrix

state. generating a local electric fie[@2].
The excitation spectrum of ADD-1 dye in PMMA ma-
3.2. Inhomogeneous broadening trix monitoring at different emission wavelength is shown

in Fig. 4 The excitation maximum shifts towards red re-

The absorption and fluorescence spectra of ADD dyes in gion on shifting the monitoring emission wavelength from
PMMA matrix are broad when compared to the same in 425 to 500 nm. Depending on the environment the excita-
solution. The fluorescence maximum of ADD dyes depends tion energy of ADD dyes varies. The monitoring emission
on the excitation wavelength. The fluorescence spectra ofwavelength dependence of the excitation spectrum of ADD
ADD-1 in PMMA matrix at different excitation wavelength  dyes confirms the inhomogeneous environment in PMMA
are shown irFFig. 3. A red shift of the fluorescence maximum matrix. Based on the above results, the broadening of
by 50 nm (from 402 to 452 nm) is observed while shifting the absorption spectrum is attributed to the inhomogeneous
Aexc from 340 to 400 nm in PMMA matrix. The substituent distribution of ADD dyes in PMMA matrix. Similar to the
in the 9th position and on the nitrogen of the ADD dyes excitation wavelength dependency of the emission spectra,
does not play any role in the above observation. emission wavelength dependency of the excitation spectra

The observed shift in the fluorescence maximum with also independent of the substituent in the 9th position and
can be explained by the trapping of ADD dyes in different the nitrogen of the ADD dyes.
environments of the PMMA matrix. Their relaxation during The emission spectral broadening of ADD dyes in matrix
the excited state lifetimes is limited by the free volume (mo- is due to the inhomogeneous environment in the PMMA
bility in the matrix cage) present in these sites. During the matrix which leads to the migration of the excitation
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Fig. 3. Emission spectrum of ADD-1 at different excitation wavelengths: (1) 340 nm; (2) 360 nm; (3) 380 nm; (4) 400 nm.
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Fig. 4. Excitation spectrum of ADD-1 at different emission wavelengths: (1) 425nm; (2) 430 nm; (3) 450 nm; (4) 475nm; (5) 500 nm.

energy from the blue centres to the red one. Zurkowska and3.3. Fluorescence lifetime

co-workers reported this type of energy migration in a set

of flavomononucleotide (FMN) in PVA filmg33,34] Fig. 5 The fluorescence decay curve of all the ADD dyes in
shows the scheme of energy levels of fluorescent centres ofmethanol show single exponential on excitation at 375nm.
ADD molecules in PMMA matrix. The photoselection of In PMMA matrix, the fluorescence decay curve of ADD
the blue centres with highest energig is followed by non-  dyes does not obey single exponential fit, but they are sat-
radiative energy transfer to the centres with low endfgy isfactorily fitted by the triexponential function according to
Similarly each respective group of centres emit characteris- the equation

tic fluorescence with a red shifted maximum. The excitation ¢

of the system afiexc = 360Nnm does not show the fluo- () =A+ ZB exp( >

rescence contribution of the groups A and the excitation at !

Aexc = 380 nm does not show the contributions of the group where B; and 7; are the pre-exponential factors and fluo-
B in the total fluorescence. rescence lifetimes. The multiexponential analyses of the
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Fig. 5. lllustration of the effect of inhomogeneous broadening of energy levels on the mechanism of energy migration in ADD dyes in polymer matrix;
k rate constant for energy transfer.
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Fig. 6. Fluorescence decay of ADD-1 in PMMA matrix, emission monitored at 430 nm.

fluorescence decay of ADD-1 in PMMA matrix are shown 3.4. Flash photolysis

in Fig. 6. The lifetimes of all the ADD dyes monitored at

the respective emission maximurfaple J) is shown in the Conventional flash photolysis of ADD dyes in PMMA
Table 2 The triexponential fit is only an approximation to matrix were carried out using a cylindrical matrix of 5cm
the non-exponential decay of ADD dyes trapped in different length. The transient absorption spectrum of ADD dyes in
sites of the PMMA matrix. PMMA matrix is shown inFig. 7. All the ADD dyes exhibit
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Table 2

Fluorescence lifetimes of ADD dyes in PMMA matrix monitored at respective emission maxima

Dyes 71 (NS) 72 (ns) 3 (NS) X2
ADD-1 1.4+ 0.2 (4.76) 3.9+ 0.4 (32.81) 8.1+ 0.5 (62.43) 1.049
ADD-2 1.3+ 0.2 (6.40) 3.2+ 0.4 (31.46) 7.7+ 0.5 (72.14) 1.036
ADD-3 1.5+ 0.2 (1.41) 4.2+ 0.4 (24.47) 9.7+ 0.5 (74.11) 1.039

transient absorption maximum in the region of 610—650 nm Table 3

and the transient decay follows first-order kinetics. Triplet absorption maxima of ADD dyes in PMMA matrix and in methanol
Srividya et al. reported a similar transient absorption Dyes In PMMA matrix In methanol

maximum in the laser flash photolysis of ADD dyes in or- Absorption Lifetime Absorption Lifetime

ganic solvents such as methanol and acetonit2ifd. The maximum (nm) (ms) maximum (nm)  (us)

triplet lifetime of ADD in PMMA matrix is found to be in ADD-1 620 54.9+ 0.2 620 1.5+ 0.2

the order of milliseconds, whereas in solution (methanol) ADD-2 640 112.0+ 0.2 640 17.3£ 0.2

the triplet lifetime is found to be in the microsecond range. APD-3 640 444+ 02 640 79+ 02

The triplet lifetime and absorption maximum of ADD dyes

in PMMA matrix and in methanol are given ifiable 3 Laser flash photolysis of ADD dyes were carried out in
The increase in the triplet lifetime is attributed to the methanol and also in PMMA matrix. The transient absorp-
stabilisation of triplet state by the rigid environment of tion spectrum of ADD-3 in methanol and PMMA matrix
the polymer matrix. In homogeneous solution, collisions is shown inFig. 8c Both in methanol and PMMA matrix
between the solvent molecules and ADD dyes can effec- the triplet absorbs around 610-650 nm. The triplet decay
tively deactivate the triplet state of ADD via non-radiative of ADD-3 in PMMA and methanol monitored at 620 nm is
pathway. Such collisions are not be possible in PMMA shown inFig. 8k In methanol triplet decays within 1QGs
matrix. and in PMMA matrix decay lives upto millisecond. ADD
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Fig. 7. Conventional flash photolysis of ADD dyes in PMMA matrix: (a) transient absorption spectrum of ADD dyes in PMMA matrix recorded
immediately after flash: (1) ADD-1, (2) ADD-2, (3) ADD-3; (b) transient decay of ADD-3 monitored at 640 nm; (c) kinetic analysis of ADD-3 of the
transient decay monitored at 640 nm.
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Fig. 8. Laser flash photolysis of ADD-3 in PMMA matrix (1) and in methanol (2): (a) transient decay monitored at 440 nm; (b) transient decay monitored

at 640 nm; (c) transient absorption spectrum of dye recordes &ter the laser flash.

dyes show another transient absorption maximum at 440 andin PMMA matrix and this prevents the further reaction of
460 nm in PMMA matrix, methanol, respectively. electron with ADD molecules. The 420—440 nm transient in
Recently, Mohan and Mittgl35] reported the pulse ra- PMMA matrix is due to the cation radical of ADD. The re-
diolysis of ADD dyes in organic matrix. Pulse radiolysis combination of electron and cation radical occurs predomi-
of ADD in an organic matrix shows transient absorption at nantly in PMMA matrix. The recombination reaction favours
420-440 nm. The transient in this region is assigned to thethe triplet induction when the ion pair energy is higher than
cation radical of ADD. Photoionisation of acridinedione the triplet state of ADD. The enhancement of triplet ab-
dyes in PMMA matrix results in cation radical and an sorption in PMMA matrix is nicely explained by the triplet
electron. The mobility or diffusion of electron is prevented induction by the ion pair recombination. The recombination

O R O O R O O R O
hv - Solution -
| | _— | . | """ e —_—> [ . + €y
+ +
) y )
k R R
ADD
lADD

Anion Radical + Ketyl Radical + Carbon
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Scheme 1.

R=H, Ph, CH,
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results in the formation of triplet state of ADD which is cesses (NCUFP) and fellowship to V.T. Fellowship received
reflected in the enhancement of triplet absorption of ADD by C.S. from Council of Scientific and Industrial Research
dyes in PMMA matrix Fig. 8b. Scheme lillustrates the is gratefully acknowledged.

photochemical reactions of ADD dyes in PMMA matrix and
in solution.

The photochemical oxidation of ADD dyes have been
rep(_)rted[27]. ADD dyes undergo phot0|on|sat|on n th.e [1] K.R. ller, The Chemistry of Silica, Wiley, New York, 1979.
excited state to result a solvated electron and a cation radical. 171 p_ | evy, b, Avnir, J. Phys. Chem. 92 (1988) 4734.

The solvated electron reacts with the ground state molecule [3] T. Tani, H. Namikava, K. Arai, A. Makishima, J. Appl. Phys. 85
to form an anion radical. The anion radical of ADD dyes (1985) 3559. _ _
absorb at 460 nm, which is supported by the pulse radiolysis [4] R-V. Kaufman, D. Avnir, Langmuir 2 (1986) 717.

f ADD dyes in the presence of one electron reducia®lf. [STF-.J. Durate, Opt. Commun. 117 (1995) 480.
0 y . p ) . [6] A. Tagaya, Y. Koike, E. Hihei, S. Teramoto, K. Fujii, T. Yamamoto,
The 460 nm transient observed in methanol is due to the K. Sasaki, Appl. Opt. 34 (1995) 988.
anion radical of the ADD dyes. [7] A. Mukherjee, Appl. Phys. Lett. 62 (1993) 3423.

In solution, steady photolysis of ADD leads to the forma-  [8] R-M. O'Connell, T.T. Saito, Opt. Eng. 22 (1983) 393.

. . . . [9] A. Salmassi, W. Schnabel, Polym. Photochem. 5 (1984) 215.
tion of different products depending on the substituents and [10] AM. West, EF. McCallum, J.R. Woods, Trans. Faraday Soc. 66
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