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We compare the Amplified Spontaneous Emission (ASE) of the proton transfer dyes 2-(2' -hydroxyphenyl)
benzimidazole (HPBI) and 2-(2' -hydroxy-5’ -chlorphenyl)benzimidazole (Cl-HPBI) in three different polymeric
hosts under UV pulsed laser excitation. Pulseform and degradation of the dyes in the solid polymers were
analysed. Spectroscopic data were used in a simple four-level kinetic rate equation system, in the attempt to
explain the observed results, i.e. first order exponential decay of maximum output energy and pulse shortening.
Themodel includestransitionsfor the normal and tautomer form of the molecule aswell asintersystem crossing

and triplet-triplet transitions.

I. INTRODUCTION

Incorporation of dyesin solid materialsinstead of liquidsis
an ideathat isasold as dye lasersitself [1]. From application
point of view polymers are the first choice as solid host ma-
terial due to the well-established production techniques and
the very low price. A dye filled polymeric rod as active laser
material could replace dye cell and circulating pump. In this
way the extensive spectra of laser dyes can be used with the
advantages of the solid-state lasers to be combined to an al-
solid-state dye laser. However, polymers are poor thermal
conductors and the degradation of host and dye materia is
high, because there is no refreshing process like thermal dif-
fusion or circulating pumping in the case of liquid solvents.
Dyes that undergo intramolecular proton transfer (IPT) in the
excited state show alarge Stokes shift and low self-absorption.
That iswhy it was supposed that |PT dyeswill show areduced
photo degradation. However, the degradation of IPT dyesdis-
solved in solid polymers is unexpected high [2,3]. Covaent
bonding of the dye molecules to the polymer backbone via
copolymerisation will reduce the photodestructive processes,
[2]. In thisway a notable increase of efficiency was realised.
But compared with non proton-transfer dyes, like Coumarin
and Rhodamine [4,5], the effect of copolymerisation to photo
stability is minor. There was a lot of work done to find new
dye-polymer complexes with reduced photo degradation, but
no model is given in the literature that explains the photode-
structive processesin IPT dyes and the effectsto laser activity.

Amplified Spontaneous Emission (ASE) is the fundamen-
tal process in any laser activity. If the pumping beam
form a narrow but long enough line in the active me-
dia the ASE result in a superradiant beam even without
any laser cavity. In the present work the ASE proper-
ties of 2-(2'-hydroxyphenyl) benzimidazole (HPBI) and 2-
(2’ -hydroxy-5' -chlorphenyl)benzimidazole (CI-HPBI) incor-
porated in PMMA, PS and a PS'/PMMA copolymer were in-
vestigated to estimate the influence of the polymer matrix on
emission efficiency and photo stability of these dyes. Simu-

lation of the ASE output pulse has also been performed. The
rate equations and parameters used in these calculations are
illustrated and a comparison with experimental results was
done.

II. SAMPLE PREPARATION AND SET UP

2-(2'-hydroxyphenyl)benzimidazole (HPBI) and 2-(2'-
hydroxy-5’-chlorphenyl) benzimidazole (CI-HPBI) were pre-
pared by condensation of equimolar amounts of phenylene di-
amine with the adequate 2-hydroxybenzoic acid in phosphoric
acid medium [6]. For spectroscopic investigations the dyes
have been incorporated in polymers dissolved in chloroform
followed by vaporisation of the chloroform resulting in films
of 10 to 100 um thickness. Absorbance was measured with
Carry 1E spectrometer, fluorescence with Hitachi F-4500 flu-
orescence spectrometer.

Quantum yield was calculated by comparison with the
fluorescence spectrum of 9,10-diphenylanthracene of same
optical density. Fluorescence lifetime was measured with
Edinburgh Instruments DC-900 Time-resolved Spectrofluori-
menter. Lifetimes have been measured in two different con-
centrations: 1.4 x 10~3M, used in the blocks for ASE experi-
ments, and 1.7 x 10~°M. There are no significant differences
in thelifetimes that indicate the absence of considerable inter-
molecular processes.

For ASE experiments polymer devices were prepared by
the solubilization of the respective dye in monomer and the
polymerisation started with benzoyl peroxyde moulded in a
test tube of 1 cm diameter. The polymerisation process was
executed at 50°C for 1 day. After polymerisation process the
test tubes were broken and the originating rods of doped poly-
mers (ca. 3.5 x ¢ 1 cm) were cutted and polished manually
on one end. The surface parallel to the axis of the rod was
used without further preparation. The samples were trans-
versely pumped by a home made N laser (337nm, 80 uJ, 3
ns pulses[7]) at arepetition rate of 1 Hz. The pump light was
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focused by a cylindrical quartz lens resulting in a pump area
of ca. 0.5 x 10 mm. The dye ASE output beam was parallel to
the rod axis and perpendicular to the pump beam. The pump
laser and dye A SE pulse were measured with ITL 1850 Diode,
Photek PMT140 Photomultiplier Tube and Tektronix 7104 os-
cilloscope and Oriel Neutral Density Filters. No laser cavity
was used resulting in pure ASE. Maximum and pulsewidth
(FWHM) of the output ASE pulses were analysed. Excitation
was done until emission stopped completely.

III. EXPERIMENTAL RESULTS

HPBI and CI-HPBI show an intramolecular proton trans-
fer (IPT) in the excited state. Fig. 1 shows the energy level
diagram. Fig. 2 shows the fluorescence spectrum of HPBI
dissolved in Polymethylmethacrylate (PMMA), Polystyrene
(PS) and a 1:1 PS/PMMA copolymer (excitation wavelength
337 nm). The spectral bandwidth was 60(+2) nm indepen-
dent of dye and host material. The maximum of fluorescence
emission in PMMA and PS was shifted 4 nm (HPBI) and 5
nm (CI-HPBI) in comparison with the copolymer. For both
dyes the emission quantum yield in PSYSPMMA copolymer is
the major one followed by PS and PMMA. Table 1 shows
the measured spectroscopic data. As shown by Ferrer et al.
[2], the emission spectra of HPBI in three different environ-
ments (fluid dioxane solution, solid solution of PMMA and
copolymerized with MMA) are virtualy identical in wave-
length maximum, indicating that there is no reaction between
polymerization radicals and dye. Doping the preformed poly-
mers with dyes has been tried but the blocks do not show op-
tical quality for ASE experiments.

A summary of the results of ASE experiments is given in

|

dNp
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Table 2. The maximum output energy was observed in the
PS/IPMMA co-polymer as host material with an initia effi-
ciency of 6.5% for HPBI and 5.1% for CI-HPBI. This cor-
responds to the observed emission quantum yields. Fig. 3
shows the relative ASE intensity in function of accumulated
absorbed pump energy, i.e. energy per pump pulse multi-
plied by the number of pulses. In PSSPMMA co-polymer the
photo degradation of HPBI isthe dightest followed by PS and
PMMA (Fig. 3a). The degradation follows a first order ex-
ponential decay. Costela et a. [3] report for different 2-(2'-
hydroxyphenyl) benzimidazol es degradation by pumping with
1to 3 mJ pulses at 337 nm. The decay curves observed by
these authors are in contrast to our results and far awvay from
first order exponential behaviour. This result was attributed
to complex photo degradation processes, probably due to the
high energy used in their pump pulse. The very low pump en-
ergy of 80 uJ used in our experiments could result in the oc-
currence of only one of these processes, what is assumed for
the calculation donein thiswork. Fig. 4 showsthe pulsewidth
vs. accumulated pump energy. There is a pulse shortening
for both dyesin PSSPMMA and pure PS matrix material. The
results of CI-HPBI are similar to those of HPBI, Fig. 3b and
Fig. 4b.
IV. CALCULATIONS

In order to explain the observed behaviour we used a four
level kinetic model including normal and tautomer form triplet
states. The model was proposed first time by Chou et a. to
calculate the gain spectra of proton-transfer fluorescence of 3-
hydroxyflavone [8]. A fourth order Runge-Kutta routine was
used to do the numerical integration of the following system
of differential equations:

dr ks 5oNo + krsoNT — G0pIpNo @)
% = 60pl,No— kgsN; )
% = krr Ny —krsoNr (3)
dNy , , / ' / / / ! !
0 = (g, + Kic) NG + O LasNg + ki Ny — Ol 1N — Gl IuNo — s, N'O )
dzi = kss'N1+ 00, 1,No + O IaseNg — %Ni — OslaseN]

dNy
dt

== kS/T/Ni _kT’TN% —kT/S/ONé- (6)
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Table 1. Parameters of used dye-polymer complexes

Dye Host absorption emission | maximum of |fluorescence
coefficient & guantum fluorescence| lifetime[ng]
[10% mol~1cm~1]| yield |emission[nm]
HPBI PMMA 51.2 0.15 461 4.8
PS 51.3 0.52 465 45
PS/IPMMA 433 0.62 461 4.1
CI-HPBI| PMMA 39.7 0.26 467 4.9
PS 53.8 0.28 472 4.5
PS/IPMMA 412 0.48 467 4.7
normal form tautomer form

kS'S

S, —

kﬁ",.&, back proton within the 50
singlet system
S'0-So

kg intersystem crossing of o'

- the tautomer form T-Sp

kT'S‘.. intersystem crossing of o ‘Up
the normal form T-S%

k%,_ proton-transfer within the 6y
singlet system S-S’

kr'r back proton-transfer of S
the triplet system T-T

kg, ~radiative desexcitation of 6
s

kg, non—rac!lat?ve T,
desexcitation of &’

kg intersystem crossing of Op

the tautomer form S-T°

absorption cross section of the
normal form at pump
wavelength (Sg-Sy)

emission cross section of the
tautomer form (S’ S)

absorption cross section of the
tautomer form at pump
wavelength (Sg-Sy)

absorption cross section of the
tautomer form at laser
wavelength (S¢-Sy)

triplet absorption cross section
of the normal form at pump
wavelength (S5;-Sy)

triplet absorption cross section
of the tautomer form at pump
wavelength (Sg-54)

cavity decay time

fluorescence quantum yield of
the tautorner form

FIG. 1: Energy diagram scheme and all relevant processes of IPT dyes.
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Table 2. Comparison of the results of the ASE experiments

Dye Host |[max.output| max. 1/e decay of max.
energy [uJ] | efficiency | output energy“ | pulsewidth

(%] [J [ng]

HPBI PMMA 2.74 34 1.98 2.08

PS 127 1.6 7.08 2.30

PS/IPMMA 5.16 6.5 12.34 2.78

CI-HPBI| PMMA 2.96 37 1.82 2.26

PS 1.46 18 7.79 1.87

PS'PMMA 4.06 51 9.11 2.26

¢ Vaue of accumulated absorbed pump energy after adecay to 1/e of starting output energy based on first order exponential fit.

dlssg clpse

dt

g

Intensity [a.u.]

T T
500 550

Wavelenth [nm]

T
400 450 600

FIG. 2: Fluorescence spectrum of HPBI in (@) PMMA, (b) PS, (c) in
PS/IPMMA, excitation wavelength 337 nm.

The N; are the population densities in molecules per cm®
in the the parameters, we used in the calculations are given
elsewhere[9,10]. Fig. 5 shows the calculated A SE pul se (dot-
ted line) of HPBI in PSY/PMMA copolymer. The initial spike
in the calculation is atypical spiking phenomenon due to the
non-zero starting value of the laser intensity Iysz(r = 0). The
very rapid rise of N; with pump intensity leads to a marked
population inversion between S; and S; and via the first two
termsof (7) to arisein laser intensity. To compare experimen-
tal results with calculations a digital 1~GHz low pass filter
was used for smoothing the calculated curves (dashed line in
Fig. 5).

) G4V, — Gl Ny — g N — Oa7LNT) (

Iase
nt.

()

)

V. DISCUSSION

The simulation was performed with several values of Ny
(numbers of molecules in the fundamental state So per cm®
from 50 to 0.5 x 107 to investigate the behaviour of the
model under conditions of degradation that courses a reduc-
tion of the number of active dye molecules. The dye concen-
tration of the rods in the experiments was of ~ 1.4 x 10~3M
what is equivalent to 8.43 x 1017 molecules per cm® and there-
fore on the lower region of the calculated range. The max-
imum of the output ASE pulse decreases linearly with the
number of molecules Ny, Fig. 6a. Theinternal proton transfer
(IPT) from the excited normal form (S1) to the excited tau-
tomer form (S7) isavery fast process with a time constant of
some picoseconds kg = 1012 s~1 [10] what leads to a direct
linkage of Ny with N;. Consequently all pumped molecules
will immediately reach N] and contribute to the ASE process.

In contrast to the pul se maximum the pulsewidth of the out-
put ASE pulse (FWHM) is nearly constant from Np = 50 to
10 x 10 cm~3 and decreases from 10 to 0.5 x 107, Fig. 6b.
To explain this characteristic Fig. 7 showsthe population den-
sities of the fundamental tautomer state N, the normal triplet
state Ny and the intensity of the emitted ASE pulse for three
different fundamental state concentrations Ng. There are two
processes influencing the pulsewidth. Due to the first term of
(2) a higher number of photons in the ground state N leads
to a faster decline of N1 and through it the threshold of the
amplification will be reached very fast. In Fig. 7 thereisa
0.5 ns start delay between the calculated pulse of Np =50 and
0.8 x 10 cm—3. A second process causes a faster fall of
the pulse for low concentrations. The population density N'1
of §} and consequently Ny of Sy goes non-linearly with Ny
because of the “self regulating” laser process NyosI. in equa
tion (7). With decreasing Ny the population of the metastable
triplet states Ny and N/ increases in relation to N, and below
No = 1x 10717 cm3 there is a noticeable absence of deac-
tivated molecules in Sy for restarting the excitation process
within the excitation pulse. Repeating the calculations by ex-
clusion of the laser process (o5 = 0) keeps the relative pop-
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FIG. 3: Relative ASE output intensities vs. accumulated absorbed
pump energy and first order exponentid fit (solid lines), (a) HPBI,
(b) CI-HPBI.

ulation densities of all states N;/No constant for all Ng as ex-
pected.

Figure 8 shows as an example the calculated and experi-
mentally measured pulsewidth for HPBI in PS. For low con-
centrations of up to 4 x 107 cm3 the behaviour the two
curves is similar however the total values of the pulsewidth
differ. Although neither intermolecular processes or interac-
tions dye-polymer nor effects of the photo-degradation prod-
ucts to the laser process are introduced in this simple model,
it basically reproduces the ASE pulse shortening observed in
[7]. For higher population densities the ignored processes
must be taken in consideration particularly with regard to the
high dye concentrationsin real dye laser applications.

VI. CONCLUSION

The Amplified Spontaneous Emisson of 2-(2'-
hydroxyphenyl)benzimidazole (HPBI) and 2-(2'-hydroxy-
5'-chlorphenyl) benzimidazole (CI-HPBI) incorporated in
PMMA, PS and a PSSPMMA co-polymer was investigated.
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FIG. 4: Pulsewidth of the ASE vs. accumulated absorbed pump en-
ergy, (a) HPBI, (b) CI-HPBI.
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FIG. 5: Measured (dotted), calculated (dashed) and low pass filtered
(solid) curves of the pulse of HPBI in PS'/PMMA copolymer.



938

—=—HPBI in PMMA @)
_ 154 —*—HPBIiInPS "
: —2—HPBI in PS/IPMMA
3 /:/
é 10 /i/
3 P e
E 5] /Q/ —
© %/ _...-f"”‘.
in Jo] —
g ] —*
0
I - T ¥ T T ¥ !
0 10 20 30 40 50
4
F A
LE—R=% 2 - %|®
E _.___.______- - -
_.
5 3 mj( -
= [ ]
= w
S ol
2, K . —=—HPBI in PMMA
T l —+—HPBIin PS
—ZL—HPBI in PS/PMMA
T T T - T v T T T

0 10 20 30 40 50
Population density N, [10"em™

FIG. 6: Calculated ASE pulse maximum (@) and pulsewidth (b) for
HPBI in PMMA, PS and PSSPMMA copolymer.

N=50x10" cm”

N=5x10" cm”

Time [ns]

FIG. 7: Population densities of tautomer form fundamental singlet
state N (dashed line), normal form excited triplet state Ny (dotted
line) and ASE pulse intensity Isg (solid line).
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The co-polymer as host material shows highest emission
efficiency and lowest photo degradation. To explain the
degradation behaviour a rate equation system of four singlet
and two triplet states was used. The model reproduce the
ASE pulse, degradation process and pulse shortening in the
different environments satisfactorily. The rise of triplet con-
centration in relation to the excited state singlet concentration
25 ]

A ;;/\/ _5
v E——

/)EI 42
m

1.0 T T T T T T T T T T 1
0 2 4 -] 8 10

N, [10" em?]

204

Experimental puleswidth [ns]
Caleulated pulsewidth [ns]

FIG. 8: Comparisons of experimental and calculated pulsewidth as
function of Ny for HPBI in PS.

within photo degradation process was supposed as the crucial
process that leads to the pulse shortening observed in the
experiments. The dye-polymer combination need further
research to understand the degradation process to develop
more photo stable systems based on proton-transfer dyes.
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