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ABSTRACT 

The current state of the art of red-shifted fluorescent dyes is reviewed from the viewpoint 
of Superconductor Super Collider (SSC) design constraints (emission wavelength, lifetime, 
radiation-tolerance, quantum yield, etc.) and theoretical limitations (Einstein coefficients, 
natural lifetimes, oscillator strengths). Improvements to the performance of current red- 
emitting fluors which are simultaneously optimized to meet these constraints are needed, 
and the suggestion of applying computational methods to molecular design of fluorescent 
chromophores is presented by example. Emphasis is placed on dyes which emit at 
wavelengths longer than !XlO nm, and in particular near 680 nm, the window of maximum 
transmittance of polystyrene plastic optical fiber. 
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INTRODUCTION 

astic Optical Fiber Scintillatoq 

Plastic scintillators which function predictably and efficiently at high absorbed doses are 
needed for advanced 
as those planned for tK” 

icle detection schemes for high energy physics experiments such 
e Superconducting Super Colllder (SSC). Ionizing radiation induces 

color centers in these polymeric materials which absorb strongly in the near ultraviolet 
(UV) and tail into the visible spectral range. One strategy for developing a plastic 
sclntillator with enhanced resistance to radiation-induced absorption (Majewski, et aL, 
1989) is to design a radiation tolerant dye whose chromophore emits near 630 nm, into the 
window of minimum absorbance of polystyrene plastic optical fiber (POF), thereby 
minlmiiing the loss of light from both intrinsic and radiation induced absorbance at the 
emission wavelength. Minimization of loss is especially important in fiber optic 
scintillators because of the relatively long fiber lengths (meters) in these detectors. 
Unfortunately, most common scintillator fluors, even those with relatively large Stokes 
shifts, emit in the ultraviolet to blue regions (300-4SO run) of the spectrum and therefore are 
not optimal for such fiber optic detectors. There are many other constraints that an optimal 
fluor would also meet, including radiation tolerance, photostability, oxygen stabili 
thermal stability, short fluorescence lifetime, low cost, etc., and these are discussed (vi 7 ; 
infrah 
A fiber optic sdntillator material consists of a polymeric host into which are dissolved for 
covalently bound) various fluorescent chromophores and (possibly) additives such as 
antioxidants. The resulting composition is drawn into a fiber with a suitable cladding of 
lower refractive index, and must have adequate mechanical and optical properties. The 
ideal host material for a fiber optic scintillator (one which minimally gives rise to 
radiation-induced color centers and which maintains good mechanical properties) does not 
yet exist for applications where high radiation doses (10-100 Mrad) are antidpated. Desired 
optical properties include low absorption and scattering losses at the emission wavelength. 
Depending on the wavelength of interest, absorption losses may be dominated by 
electronic transitions such as those in the aromatic rings of polystyrene 0. e 630 nm ln pure 
polystyrene) or may be due to vibrational overtone bands Q > 630 run). Scattering losses 
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may arise from several factors, with scatterln 
core/clad interfaces often visible in samples of d 

from contamination or poor adhesion at 
uorescent POE 

Fiber optic detectors were fist discussed and built in the 1950’s (Reynolds Condon, 1957; 
Reynolds, 1960), and more recently large particle detector projects for Fermllab, the SSC and 
other facilities have greatly increased the interest in thii type of sclntlllator. Somewhat 
different requirements exist for each speclflc detector, but all require relatively fast response 
(typically < 10 ns decay time) with multi-year predictable, efficient performance under 
cumulative doses ranging from below 0.1 to up to 100 Mrad. 

I-Iost Materials 

Polystyrene is the baseline material for both non-fiber, solid or anic scintillators and for 
flber optic scintillators. Because of the lone fiber lengths and a eh cumulative radiation 
doses, hew fluorescent dyes (or at least new?ormulatio&) are req&d for the polystyrene 
type materials. The emission of the final fluor in the scintillator must be beyond the 
absorption edge of irradiated polymer host, i.e., at longer than approximately 500 nm, and 
perhaps ideally near 630 nm, the window of maximum transparency. Beyond 
approximately 680 nm, additional absorption from C-H vibration overtones and chemical 
synthesis challenges currently combine to make such fluors less available in the near term. 

THEORETICAL LlMI’IS OF THE LIWTIME OF THE FLUORESCENCE PROCESS 

Emission of a photon, whether fluorescence or phosphorescence, may be characterized 
using the Eiitein A coefficient (spontaneous emission) which relates the natural lifetime 
(the decay time in the absence of quenching 
strength of the transition (Berhnan, 1971). TK 

recesses) of the emitting state to the oscillator 
e oscillator strength, f, for an absorption may 

be computed by integrating the molar absorptivity as a function of wavenumber: 

f = 4.32 x 10g,ja(9)d3 
(1) 

In practice, this integration may be difficult because of overlapping transitions. The 
oscillator strength of organic molecules may exceed 1.0, which indicates that more than one 
electron may participate in an electronic transition. 

The generally accepted theory (Strlckler and Berg, 1962) states that the Einstein A coefficient 
linking two electronic states in an organic molecule with a strong absorption can be 
calculated from the following relationship, where the integral prefactor of (wavenumber)r 
is properly calculated to represent an “average” over the vibronic structure of the emission 
band. The oscillator strength for the emission process cannot in general be directly 
measured experimentally, and therefore the assumption is made that the oscillator strength 
for absorption and emission processes are equal, an approximation which is true in many 
cases. 

A = 2.9 x 10-‘J2jc(ii)dV 

Furthermore, a relationship between the molar absorptivity and the natural fluorescence 
lifetime, 2o of a state exists: 

l/r, = 2.88 x 10%’ c 8” >;: I(a(V) / V)dV 
(3) 

where n is the index of refraction and the prefactor is an appropriate average over the 
emission band. Therefore, the natural fluorescence lifetime should vary approximately as 
the square of the “average” emission wavelength, which is exactly the case for line spectra. 
Finally, ln the presence of quenching processes, the observed decay time, 2, is generally 
related to the natural lifetime and the quantum yield by: 

20 = z/Q 

Quenching processes therefore decrease the observed decay time of a chromophore. 

The above discussion can be used to estimate the limiting performance (minimum lifetime 
at unit quantum yield) of a fluor given an “average” emission wavelength. The graph in 
Figure la. was generated by using the oscillator strengths for absorption (assumption 1, 
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Theoretical Minimum Lifetime vs. Emission Wavelength 
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Fig. la. Plot of experimental data from Berhnan, 1971. Scatter indicates 
failure of oscillator strength assumption proposed by Strickler 
and Berg, 1962. 

Theoretical Minimum Lifetime vs. Emission Wavelength 
(Excluding biphenyl, dibenzofuran) 
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Fig. lb. Data from Figure la less data points for biphenyl and 
dibenzofuran. Least squares fit r = 0.92. Linear fit is in 
disagreement with theory of Strickler and Berg, 1962, which 
predicts a quadratic dependence of lifetime on emission 
wavelength. 

previous paragraph), experimental decay tunes and quantum yields from Berhnan, 197l to 
calculate the minimum natural lifetimes for a given wavelength, i.e., for a molecule whose 
ground and first exdted states are jinked by unit oscillator strength @sumption 2) and 
plotting the resulting values as a function of an “average” emission wavelength 
(assumption 3). The two molecules fbiphenyl and dibenzofuran, which is biphenyl linked 
with an additional oxygen bridge) which emit near 320 nm have lifetimes that Be 
signifkantly off the line for all the other molecules in Figure la. These two mokules are 
probably planar in the exdted state, and therefore assumption 1 is not valid in these cases. 

353 



354 PAUL A. CAHILL 

Figure lb is the same data replotted on a different scale and excluding biphenyl and 
diberuofuran. Remarkably, the cakulated curve, which is based on the above assumptions 
and experimental data, shows that the minimum lifetimes for organic dyes is a linear and 
not a ~wW&&WW of wavelength as would be p&icted from equation (3). This result 
may be due to the approximations and assumptions made above, or more likely, is due to 
the complex averaging procedure needed to represent the broad emission bands of organic 
fluors. This surprising result suggests that red-emitting dyes with unit quantum yiek-ls may 
have lifetimes of less than 4 ns. However, because of the accuracy of the experimental data 
and assumptions used to generate this graph, and the resulting scatter, it can only be used 
for semiquantitative predictions. 
This discussion emphasizes the importance of the oscillator strength for the emission 
process, which will not in general be the same as for the absorption process. Therefore, in 
the design of new fluors, it is important to simultaneously optimize both the molar 
absorptivity (to maximize energy transfer to the fluor whether by photon absorption or by a 
Foerster process) and the oscillator stren th for the emission process. The onl practical 
means of estimating such values for an ar% itrary structure is via computational x emistry. 

DRSIGN CONSTRAINTS ON RED-SHIFl’RD FLUORS 

Svstem Constraints on Dve De&n 

Various classes of fluors for use in polystyrene and related hosts for fiber optic particle 
detectors with peak fluorescence emission bands between 500 and 700 nm are evaluated 
below. Fluors were evaluated on the basis of literature data (when available) which was 
supplemented with experimental work where literature data was insufficient to include or 
eliminate particular dyes or classes of dyes from consideration. Several major references on 
dyes, fluorescence, and scintillating properties are available (Berlman, 1971; Fox, d al., 1965; 
Krasovitskii and Bolotin, 1988; Ross, et al., 1991; Schmiller and Legler, 1967; Okawara et aZ., 
1988) and were used as a starting point for this work. Evaluation of this extremely large 
group of molecules is risky because only a limited number of derivatives of any given 
chromophore have been reported, and possibly over-generalizations are made regarding 
wavelength range and quantum yield. 

Several constraints established selection criteria. The molecules must be soluble in the 
relatively non-polar polystyrene host matrix; therefore ionic dyes were largely eliminated 
on this basis. Dyes which are reported to fluoresce/huninesce only as crystals or at low 
temperatures in frozen solutions are also not included in this discussion. Laser dyes were 
critically examined because they generally show good to excellent photostability; however, 
many either have very small Stokes shifts, or display large Stokes shifts only in highly 
polar or hydrogen bonding solvents, and therefore are also probably not useful in fiber 
scintillatom. A critical issue is the stability of dyes in the presence of oxygen, but very little 
quantitative data on this is available for most of the dyes discussed here and oxygen stability 
is not used to eliminate molecules in this discussion. 

In order to reach the green to red emission wavelengths and simultaneously obtain long 
optical attenuation lengths (low optical density), fluors with relatively large Stokes shifts 
are generally required. [The term Stokes shift is used as a convenient, widely published, but 
very incomplete reference value. A measure that more accurately represents the overlap 
between absorption and emission has been presented by Langhals, 1979.1 Large Stokes shifts 
are observed in several types of fluors and are the result of bond and solvent 
rearrangements or reorganizations in the excited state. A large Stokes shift is most likely to 
occur in fluors with (1) a large charge transfer between the ground and excited state 
(especially if the molecule is in a polar solvent), (2) a large change in the dihedral angle 
between two or more rings (Fujii, Komatsu and Suzuki 19821, or (3) a proton transfer 
between nearby sites (Kasha, 1979). Stokes shifts are frequently strongly solvent dependent 
and are often largest in highly polar or hydrogen bonding solvents. Some dyes, such as 3- 
hydroxyflavone (3-HF), derive their Stokes shifts from a combination of these effects 
(McMorrow and Kasha, 1984). The use of fluors with small Stokes shifts and near unit 
quantum yields has been considered bscause little photon loss might occur in some cases 
through repeated absorption and emission. Such an approach is probably ineffective for the 
SSC detectors for two reasons: (1) the cumulative fluorescence decay time would increase 
significantly with each pair of absorption and fluorescence emission processes, and (2) only 
a few percent of the reradiated light would be trapped in a plate or fiber because re- 
radiation of the absorbed photon would occur over 4x. Therefore, fluors with smaller 
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Stokes shifts may be acceptable for fiber optic scintillators only if low concentrations of the 
final fluor can be used so that reabsorption does not contribute significantly to the optical 
density at the emission wavelength, or if high effective quantum yields become relatively 
unimportant. 

The Stokes shift of a fluor can also be enhanced through chemical modifications which 
enhance the three mechanisms listed above. Charge tran&r can be enhanced by in==mg 
electron accepting and donating powers of the acceptors/donors on the molecules, e.g., 
throu h the replacement of a ketone with a dicyanovinyl 

% 
grou 

v 
or of a 

dialky minophenyl donor with a julolidinyl donor Cahill and Singer, 1991 . Increasing 
the distance between the donor and acceptor groupa with a phenyl or more effectively with 
an aromatic heterocycle can yield a similar effect. Oligophenyl fluors have large Stokes 
shifts which are attributed to conformation changes in the excited state and have been 
optimized for emission in the blue and near-W spectral ranges. Proton transfer fluors, in 
which the ground state and excited state conformations differ in bonding of a hydrogen, 
have the potential of emitting at long wavelengths and are a current area of synthetic 
investigations. In order to take advantage of this technique the acidity of the transferring 
hydrogen of the ground and excited states may be adjusted through the addition of 
functional groups. 

The absorbance and emission bands of chromophores may be red-shifted by adding 
auxochromes which enhance charge development in the excited state. For example, in the 
coumarins, substitution of the 4 position with an electron withdrawing group and the 3 
position with an electron donating group can lead to red shifts of over 100 nm (Moeckli, 
1980). The general effect of such substitutions may be estimated from considerations of the 
changes in charge distribution upon excitation, but quantitative estimates of the red-shift 
for an arbitrary dye requires quantum chemical cakzulations @Iatsuoka, 1990). 

The connection between oscillator strengths and fluorescence lifetime, dm above, 
makes dye design more difficult because experlmentalists do not have a direct means of 
measuring the oscillator strength of emission. Nevertheless, by comparison of the decay 
time and emission wavelength of a particular fluor with the data plotted in Figure lb, it is 
possible to determine which dye(s) simultaneously approach unit oscillator strength and 
unit quantum yield. A review of the data published in Berlman, 1971, indicates that 
terphenyl is one of very few reported dyes that approach the theoretical limit. Decay time 
and fluorescence 
agents CBerlman, 1 % 

uantum yield can be traded off for a given dye by adding quenching 
80). 

Another photophysical consideration for a scintillating dye is quantum yield. A high 
quantum yield for fluorescence is clearly desirable because greater light output per event is 
obtained. Since small changes in the chemical structure of a fluor can give rise to large 
changes in quantum effidency, a fluorescence quantum yield as low as 0.1 was used as a cut- 
off for this review. Because of this sensitivi 
quantum yield of a class of dyes can be misl J 

to structure, generalizations regarding the 
ing, however. 

Quantum yields are difficult to predictably enhance through molecular design. Addition of 
phenyl rings to tetracene to yield rubrene, or to anthracene to to yield 9,10- 
diphenylanthracene results in a significant increase in quantum yield in each case. This 
improvement has been assigned to a shift in the energy of a triplet level which may be 
nearly degenerate with the first excited singlet state in the unsubstituted molecule. 
Increasing the oscillator strength of emission to decrease the lifetime of the singlet state and 
therefore better compete with energy wasting pmcesses is a second approach. Finally, for 
extreme red and IR emitting dyes, replacement of hydrogen.9 with deuterhuns has been 
shown to lead to significant increases in quantum yiekls. 

Finally, in sdntillator design, the wavelength of greatest absorption coefficient of the ne 
fluor should match that of the peak of the emission of the 6-l)* fluor, and the absorption 
coefficient should be as large as possible. These requirements lead to the greatest possible 
non-radiative and radiative energy transfer between the primary and secondary fluors, and 
result in a minimum concentration of secondary fluor. A low concentration of secondary 
fluor is benefkzial because residual absorbance at long wavelengths contribute8 less to the 
optical attenuation, and any radiation-induced color centers due to the final fluor will also 
bereduced. 

These photophysical considerations place severe constraints on the classes of fluorescent 
molecules that are likely to successfully employed in a fiber optic particle detector. No 
reported fluor simultaneously meets all the photophysical criteria for a red-emitting 
sdntillator for an SSC detector. 
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From a study presented in this volume CClough and Malone, 1992), several generalizations 
about the stability of fluor structure and functional groups can be made. These 
generalizations apply to solutions of dyes in a liquid host in the absence of oxygen, and may 
be considerably different in a polymeric host in air. The most stable fluors are found to be 
those composed of isolated phenyl, naphthyl or aromatic heterocyclic rings; larger 
condensed ring systems such as those in Nbrene are more susceptible to degradation. 
Stilbene is particularly unstable in radiation environments, and its high reactivity is 
asstgned to the alkene functional group. The 
radiation sensitive, possibly because of the I3 

yrazoline based fluor FMP also is relatively 
=N group. Halogenated materials in many 

cases rapidly degrade. At this time, additional generaltzations about the radiation stability 
of fluors in the presence of oxygen are not possible because suffident data is not avatlable. 
Singlet oxygen is believed to play a major role in chromophore degradation, however. 

REVIEW OF MPERIMENTALDATA ON REDSHIFTED FLUOR! 

Red and Near-IR f> 600 nm) Fluorescent w 

Dyes which emit in this spectral region have been developed for many applications and not 
necessarily for their fluorescence properties. Several classes of chromophores are 
represented in this group of dyes and therefore generalizations about the synthetic 
chemistry of these dyes or the origin of the long wavelength absorption is not possible. 
Representative examples of these classes of dyes are shown in Figure 2. Unfortunately one 
generalization can be made: all have liabiities for Aber optic scintillator applications on the 
basis of either photophysical or radiation stability considerations. 

A common class of these Auors are the di- and tri-carbocyantne dyes, many of which are 
commercially available as red and near-IR emitting laser dyes (and therefore have well 
documented lifetimes, 
either radiation stable Eeca 

hotochemical (in)stabtlity, and solubilities), but are unlikely to be 
use of their extended double bond structures or be soluble in 

polyfstyrene) because of their ionic character. Stokes shifts are also small. The closely 
related pyridinium and styryl dyes have larger Stokes shifts than the carbocyanines because 
of the charge transfer that occurs upon excitation, but they share the same structural 
weaknesses as the carbocyanines. The oxazines, which may be viewed as cyclic versions of 
the cyanines, are likely to have greater resistance to radiation induced degradation, but 
share the same problems with solubility due to their ionic nature. Anthraquinones and 
porphyrins are charge neutral but have low quantum yields for Auorescence (0.1 or less). 
Triarylmethine dyes (both cationic and anionic) are a huge class of often highly efAdent 
yellow to orange emitters (e.g., rhodamines, Auoresceins), but chemical modifications to 
give dyes which emit at longer wavelengths has so far yielded compounds with low 
Auorescence quantum yields. 

Other fluorescent dyes had previously been investigated as red to IR chemihuninophores, 
i.e., as final emitters for chemihuninescent lights (Rauhut et al., 1975). AS a class, these 
were polycyclic aromatics (a class of compounds with fair radiation stability) with low to 
moderate solubility in aromatic solvents. These dyes are oxygen-sensitive with relatively 
small Stokes shifts. Violanthrone derivatives appeared to be promising on the basis of 
Stokes shifts and solubility (for some alkylated derivatives), but were found to be 
unsatisfactory because of a long-wavelength absorption tail we and other groups have 
observed to extend out to approximately 1000 nm (Seybold and Wagenblast, 1989). Other 
compounds, such as diphenylbisanthene, have low fluorescent quantum yields. Both 
tetrabenzopentacene and dibenzoterrylene rapidly react photochemically with 0, 
Substituted pentacenes, such as tetrakis(phenylethynyI)-pentacene and similar compounds 
not only undergo photooxidation but also are likely to be unsatisfactory due to the 
instability of alkynes in radiation environments. 

Several other groups of condensed aromatics were evaluated and rejected for reasons 
including sensitivity to oxygen, low quantum yields or extreme tnsolubility. This includes 
the tetracenes (Burgdorff, et al., 1988) and larger systems (Clar et al, 1954; Clar and Willicks, 
1955; Porro, et al., 1973). 

Derivatives of perylenes, in particular derivatives of perylene tetracarboxylic anhydride, 
some of which are used commercially for trafAc signs and which have been proposed for 
use in solar energy collectors because of their thermal and photochemical stability, have 
moderate to excellent quantum yields (Rademacher, Maerkle and Langhals, 1982). 
Although the Stokes shifts in these compounds is exceptionally small, the vibrational 
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Tricarbocyanine Dyes 
&Jfl)~7ooto>9ooNn 

hIl,,w a 600-700 nm 

Pyridinium Dyes 
&,&fluor) - 600 nm (n=2), 

= 700 nm (n=3), 

for RSH, X=0, n=3: 
u$ = 0.49 
&Jabs) = 695 nm 
&JfU = 719 nm 
Radiation Stability Problematic? 
Ionic 

for K=H: 
R=qHs R=H 

L(absJ Znm 
0.59 

593 nm 

&.,(fl) 660 nm 615 nm 
Ionic 

Ionic 

for R=qHs, R’=CI-Q 
d$ = 0.7 
&Jabs) = 560 nm 

w;:::sing 
Radiation Stability Problematic? 
Ionic 

Fig. 2a. Exam 
proba g 

les of dyes which emit at > 600 nm, but which are 
ly not practical for fiber optic scintillation detectors 

because (1) they are ionic dyes and (2) of their conjugated alkene 
structures. 

progression is such that a significant amount of fluorescence is significantly red-shifted 
from the absorption, and as a result, these compounds may be of interest for fiber optic 
scintillators. The effective quantum yield (after reabsorption) of such dyes is significantly 
decreased without any corresponding decrease in the decay time. 
similar to perylenes and rubrene is not optimal. 

Thus, the use of dyes 

Other classes of dyes that were investigated and found to be unsuitable were the (1) 
squaraines Wamat ef al., 1992) which showed only a very small Stokes shift; (2) lanthanide 
chelates Weinerman, 1969) which have sharp emission spectra but microsecond natural 
fluorescence lifetimes; (3) dioxazines (Chen, 1989) which have low quantum yields and 
small Stokes shifts; (4) coumarins, with one possible exception (fluorescence data not 
available, Moe&i, 19801, emit predominantly in the 400-550 nm range in polar solvents; 
(5) condensed ring carboximides with moderate quantum yields, but probably very long (> 
20 ns) natural lifetimes because of low oscillator strengths Ganghals and Grundneq 1986); 
(6) aza-violanthrones which should show similar problems with long natural lifetimes 
(Lukac and Langhals, 1983); and (7) as 
which we have measured quantum yie kGnm 

etric perylenes (Kaiser and Langhals, 1991) for 
of < 0.06. 
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Violanthronc Derivatives 
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Fig. 2b. Fkorescent, polyaromatic compoun& evalwted but rejected for 
the !BC (eee text). 

Perylene-oxylic acid 
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for R = phenyl: 
0f= 0.93 
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0 

, NHR 
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I 
0 

0 

RHN 
0 

Fig. 2c 
StOL 

Pe lene derIvativea often have near unit quantum yields, but 

shifts are genemlly small. 
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OH 0 

Squa+um Dyes 
&.&fY = 640-680 mn 

for R=C$is: 
u$ = 0.86 
&Jabs) = 641 nm 
n,,(fu = 662 nm 
Radiation Stability Problematic? 

Fig.2d. Squaraine (squarylium) dyes show broad, time dependent 
fluorescence spectra, high quantum yields, but small Stokes 
shifts. 

G een to Oranp* Bmittbw ElOO6OO run1 Fluorescent Dves r 

Whereas dyes which emit beyond 600 nm can be assigned to only a few classes of 
chromophores and have not been reviewed previously in detail, dyes which emit between 
SO0 and 608 nm are represented by so many classes that reference books should be consulted 
for detailed descriptions (see the Introduction for a list). These classes include commuins, 
proton transfer dyes such as 3-I-IF, polycyclic aromatics such as rubrene, trlarylmethine dyes 
(rhodamines and fluoresceins), anthraquinones, and naphthalene-1,bdicarboxylic acid 
derivatives. Many of these compounds are commercially available ln high purity as laser 
dyes and therefore lifetime and solvent-effect data is readily available. 

Overall, however, most of these classes of compounds are again characterized by relatively 
small Stokes shifts, and are therefore not specifically discussed here. This is particularly 
true for the triarylmethines, the anthraquinones, and the polycyclic aromatics such as 
rubrene. It is also true for merocyanlne derivatives, including coumarlns, in which the 
Stokes shift originates from a charge transfer upon excltatlon, which is significantly reduced 
on going from methanol (a 

7 
pica1 laser dye medium) to a non olar aromatic solvent. 

Bliminatlon of these classes o compounds reduces the number o P dye classes with large 
Stokes shifts ln nonpolar media to only a few compounds - only the proton transfer dyes 
and some naphthalene derivatives. Although 3-HF has been extensively studied, 
comparatively little has been reported in the open literature about sclntillator performance 
and radiation tolerance of the naphthalene derivatives despite 30 years of investigation. 

Proton transfer dyes (Figure 3) which emit in the XJO-608 run region have been extensively 
studied (IyAmbrosio, et al., 1991; Bulska,1988; Naumann and Langhals, 1990; D’Ambrosio, 
et al., 1991; Itoh, et al., 1990; Kasha, 1986) and fibers incorporating 3-HF have been drawn. 
Quantum yields and lifetimes range from approximately 0.31 for [2,2’-bipyridyll-3,3’-diol 
(BP(OHQ to approximately 0.7 for certain derivatives of 3-I-IF (Kauffman, 1992). We have 
measured the fluorescence spectrum and quantum yield of 6,6’-dimethyl- BPfOI-II, and 
found them to be essentially identical to BP(OH& There is flexibillty in both BPCOH), and 
3-I-IF for signlflcant improvements in fluorescence properties to be made. 

Derivatives of naphthalencl&dlcarboxylic anhydride (Figure 4) have been extensively 
studied for over 30 years Mmsovitskii, ct al., 1974; Rrasovltskii and Shershukov, 1977; 
Shevenko, et al., 1967; Grayshan, et al., 1974; Okazaki, 1955). The range of structures and 
properties ls so great that their properties cannot be generalized. Rmlsslon wavelengths 
vary from 300 to > 708 nm, although the latter show low quantum yields and, based on 
their structures, are unlikely to have good radiation tolerance. Even some of the perylene 
dlanhydride derivatives may be viewed as two such naphthalene-1,8-dicarboxylic 

S-Hydroxyflavone 6,6’-dimethyl-BP(OH)2 Anthrotropolorm Dye 

Fig. 3. Rxamples of proton transfer dyes, em&ion wavelengths from 
the proton transfer state is near 838 nm in each molecule. 
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anhydrides coupled at the 4,5 positions. Other than the perylene derivatives, howeven 
oscillator strengths estimated from published spectra are significantly less than 1, quantum 
yields are generally 0.3 to 0.7. Natural lifetimes are largely unreported, but based on the 
absorbance B 
the design o p” 

ha, can be expected to be above 10 ns. Despite the current state of the art in 
these systems, computer aided molecular design could be applied to improve 

oscillator strengths and Stokes shifts. 

Fig. 4. A napththalenel&dicarboxylic acid derivative. 

One final 5uor (Potrawa and Langhals, 1987) which emits in chloroform at 523 nm with a 
moderate Stokes shift (49 nm) and quantum yield (0.54) is also shown in Figure 5. 
Insuffident data is available to estimate lifetimes and molar absorption coefficients for this 
dye. 

Fig 5. Non-proton transfer, green emitting, fluorescent chromophore. 

COMPDTRR AIDED MOLECULAR DESIGN 

Many computational techniques are now available: from molecular mechanics methods 
(“balls on strings”) to true quantum mechanical treatments. The latter include 
semiempirical methods fINDO, CNDO, MNDO, etc.) and the ab initio methods which, 
unlike the semiempirical methods, rigorously compute all integrals (Zerner,l991). 
Although routine application of ab in&lo techniques on molecules of interesting size to 
organic chemists still generally requires a mainframe computer or very fast RISC processon 
semiempirical techniques can reasonably be car&d out routinely on a desktop system. 
Such semiempirical techniques may be parameterized to match particular experimental 
values, such as geometries, heats of formation, or electronic absorption spectra. In the 
*on below, approximate geometries were calculeted via molecular mechanics, final 
geometries were calculated with the PM3 parameter&&on of MNDD (MOPAC), and spectra 
were calculated with ZINDO at the PM3 geometry. Various versions of these programs are 
now available; the version used in this case was an integrated hardware/software package 
from CAChe Scientific which had convenient graphics output. 

As a test of the capabilitIes of these programs, the absorption spectra of 3-hydroxyflavone in 
its normal und 

beY 
state and its proton-transfer tautomer (fluorescent) state were calculated 

asdescri above. These are shown in Figure 6. The spectra are only approximate because 
band widths and vibronic progressions were not calculated, but the height of the bands do 
represent calculated oscillator strengths. The absorption of the normal isomer is calculated 
near 340 nm, within a few nanometers of the experimental value. Emission from the 
tautomerlc state should occur from the lowest excited singlet state, and therefore, emission 
is calculated to occur near 530 run, again within a few nanometers of the experimental 
value. The remarkable correspondence between calculated and observed values suggests 
that computational approaches to dye design may be valuable. 



Toward red-emitting chromophores 361 

MolarAbscfpUvily (lhol-cm) 

123334 

102331 

77019 

51346 

23373 

0 

0 200 

Ebctronlc Spwtm 

400 

Fig. 6a. ZINDO electronic absorption spectrum of 3-HF, ground state 
geometry tautomer. 
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Fig.6b. ZINDO electronic absorption spectrum of 3-I-W, excited state 
(proton transfer) tautomer. 

As a second test of computational support of experimental data, the spectra for the normal 
ground state and tautomeric proton-transfer state of the anthrotropolone in Figure 3 were 
calculated fJang and Kelley 1989; Ngo, 1987; diphenyl derivative: Yamatani, Yasunami and 
Takase, 1970). The spectrum of the normal ground state accurately reproduced the observed 
spectrum, including the weak transitions between 330 and 400 run. The calculated 
spectrum of the tautomer does NOT match the experimental emission sp&nun of the dye. 
The lowest energy transition is predicted near 540 run; such emission is observed only in 
ethanol. The emission at 640 run which is observed in both ethanol and cyclohexane is not 
predicted. Two concl~ions may be reached: (1) the emlsslon at 540 run is from the proton 
transfer tautomer and ethanol is required to catalyze the H+-transfer and (2) the emission at 
640 nm is not necessarily linked to proton transfer and ls possibly due to emission from a 
different geometry (twisted or bent) or from an impurity in the system. [Another 
is that the ZINDO parameterization failed in this case, but this is unlikely 8”’ 

bi’W 
ue to the 

general success of the approach (Zemer, 1992).] The emission spectrum is therefore 
probably incorrectly assigned, and this chromophore is probably not useful to further 
investigate. 

Calculations were also used to predict the effect of changes to the 3-I-W chromophore. 
lacement 

z! 
of the ether oxygen of 3-I-IF by N-H might have been expected to give rise to a 

r shift in both absorption and emission (due to intuitive ideas about charge build up on 
the ether oxygen in the excited state), but a blue shift was calculated because the phenyl 
group in this system is predicted to rotate sigmficantly more out of conjugation than ln 3- 
l-IF, Benzannelation is calculated to give rise to a significant red shift in both absorption 
and emission. 

Such computations cannot, however, fully integrate the ef&cts of solvent, nor is it currently 
possible to calculate quantum yields. As seen above, however, computations are extremely 
helpful in evaluating prospective chromophores and ln assigning experlmental spectra. 

CONCLUSIONS 

A fluor that meets all the criteria for a fiber optic scintillator for the SSC has proven to be an 
elusive goal. The combination of radiation hardness, nanosecond fluorescence lifetime, 
optical absorption and emission wavelengths, quantum yields, and physical proper&s 
result ,in s@ifkant disadvantages for virtually all classes of fluors. Efforts on radiation- 
htud proton &an&r and naphthalenel&dlcarboxylic acid based fhaors currently appear to 
have the greatest promise for efficient, largestokes shift, green to red sdntlIlators. 

RPC 41:1/2-x 
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Para-terphenyl is one of only a few reported fluors for which the theoretical photophysical 
performance (short lifetime and unit quantum yield) approaches the limits given by the 
Einstein equations. Based on experimental data, the minimum fluorescence lifetime was 
surprisingly found to be a linear (not a quadratic) function of wavelength, and therefore 
the design and synthesis of fast (z, c 5 ns), unit quantum yield, red-emitting fluors is not 
prohibited by theory. As the number of reasonable fluor structures greatly exceeds the time 
available for their synthesis and testing, computational chemistry techniques should be 
applied to the design of new molecules. Such computational techniques, although 
incomplete and imperfect, give significant and useful insight into the properties of 
candidate fluorescent molecules. 
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