Rhodamines like Rhodamine B react to pH variations in an
interesting manner. The carboxyl group is completely
protonated in acidic solution, but dissociates in alkaline
solution. The negative charge has an inductive effect on the
central carbon atom of the chromophore. The maxima of the
main absorption band and of the fluorescence are shifted to
shorter wavelengths, and the extinction coefficient at the
absorption maximum is slightly reduced. While these effects
are rather weak in aqueous solution , the wavelength shift
amounts to about 10 nm in polar organic solvents (methanol,
ethanol, etc.). When Rhodamine B, which is usually obtained as
the hydrochloride, is dissolved in ethanol, the relative amounts
of the two forms of the dye are determined by this acid-base
equilibrium. The dissociation increases on dilution causing a
shift of absorption and fluorescence to shorter wavelengths.
This concentration dependence of the spectra is therefore not
due to a monomer dimer equilibrium. In less polar organic
solvents (e.g., acetone) the unprotonated (zwitterionic) dye

undergoes a reversible conversion to a lactone:

Because the conjugation of the chromophore is interrupted, this
is a colorless compound. On addition of acid or complex-
forming metal ions the chromophore is regenerated. If the
carboxyl group is esterified as in Rhodamine 6G, all these
reactions do not take place, and the absorption maximum is
independent of pH and concentration (except for aqueous
solutions, where aggregation takes place, and for strongly
acidic conditions, where protonation of the amino groups

occurs). As a consequence, the Stokes shift is small, and the



fluorescence band overlaps strongly the absorption band (fig.
1) . Also, there is only little variation of absorption and
fluorescence maxima with solvent polarity. Provided there are
no heavy-atom substituents, the rate of intersystem crossing
from S; is very low in xanthene dyes. Phosphorescence is weak
even in low temperature glasses and has a lifetime in the order
of 0.1 s, which is short compared with, for instance, some
aromatic compounds. The fluorescence of rhodamines is
quenched externally by I- and SCN-, less efficiently by Br- and
Cl-. No quenching was observed by ClO4- and BF4-. The
quenching process apparently involves a charge transfer from
the anion to the excited dye molecule. It is not a heavy-atom
effect. In polar solvents like ethanol, Rhodamine 6G-iodide is
completely dissociated at a concentration of 10* mol/l and no
quenching takes place, because the lifetime of the excited state
is of the order of a few nanoseconds, much shorter than the
diffusion time the quencher would need to reach an excited dye

molecule.

In less polar solvents like chloroform the dye salt does not
dissociate and its fluorescence is totally quenched. The
perchlorate of Rhodamine 6G behaves differently: its
fluorescence efficiency is independent of solvent polarity (0.95
based on the value 0.90 for fluorescein). It is, however, reduced
by heavy-atom solvents (0.40 in iodomethane), and the
fluorescence of this dye is completely quenched by
nitrobenzene, presumably due to the high electron affinity of
this solvent.
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Figure 1. Rhodamine 6G in ethanol.

There are two structural features that influence the rate of
internal conversion in xanthene dyes: mobility of the amino
groups and hydrogen vibrations. We found that the fluorescence
efficiency of rhodamines that carry two alkyl substituents at
each nitrogen, e.g., Rhodamine B, varies strongly with solvent
and temperature. If the amino groups are rigidized as in the
new dye Rhodamine 101 (Ass = 577 nm in ethanol) the

gquantum efficiency is practically unity.
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independent of solvent and temperature. It is interesting that
the amino groups are not mobile when they are less than fully
alkylated (Rhodamine 6G, Rhodamine 110). However, in such
dyes there is a probability that the electronic excitation energy
is funnelled into N-H vibrations, causing nonradiative decay to
So. Although this effect is rather weak in xanthene dyes, it is
noticeable for instance in Rhodamine 6G. On solution in O-
deuterated ethanol, H is exchanged for D in the amino groups
of the dye. With the greater mass of deuterium the
nonradiative decay is less likely and the fluorescence efficiency

increases from 0.95 to 0.99.
Oxazine Dyes

When the central carbon atom in the xanthene chromophore is
replaced by nitrogen, the chromophore of an oxazine dye is
obtained. The central N-atom acts as a sink for the zn-electrons,
causing a wavelength shift of about 80 nm to the red. As within
the xanthene class the absorption of oxazines also shifts to the
red with increasing alkylation of the amino groups (fig. 2). Apart
from the pronounced red shift of the S, — S; transition there is
little difference between the electronic transitions of oxazines



and rhodamines. The electron-withdrawing effect of the central
N-atom causes the amino groups to be more acidic. Thus
addition of a little base to a solution of Oxazine 4 in ethanol
changes the color from blue to red due to deprotonation of one
of the amino groups. Oxazines with fully alkylated amino
groups do not undergo any change on addition of base. On the
other hand, all oxazines are protonated in strong acids. Some
oxazine dyes have a structure modified by an added benzo
group (fig. 2). This causes a slight red shift of absorption and
fluorescence. Furthermore, the shape of the absorption
spectrum is different than in other oxazine dyes and depends
on the temperature. These effects are probably caused by
steric interference of the amino group with a hydrogen of the
added benzo group. The triplet yield of oxazines is generally
very low. No phosphorescence has been observed in these
dyes. The fluorescence quenching processes, discussed for
xanthene dyes, are also found with oxazines. Owing to the
smaller energy difference between S; and S, internal
conversion plays a greater role in oxazines than in rhodamines.
Thus the fluorescence efficiency of Oxazine 1l-perchlorate is less
than 0.1 in ethanol, but much higher in dichloromethane and in
1,2-dichlorobenzene. Likewise, the effect of hydrogen vibrations
is much more pronounced. The fluorescence efficiency of
Oxazine 4 is a factor of 2 higher in O-deuterated ethanol than
in normal ethanol
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FIGURE 2. Molecular structure of oxazine dyes; absorption maximum in
ethanol.

7-Aminocoumarins

The most important laser dyes in the blue and green region of
the spectrum are coumarin derivatives that have an amino

group in 7-position:
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The chromophore is not symmetric as in the xanthenes and
oxazines discussed above. The ground state can be described
by structure A, the excited state S; by B. While there is some
dipole moment in the ground state, it is much greater in the
excited state .As a consequence these compounds show a large
Stokes shift, in particular in polar solvents (fig. 3). Absorption
and fluorescence maxima depend much more on solvent
polarity than is the case with xanthenes and oxazines. A large
number of highly fluorescent derivatives have been synthesized



in recent years. Here we can give only a few examples (fig. 4).
Absorption and fluorescence of 7-aminocoumarins are not
influenced by a small amount of base present in the solution.
However, they react with strong acids in a variety of ways. The
amino group of Coumarin 1, for instance, is easily protonated
and thus decoupled from the chromophore. As a consequence
the absorption band at 373 nm disappears. This reaction is
inhibited, if the amino group is rigidized as in Coumarin 102. In
the excited state S;, the keto group is more basic than the
amino group and thus is protonated if sufficient acid is present
so that the diffusion is faster than the decay of S;. Frequently a
new fluorescence band appears due to the protonated form.
Most coumarins are very soluble in organic solvents, but
insoluble in water. However, derivatives have been reported

recently that are highly soluble in water (fig. 5).
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FIGURE 3a, b, ¢, and d. 7-Aminocoumarins in ethanol
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FIGURE 4. Molecular structure of 7-aminocoumarin derivatives; absorption
maximum in ethanol.
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Figure 5. Molecular structure of water-soluble 7-aminocoumarins:

absorption maximum in water.
Fluorescence Standards

The optical properties of an ideal fluorescence standard should
be independent of the environment (solvent composition,
temperature, etc.). This means, among other things, that the
compound should not be involved in chemical equilibria.
Alkaline solutions are to be avoided, because their alkalinity
changes gradually due to absorption of carbon dioxide.
Furthermore the fluorescence should not be quenched by
oxygen and the fluorescence efficiency should be in dependent
of temperature variations. A number of better standards can be
suggested on the basis of the foregoing discussions.

Coumarin 1. This compound (7-diethylamino-4-
methylcoumarin) is the most readily available 7-
aminocoumarin. It is easily purified by recrystallization from
ethanol. It is highly soluble in most organic solvents, but not in
water. The fluorescence quantum efficiency is about 0.5 in
ethanol, generally higher in less polar solvents, and is almost

independent of temperature. There is little or no quenching by



oxygen. A disadvantage is the possible protonation in acidic
solvents. If this is a problem, Coumarin 102 or Coumarin 153
may be used. The latter compound is particularly interesting
because of its large Stokes shift and the very broad
fluorescence spectrum. The fluorescence efficiency of Coumarin
102 was measured as 0.6 and that of Coumarin 153 as 0.4
(both in ethanol). Another compound, possibly useful as a
standard, is Coumarin 6 (quantum efficiency 0.8 in ethanol),
which absorbs at longer wavelengths than most other coumarin
derivatives. The latter compounds are commercially available,
but the price is still high. We feel that Coumarin 1 is superior to
quinine bisulfate in every respect. It can be used in almost any

solvent except water.

Rhodamine 6G-Cl0,., the frequently used standard Rhodamine
B undergoes acid-base reactions that affect its optical
properties. Its fluorescence efficiency depends strongly on type
of solvent and temperature. Therefore it is not surprising that
the quantum vyield values reported in the literature vary
considerably. As discussed above, Rhodamine 6G-perchlorate is
superior to Rhodamine B, because its quantum efficiency has
the value 0.95 almost independent of solvent and temperature.
The dye chloride is readily available in rather pure form. It can
be further purified by column chromatography on basic alumina
with ethanol or methanol as the solvent. The perchlorate is
insoluble in water and is easily prepared by adding HCIO, to an
aqueous solution of the dye chloride. It can be recrystallized
from alcohol-water mixtures. The ethyl ester perchlorate of

Rhodamine 101 has the same useful properties as Rhodamine



6G-perchlorate, while absorption and fluorescence are shifted
about 50 nm to the red. However, this dye is not yet
commercially available.

Oxazine 170-ClO,.

Of all available oxazines this derivative has the highest
fluorescence efficiency ( 0.5 in ethanol). Its fluorescence
properties are closely related to those of Rhodamine 6G-ClO.,.
Absorption and fluorescence are shifted by about 100 nm to the
red (fig. 6). As in the case of Oxazine 4, the fluorescence
efficiency increases nearly a factor of 2 on deuteration of the
amino groups. Apart from this effect, it is almost independent
of solvent and temperature. However, variations of
temperature have some effect on the absorption spectrum due
to the benzo group. In this respect Oxazine 4-C10, would be
preferable. As pointed out earlier, these dyes cannot be used in
basic solution. Being perchlorates, they are practically insoluble

in water.
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FIGURE 6. Oxazine 170 in ethanol.



