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A survey is made of primary photoprocesses in dye molecules in solution—photophysical processes in excited singlet and triplet
states (absorption from an excited level, vibrational and rotational relaxation, lifetimes, quantum efficiencies of fluorescence,
intersystem and internal conversions, deactivation and quenching of the triplet state, etc.) and primary photochemical reactions
(cw-mzHS-isomerisation, electron transfer, etc.). A list of 309 references is included.
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I. INTRODUCTION

Organic colorants are widely employed in various fields of
science and technology—in the textile industry, colour and
black-and-white photography, printing, etc.—absorbing
light radiation efficiently and then transforming the resulting
electronic excitation into various other forms of energy.
Investigation of the interaction of intense light pulses with
dye solutions led to the production of optical quantum gen-
erators having a tuned generation frequency (dye lasers).
As traps for electronic excitation energy colorants can be
used for the photostabilisation of polymeric materials.
Finally, considerable interest has been aroused by study of
the photosemiconductor properties of colorants with the aim
of "sensitising" electrographic layers.

The development of experimental technique produced a sub-
stantial expansion of research on photoprocesses in colorant
molecules. Laser sources enabled light pulses to be obtained
of high intensity (~1013 W cm"2) and short duration (10~9—
10~12 s). The use of such pulses to excite molecules made
it possible to investigate primary photoprocesses lasting as
little as 10"12 s.

Research on the photophysical and photochemical properties
of organic dye molecules was last reviewed (1967) in a mono-
graph1. Since then, an immense number of papers have
appeared on the photonics of such molecules. The present
Review covers the main results of research on primary photo-
processes in colorant molecules in solution published during
the past decade.

I I . PHOTOPHYSICAL PROCESSES IN MOLECULES IN A SING-
LET EXCITED STATE

The processes occurring in colorant molecules in a singlet
excited state (a lower excited state is implied) are extremely
diverse. On absorption of a light quantum a molecule
usually passes into upper vibrational sublevels of an elec-
tronically excited state. The processes following absorption
include vibrational and rotational relaxation. The molecule
can pass from the singlet excited state to the ground state
with emission of a light quantum (fluorescence) or without
emission (internal conversion), as well as to a triplet state
(intersystem crossing) (Fig.l) .

Figure 1. Scheme of energy levels in dye molecules and transitions between them,
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Electromagnetic radiation of definite frequency induces
forced transitions either to the ground state (amplification of
light) or to a higher excited state (absorption of light).
These unimolecular processes of deactivation of the singlet
excited state may compete with bimolecular processes—energy
or electron transfer—stimulated by transitions to ground and
triplet states, formation of excimers and excited complexes,
etc.

1. Singlet—Singlet Absorption

Absorption from a singlet excited level corresponds to
Sx -> Sn transitions in the dye molecule (Fig.l). Their
experimental investigation has been made possible during
recent years by the development of picosecond laser spec-
troscopy. Spectra or effective Sx -> Sn absorption cross-
sections have now been determined for several rhodamine2"7

and cyanine8"11* dyes, Cresyl Violet15>lb, Acridine Red 1 7,
Nile Blue6, etc.
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Figure 2. Absorption spectra6 of ethanolic solutions of:
a) Rhodamine 3B ; b) Cresyl Violet; c) Nile Blue correspond-
ing to the transitions: 1) So -> Sn; 2) St +Sn. Optical
densities D expressed in relative units.

from the So ground level. This was explained15 by a sym-
metry difference between So and Sx states, which imposes
restrictions on the probability of electron transitions. The
absorption spectra of molecules in a singlet excited state
give fresh information on the structure of the energy levels
in colorant molecules.

2. Vibrational and Rotational Relaxation in a Singlet Excited
State

Vibrational relaxation was first recorded in Rhodamine 6G
by picosecond laser excitation1 8. The vibrational relaxation
time was TvjDr s 6 ps, and a similar value 8 ± 3 ps was
obtained later 1 9; for Rhodamine Β xvjbr < 2 ps. Subsequent
studies have shown20"21* that for these two colorants in
ethanol, methanol, and water x v j D r < 1 ps, which is appa-
rently the most reliable value.

The vibrational relaxation time for Rhodamine 6G dissolved
in glycerol lengthens by only 50% over the temperature range
40-20 °C, while the viscosity increases more than thousand-
fold25. The lack of correlation between this time and the
solvent viscosity indicates primarily that vibrational relaxa-
tion is due to interaction between solute and solvent mole-
cules. In "isolated" molecules the time of "pure" vibrational
relaxation is ~10"8 s. 2 6 > 2 7 A relation has been detected also
with the quantum efficiency of fluorescence25: for Rhodamine
Β as example the quantum efficiency falls to 0.5 on passing
from glycerol to ethanol, while the vibrational relaxation
time shortens from 4 + 1.4 to 0 ± 1.4 ps. The effect on the
time was attributed to a difference in mobility of the terminal
diethylamino-groups of the dye molecule in the two solvents25.
An important part in the vibrational relaxation of rhodamines
is played by hydrogen bonds between dye and solvent mole-
cules. For the fluorescein group of xanthen colorants
(fluorescein, eosin, erythrosin) Tvibr < 10 p s . 2 8

The use of picosecond lasers has also enabled rotational or
orientational relaxation in colorant molecules to be inves-
tigated 2 9 " 3 9 . Most of the measurements of rotational relax-
ation times have been made on Rhodamine 6G in various sol-
vents. This time is directly proportional29 to solvent
viscosity (as follows from the Debye—Stokes—Einstein
hydrodynamic model) and to hydrodynamic volume. Thus
for Rhodamine 6G in ethanol the time x r o t fluctuates from 70
to 300 ps according to various workers29'33'31*. In viscous
solvents it increases to 2800 ps 2 9 ' 3 1 (or even to 6500 ps 3 2)
in undecanol and to 2100 ps in ethylene glycol2 9 '3 1. Rota-
tional relaxation times have been measured for Rhodamine 4S
in ethanol (250 ps 3 8 ) , for Rose Bengal in several organic
solvents varying in viscosity (in acetone and ethanol respec-
tively 70 and 450 ps 3 7 ) , and for 3,3'-diethyloxadicarbo-
cyanine (160 ps in ethanol 3 5). Despite some divergence in
the results, it can be accepted that, for the colorants
investigated in low-viscosity media at room temperature,
orientational equilibrium with the solvent is established before
the act of emission.

Thus the Sx ->· Sn absorption spectra of Rhodamines 6G and
3B in ethanol contain a maximum at 430 nm, but in that of
Nile Blue the maximum occurs at 540 nm 6 (Fig.2). The
corresponding spectrum of cryptocyanine has a band at
550 nm, 8 ' 9 representing the energy difference between the
S2 and Sj. levels. For Cresyl Violet in methanol and in gly-
cerol the maximum lies at 490-500 nm 6 · 1 5 and 430 nm 1 6

respectively. Here the energy of the Sx ->• Sn transition
does not correspond to any final state involved in absorption

3. Lifetime and Quantum Efficiency of Fluorescence

The lifetime of a singlet excited state τς is an important
parameter determined by the aggregate of processes deactiva-
ting excited molecules. The use of picosecond lasers has
enabled it to be found both from the decay of Sx •+• Sn absorp-
tion intensity (for non-fluorescent molecules) and from the
decay of fluorescence intensity. Such lifetimes have been
measured for rhodamine32'33'1*0-1*^1*7•lf9

> xanthen2 8 '3 2 '1*1 '5 1*-5 7,
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thiazine 5 8 · 1 2 9 ' 1 4 9 azine1*1*'110, triphenylmethane5 7 '6 2 '6 3, indi-
goid?1" coumarin ' , polymethine (cyanine) 13.35.70-8"*. 110

and other colorants (Table 1).

Table 1. Lifetime
cence of dyes.

and quantum efficiency <J)fi of fluores-

Dye

Rhodaminc 6C.

Rhodamine Β

Rhodamine 3B

/WV'-Diethyl-
rhodaminc

11

Fosin

Erythrosin

Rose Bengal

Phenosafranine

Methylene Blue

Thionine

Acridine Orange

Malachite Green

Crystal Violet

Thioindigo

Indigo

Coumarin 7

Coumarin 102

Coumarin 120

Pinacyanol
(l.l'-diethyl-
2,2'-carbocyanin

Cryptocyanine
(l,l'-diethyl-
4,4'-carbocyanine

l,l'-Diethyl-

2,2'-dicarbo-
cyanine

3,3'-Diethyloxa-
dicarbocyanine

3,3'-Diethyl-
2,2'-thiatricarbo-
cyanine

Solvent

methanol
ethanol
water
acetone

ethanol

ethanol + HC1
ethanol + KOH

ethanol

water
ethanol

ethanol
water
water (neutral dye)

water (monoanion)

water (dye cation)
water, pH 9
water, 0.05JV NaOH

methanol
ethanol
water, pH 7
water, pH 9
water, pH 9.2

methanol
ethanol

water
acetone

methanol
ethanol
water, pH 9.2

ethanol

methanol
water, pH 9
water, pH 2.5

water, pH 9
water, pH 2.5

ethanol+ 0.01 Μ KOH
water

methanol
glycerol

water, pH 9

ethanol
glycerol

toluene
benzene
benzene

methanol
ethanol

methanol
ethanol

methanol
ethanol
methanol
ethanol
glycerol

methanol
ethanol

glycerol

methanol
ethanol
glycerol

ethanol

propan-2-ol
water

methanol

%'s, ns

3.7 [40]; 6.5 [41]
3.7 [33]; 4.5 [42, 44]
4.0 [44]

—

3.4 [42]

2.5 [47]
3.1 [47]
3.4 [42]

—

—

_

4.0 [41]
—

-

—
4.4 [32]; 3.9 [28]
3.3 [54]
3.6 [54]
0.90 [28]

—
1.4 [54]
0.14 [55, 56]
0.56 [54]; 0.11

[28]
0.078 [57]
2.4 [57]
0.66 [54]
0.82 [54]
0.095 [54]
2.7 [44]
0.3 [58]

0.37 [149]
_

0.36 [129]
—

1.7 [158]
0.002 [63]
0.090 [57]; 0.010

[62]

0.005 [62]
0.010 [62]

13.0 [64]
13.4 [66]
< 1 [67]
3.4 [68]
3.9 [68]
5.2 [68]
6.5 [68]
3.5 [691
3.1 [69]
0.004 [71]
0.009 [71]
0.33 [70]

0.016 [76]
0.037 [71]; 0.080

[72]
0.075 [76]; 0.037

Γ771
L · ' J

0.007 [71]
0.011 [77]
0.145 [71]
1.24 [80]; 1.2 [81,

84]
1.6 [35]
0.56 [84]
0.090 [13]

_

0.88 [42, 46]
0.89 [46]; 0.96 [45]
0.78 [46]
0.81 [111]; 0.61 [42];

0.72 [50]
0.49 [48]
0.71 [48]
0.7 [111]; 0.68 [42]; 0.42

[46]
0.37 [46]
0.94 [42]

0.97 [54]
—

0.14 [51]; 020—0.25
[52]

0.26 [51]; 0.25—0.35
[52]

0.9—10 [52]
0.92 [53]

—

0.60 [54]
0.53 [111]; 0.69 [54]
0.19 [28]
0.19 [53]
0.20 [54]
0.08 [54]
0.08 [54]; 0.02 [28]

—

0.08 [54]
0.11 [54]
0.018 [54]

—

0.01 [59]
0.1 [60]
0.1 [60]
0.047 [129]
0.2 [61]

—

—

—

0.01 [59]
—
—

_

0.56 [66]
—

_

—
_

—

—

—

—

0.017 [75]

0.007 [77]

0.003 [77]
—

0.49 [80]; 0.42 [84]

—
—

Note. Numbers in square brackets denote references
(Ed. of Translation).

For rhodamine dyes in various solvents (water, methanol,
ethanol, glycerol, etc.) the lifetimes lie in the range 2—6 ns.
Variations are due to the experimental conditions. For
example, TCJ falls from 4 to 2 ns with increase in the concen-
tration of Rhodamine 6 G in water from 10~5 to 10~2 M, V l

which can be explained by singlet-singlet energy transfer
from monomers to non-luminescing association complexes'*0.
Lifetimes for rhodamine dyes became shorter on heating8 5

owing to temperature quenching of fluorescence86. Later,
however, it was concluded87 that the excited singlet lifetime
did not vary with temperature. Variation has been observed
in the presence of detergents 8 8 · 8 9 and also with change in
solution acidity1*7'90.

Xanthen dyes of the fluorescein group have excited singlet
lifetimes of the same order as those of the rhodamine group 2 8 '
3 2 ' 1* 1 ' 5\ except for erythrosin and Rose Bengal, for which
they are only around one-tenth2 8 '5 1*"5 7. Such a difference is
due not only to the internal effect of the heavy atom51* but
also to a specific solvent effect. Thus these lifetimes for
Rose Bengal in proton-donor solvents are some 20% of those
in aprotic solvents9 1, a difference attributed to the influence
of hydrogen bonds on non-radiative transitions.

The shortest excited singlet lifetimes, a few picoseconds,
are typical of triarylmethane dyes (Malachite Green, Crystal
Violet)6 2 '6 3. The decisive role in ultra-rapid electronic
relaxation processes in such molecules belongs to internal
conversion and Conformational changes 1 6 ' 6 3 .

Brief lifetimes of singlet excited states have been found
also in many polymethine dyes, apparently as a consequence
of their capacity for cis—trcms-photoisomerisation. The life-
times increase in viscous media 7 0 ' 7 1 ' 7 8. They depend on the
length9 2 of the polymethine chain [CH : C H ] n , changing
approximately tenfold with increase in η from 1 to 3; further
increase in η shortens the lifetime, to 50 ps for η = 5. The
latter effect is explained by narrowing of the energy gap
between So and Sx states and increase in the probability of
non-radiative transitions.

An important characteristic of singlet excited states of
molecules is the quantum efficiency of fluorescence cfjfi, which
is determined from the singlet lifetime and the fluorescence
rate constant kf\ by the formula φ^ = Κςγτς.

Rhodamine dyes exhibit intense fluorescence, with quantum
efficiencies exceeding 0.5 for most of them1*2 (Table 1),
which is explained by favourable relative positions of singlet
and triplet energy levels93. The efficiency is affected by
structural features of the rhodamine molecules91* and also by
such experimental conditions as the solvent1*7'90, exciting
wavelength9 5 '9 6, etc. It depends on the temperature: thus
for Rhodamine Β in alcohol the efficiency increases from 0.4
to 1.0 when the solution is cooled, and falls to a few percent
on heating to 78 ° C . 9 7

The quantum efficiency <}>fi of the fluorescein group of
xanthen dyes varies within wide limits as a consequence
both of ionisation of the molecule (with change in solution pH)
and of the effect of heavy atoms contained therein (Table 1).
It is affected by hydrogen bonding between dye molecule
and solvent98, temperature9 9, and deuteration1 0 0.

For triarylmethane dyes the quantum efficiency of fluores-
cence is low (~10~4) in non-viscous media. However, it
increases rapidly with the viscosity η , in conformity with the
empirical relation <f>fi = e n 2 / 3 , 1 1 2 in which c is constant for a
given dye.

Research on the spectral luminescent properties of cyanine

dyes75,77,eo,βΐ*,101 ,iO2,iio h a g r e v e a l e d a d e p e n d e n c e of effici-
ency on the length of the polymethine chain analogous to the
above relation for singlet lifetime92. The presence of meso-
substituents in the chain usually lowers the efficiency.
Introduction of a heavy atom into the heterocycle has little
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effect1 0 2. Since polymethine dyes are capable of cis—trans-
photoisomerisation, the effect of several factors on efficiency
is in most cases a consequence of variation in the tendency
to photoisomerisation.

Table 2. Quantum efficiencies of intersystem crossing and
internal conversion φϊ8 and φκ: and corresponding rate con-
stants k[s and kic for dyes.

Dye

Rhodamine 6G

!
'
i

•

Rhodamine Β

Rhodamine 3B

/VW'-Diethyl-
rhodamine

Iluorescein

liosin

Erythrosin i

Neutral Red <

Methylene Blue

Thionine

Acridine
Orange

Pinaeyanol

Cryptocyanine

1,1'Diethyl- •

2,2'-dicarbo-

cyanine

3,3'-Dicthyl- •
oxadicarbo-
cyanine

3,3'-Diethyl- ;
thiacarbo-
cyanine

, Solvent

ethanol

methanol

bromoform +
butanol ( 1 : 3 )

propanol
water
water, pH 1.4
water, pH 5.2

water, pH 7

ethanol + HC1

ethanol + KOH
ethanol

water

ethanol
ethanol

water, pH 9

water. pH 7.2
ethanol + 0.1 Μ

KOH

water, pH 9

water + 0.01 Μ
NaOH

ethanol

water, pH 9

ethanol

water, pH 9

water, pH 9

water, pH 7.2

ethanol + 0.01 Μ

HC1
ethanol + 0.01 Μ

KOH

methanol
glycerol

ethanol

glycerol

ethanol
glycerol

ethanol

ethanol

propanol

Vis>

2-10"3 [114]:
5.5- ΙΟ-"

[111]*

—
0.12 [119]

3-10-3 [121]

8-10-3 [125]
410—' [122]
3-10-3 [122]

2-10-3 [123,124]

3-10-3 [111] *

6-10-3 [123]

3.5-10"3 [111] *

1.5-10"3 [111]*

0.07 [53]

0.02 [60]
0035 [61]

0.68 [53]
0.76 [61]

0,34 [126]

0.95 [53]
1.05 [60]; 1,0

[126]

<0,01 [59]

0,54 [60, 127]

0.55 [60]

0.10 [61]

0.37 [61]; 0.30
[128]

2.9-10-3 [130]
1.M0- 2 [130]

6.3-10-* [77]

—

2.6 10-* [77]

—

5-10-3 [80]

M O - 2 [80]

M O - 3 [131]

6.5-105 [42];

1.6-106 [113]
4.2-105 [114];

3.2-106 [115]
M O 5 [111,

117]*
6 10s [116]

3.4-106 [118]
2.2-107 [119]

—

—
—
—
—

_

—.
2.8-10° [115]-

6.7 10s [111]*
—

M O 6 [ Π 1 ] *

3.3-105 [ 1 Π ] *

.

—

_

7.9- 10s [118]

—

-

—

6.8-107 [118]

—

—

—

-

_

—

Vic

0,17 [119,

120]

—
0.08 [119]

—

—
—
—
—

—
0,39 [119]

—

0.32 [119]

0.06 [119]

0,05 [98]

—
0.00 [61]

0,02 [61]

—

_

—

—

0.45—0.36

[&9, 60, 127]

0.35 [60]

0.44 [61]

0.43 [61]

_

—

_

—

—

0.43 [80]

0.52—0.64
[«0]
0.00—0.30
[131]

3 M O 7 [119,
120]

—
1,4-107 [1.19Ϊ

—

—
—
—
—

9,7-107 [47]

2,06-10» [47]
U - 1 0 8 [119}

—

9,4-107 [119]

1.3-107 [119]

1,4-107 [98]

—
—

—

—

—

— '

—

—

—

—

5.1-10s [71Ϊ

_

6.9-108 [711

9.6· 108 [71]

-

.

—

* At 77 Κ .

Note. Numbers in square brackets denote
(Ed. of Translation).

references

The fluorescence spectrum is characteristic of each dye.
With almost all dyes the emission spectrum is located at the
longer-wavelength edge of the principal absorption band.
In addition to the usual fluorescence arising on transition
from a lower singlet excited state to the ground state, a
radiative transition from higher excited states is also possible,

whose spectrum is displaced to shorter wavelengths (short-
wave luminescence). The low quantum efficiencies and
short lifetimes make detection of such luminescence difficult
For dyes its observation therefore became possible after the
creation of powerful laser sources of excitation. Short-wave
luminescence has been investigated in solutions of Rhod-
amines 6 G , 1 0 3 - 1 0 8 , 3B, 1 0 9 and B , 1 0 " ' 1 0 9 cryptocyanine78, etc.
For these dyes it is characterised by low efficiencies φίι =
10"1*—10"6, while the excited states responsible for it are
short-lived (-20-0.03 ps).

4. Intersystem Crossing and Internal Conversion

In the absence of processes tending to quench fluorescence
and photochemical reactions involving a singlet excited state
the non-radiative processes competing with fluorescence are
intersystem crossing to a triplet state and internal conversion
(Fig. l) . Knowledge of quantum efficiencies or rate constants
for these processes is necessary mainly because of the
involvement of triplet states of colorants in various photo-
reactions. Methods elaborated for determining quantum
efficiencies φΐ8

 5 9 have enabled values to be found for rhod-
amine 1 1 1 ' 1 1 4 - 1 1 9 ' 1 2 1 - 1 2 5 , xanthen 5 3 ' 6 0 ' 6 1 ' 1 2 6 , thiazine 6 0 ' 1 2 7, poly-
methine 7 7 ' 8 0 ' 1 1 0 ' 1 3 1 - 1 3 4 , and other dyes 5 9 ' 6 1 ' 1 2 8 in liquid solu-
tions. Efficiencies φϊ8 together with rate constants
kis = Φ ΐ β ^ 1 a r e listed in Table 2 for several dyes.

The efficiency φί8 of Rhodamine 6G has been determined
from measurements of laser generation characteristics 1 3 5 ' 1 3 6,
triplet-triplet absorption 1 1 1*' 1 2 0- 1 2 3 ' 1 3 7, phosphorescence111'117,
and yields of photochemical reactions1 3 8, but in several cases
results obtained by different methods differed greatly. Those
obtained from direct actinometric measurements111* and by

comparison with a standard are apparently the most
accurate (Table 2). Values of φι8 remain almost unchanged
on passing from alcohol to water111*'123'121*, but are appreciably
lower in acid media (pH 1.4).1 2 2 A significant increase is
observed in media containing heavy atoms1 1 9, as well as when
the dye molecules are associated1 2 0 '1 3 9 '1 1*0, in the latter case
to 0.5. Both effects are due to strengthening of spin—orbit
interaction.

The internal effect of a heavy atom in increasing the
efficiency φ{8 is especially clear in the series of xanthen dyes
of the fluorescein group (Table 2). Thus passing from
fluorescein to eosin (tetrabromofluorescein) and erythrosin
(tetraiodofluorescein) increases the efficiency by factors of
~35 and -50 respectively6 0.

Low efficiencies φ^8 = 10~2—10"1* characterise many poly-
methine dyes in non-viscous solutions. Intersystem conver-
sion to a triplet state has cis-trans-photoisomerisation as an
effective competitor The quantum efficiency $\s is
significantly higher for dyes containing meso-substituents in
the polymethine chain1 3 1"1 3 1*, because of steric hindrance to
the competing process. An appreciable increase in efficiency
has been observed in viscous media, in which cis-trans-iso-
merisation is likewise hindered 1 3 1.

Internal conversion competes with an intersystem transition
to a triplet state. In the absence of photochemical reactions
involving the singlet excited state the quantum efficiencies
in the quenching of fluorescence conform to the relation

<Pfl !- (1)

which enables the quantum efficiency of internal conversion
Φκ; to be found from the observed efficiencies φπ and φϊ3.
Table 2 includes values of φ[α and the rate constant of inter-
nal conversion Jqc for xanthen, thiazine, polymethine, and
other dyes. It is evident that internal conversion is almost
completely absent from fluorescein-group dyes in polar media:
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an appreciable contribution by its efficiency has been
observed only with fluorescein itself in dimethyl sulphoxide,
dimethylformamide, and formamide98. The rate constant Jqc

increases exponentially with decrease in the energy Δ Ε corre-
sponding to the 0-0 band in the So ->• Si transition, which is
governed by intermolecular interaction in the solute—solvent
system51*'98. Internal conversion is greater in rhodamine
dyes, which also can be explained, apparently, in terms of
the energetics of intermolecular hydrogen bonding5 4.

Internal conversion makes a significant contribution to
energy degradation of singlet excited molecules in the case of
thiazine, acridine, triarylmethane, and polymethine dyes. It
is especially effective in triarylmethane dyes, for which
Φΐο £ 1, and 10~uiqc is respectively 5 and 2 s"1 for methanolic
Malachite Green6 3 and ethanolic Crystal Violet62.

5. Quenching of Singlet Excited State

Dynamic quenching of fluorescence can occur mainly as a
result of energy transfer, electron transfer, internal conver-
sion or intersystem crossing under the influence of a quench-
ing agent, formation of excimers and excited complexes, and
other causes.

Quenching of singlet excited states of dye molecules by
compounds having lower Sx levels results from energy trans-
fer by an inductive—resonance mechanism. Thus energy
transfer has been established11*1'11*2 between fluorescein and
eosin, and correspondingly erythrosin and Rose Bengal.
Picosecond laser technique has enabled such transfer to be
investigated between Rhodamine 6G and 3,3'-diethylthiacarbo-
cyanine11*3, as well as Malachite Green11*1*"11*6. For the
Rhodamine 6G-Malachite Green system the critical energy-
transfer radius Ro = 53 A and the transfer rate constant
k = 3.1 χ 1011 M"1 s"1; for the Rhodamine 6G-3,3'-diethyl-
rhodamine system in water Ro = 59 A. The efficiency of
energy transfer is increased by the presence of a surface-
active agent—sodium dodecyl sulphate11*3.

Effective quenching of the fluorescence of dyes (Acridine
Yellow, Magdala Red, phenosafranine, Rhoduline Red, etc.)
by inductive—resonance energy transfer takes place in the
presence of rare-earth metals (neodymium , erbium , praseody-
mium , etc.) 1 " 7 ' 1 1 * 8 ; the transfer radius is Ro = 10—13 A.

Many dyes undergo molecular association with increase in
concentration1. Fluorescence quenching of monomeric dye
molecules results from transfer of singlet excitation energy
to non-luminescent association complexes. Detailed inves-
tigation of such concentration quenching has been made on
rhodamine dyes 1 5 0 " 1 5 2 .

Quenching of fluorescence accompanied by charge-transfer
complex formation is assumed in the interaction of singlet
excited rhodamine dye molecules with anthracene and its alkyl
derivatives1 5 3, as well as of xanthen dyes, Acridine Orange,
and 7-hydroxycoumarin with oxygen151*. Fluorescence
quenching of Oxonine by allylthiourea increases the quantum
efficiency of intersystem crossing to a triplet state 1 5 5 ,
whereas that of Rhodamine 6G by diethylaniline makes internal
conversion more probable1 5 6. Formation of a singlet excited
complex is assumed in the fluorescence quenching of Pyronine
by potassium iodide1 5 7.

6. Effect of Association on Properties of Molecules in Singlet
Excited State

With increase in concentration dyes may associate, which
influences the properties of singlet excited states 1. Thus
raising the concentration of Acridine Orange to 0.1 Μ length-
ens the singlet lifetime τ | from 1.7 χ 10~9 to 1.6 χ 10~8 s . 1 5 8

For a pseudocyanine the formation of I-aggregates leads to
shortening of this lifetime to 3.5 χ 10"11 s, owing to migration
of excitation energy within the aggregate 1 5 9. Shortening of
the lifetime has been observed also on the aggregation of
rhodamine dyes'*0 '1 6 0.

Energy transfer by an inductive—resonance mechanism is
possible for associated dye molecules. Such transfer has
been observed between Ν Ν '-dioctadecyloxacyanine and
NN '-dioctadecylthiacyanine161. Formation of excimers has
been recorded also for polymethine dyes 1 6 2 ' 1 6 3 .

I I I . PHOTOPHYSICAL PROCESSES IN MOLECULES IN A TRIP-
LET STATE

Triplet states of dye molecules have an important role in
the degradation of electronic excitation energy and are
involved in various photochemical reactions. Triplet-trip-
let energy transfer is often used to populate the triplet
level of molecules having low intersystem quantum efficiencies.
Molecules in a triplet state have significantly longer lifetimes
than singlet excited dye molecules, so that their spectra can
be recorded by flash photoexcitation161*. Triplet states of
dyes are detected also from phosphorescence 1 ' 1 1 1 ' 1 6 5 and elec-
tron spin resonance spectra.

1. Triplet-Triplet Absorption

Triplet-triplet (Τ-Γ) absorption corresponds to permitted
transitions between triplet states (Fig. l) . Early work on
flash photolysis involved detailed examination of Γ-Γ absorp-
tion spectra of xanthen dyes of the fluorescein group 1 7 2 .
During recent years great interest has been taken in triplet
states of rhodamine dyes in view of their widespread use in
laser technique. The first direct determinations137 of the
corresponding spectrum of Rhodamine 6G with sensitised
occupation of the triplet level of the dye molecules in butanol
were soon confirmed1 2 0 '1 7 3. The spectra of this dye in aque-
ous and alcoholic solution have been obtained by direct flash
photoexcitation11 V16.122-12V*°>171*. The T-T absorption
band at 600-620 nm, where the laser emission by Rhod-
amine 6G is located, is accompanied by two additional Τ-Γ
absorption bands, in the blue and in the infrared (Fig.3).

0.01 -

0.3

Q.I

U00 600 800 WOO
λ, nm

Figure 3. Absorption spectra 1 2 3 of aqueous Rhodamine 6G
corresponding to the transitions: 1) Tx •> Tn; 2) So -+ Sn

The triplet-triplet absorption spectra of polymethine dyes
have been investigated in detail in connection with their use
as active media for optical lasers 1 1 · 1 3 0 ' 1 3 1 · 1 3 3 ' 1 7 5 " 1 8 1 . Because
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of the low intersystem quantum efficiencies the spectra were
obtained for most of these dyes with sensitised excitation.
Such spectra have been determined for thiazine dyes
(Thionine 1 8 2 " 1 8 5 , Methylene Blue 1 8 5 " 1 9 0 , Methylene Green 1 8 7),
acridine dyes (Acridine Orange, Acridine Yellow)1 9 1"1 9 4,
indigoid dyes (thioindigo, 6,6'-diethoxythioindigo)1 9 5 '1 9 6 '
coumarin dyes (coumarin, 7-hydroxycoumarin, 7-diethyl-
amino-4-methylcoumarin) 1 9 7 ~ 1 9 9 , and other dyes.

2. Deactivation of Triplet States

In photoreactions of dyes the quantum yield of the primary
product is directly proportional to the lifetime of the mole-
cule in any triplet state involved. Hence knowledge of the
characteristics of processes effecting deactivation of such
triplet states is extremely important for assessing the effi-
ciency of photochemical reactions.

A distinction must be made between uni- and bi-molecular
deactivation processes. The former include phosphorescence,
intersystem crossing, and thermally activated delayed
fluorescence (delayed fluorescence of type E/200). Among
the second are triplet—triplet annihilation fluorescence
(delayed fluorescence of type P/200), concentration quench-
ing, and electron transfer on disproportionation of two
triplet molecules and on interaction of a triplet with an
unexcited molecule, as well as deactivation of a triplet state
by various quenching agents.

Unimolecular deactivation processes. The lifetime of a
molecule in a triplet state is determined by the totality of
deactivation processes. In the absence of triplet—triplet
annihilation and of concentration and other quenching pro-
cesses this lifetime is given by

Table 3. Lifetime τ 7 and deactivation rate constants of
triplet state of dyes.

which takes into account the unimolecular (pseudounimolecu-
lar) deactivation processes

- - S + hvph

He

T-+S*

Τ + Q + S + Q .

(2)

(3)

(4)

(5)

In most cases phosphorescence (2) cannot be recorded in
liquid dye solutions at room temperature, owing to rapid
non-radiative deactivation of the triplet state (4) and (5).
It has been recorded in solutions of rhodamine dyes in the
presence of bromoform (20-30 vol.%), which facilitates trans-
ition to a triplet s ta te 2 0 9 ' 2 1 2 ' 2 2 9 , the quantum efficiency of
phosphorescence being (2—6) χ 10~5.209 Systematic mea-
surements of phosphorescence have been made for xanthen
dyes at 77 κ . 2 0 3 ' 2 0 8 ' 2 3 0 The longest triplet lifetimes occur in
solid matrices—solutions at low temperatures or films (e.g.
polyvinyl alcohol)—and are determined from the kinetics of
the decay of phosphorescence2 0 3 '2 0 8, triplet—triplet absorp-
tion 1 9 8, and the e .s . r . signaii66,i69,202,23i,232_ values of τ Τ

for most colorants under these conditions lie in the range
0.1-1.0 s (Table 3).

Several colorants (e.g. xanthen dyes) exhibit delayed
fluorescence of type £. This process (3) involves vibra-
tional excitation of Tx to an isoenergetic level S : followed by
an intersystem transition at Sx and loss of excitation by
fluorescence (Fig. l) . Delayed fluorescence of this type is
observed with compounds having small singlet—triplet sepa-
ration (2000—3000 cm"1), as well as at high temperatures.

Dye

Fluorescein

Eosin

Erythrosin

Rhodamine 6G

Rhodamine Β

Rhodamine 3 Β

Thionine

Oxonine

Methylene Blue

Acridine Orange

Acridine Yellow

3,3'-Diethylthia-
dicarbocyanine

3,3'-Diethylthia-
dicarbocyanine

Cryptocyanine

Pinacyanol

8,9-Difluorothia-
carbocyanine

3,3'-Diethyl-9-
methoxythia-
carbocyanine

7-Hydroxy-
coumarin

Thioindigo

Solvent

water, pH 12
polyvinyl alcohol

(pva)
ethanol (77 K)

water, pH 9.1

water, pH 9.1
pva
ethanol (77 K)
water, pH 7.0

water, pH 10
pva
water, pH 9.3

ethanol
ethanol (77 K)
ethanol + O2

butanol
butanol + 20%

bromoform
propanol + 20% ,

bromoform
water, pH 6

butanol + 30%
bromoform

ethanol (77 K)
ethanol + O2
ethylene glycol

(90 K)

butanol + 30%
bromoform

methanol + 20%
water (98 K)

water, pH 1-8
water, pH 1.7
water, pH 2.5
methanol + 20%

water (98 K)
water

methanol + 20%
water (98 K)

water
water, pH 5
water, pH 9

acetonitrile

methanol
methanol + chloro-

acetic acid
water, pH 12
water + 10'3M HC1
water, pH 2

ethanol (77 K)
pva
water, pH 11
water, pH 2
ethanol (77 K)
pva

propanol

butanol
pva

propanol

pva

ethanol
glycerol + O2 •

methanol

propanol + O2 2

Propanol

ether + isopen-
tane + ethanol

( 5 : 5 : 2 ) (77 K)
ditto (117 K)

benzene
benzene

TT, S

_

—.

0.18
-

_

—
0.10

—

_

—
—

1.7
0.45-10-»
0.33-10-·

_

—

1.0
0:33-10-"

0.86

—

3.5-10-3

—

1.6-10-6

3-10-2

—

2-10-3

(4-*-6)-10-5

—
—

—

—

—
—

2.0
—

—
3.1

—

—

—
—

_

—
_

4-10-*
—

4.2-10-·

_

0.90

0.10

1.35-10-';
2.79-10-'

*0. s"1

_

7.6
—

-

_

2.3-102

—
—

—

1.6-103
—

—
—

5-10
4-10*

—

—

—

—
—
—

—

—
—
—
—

—

—

—
—
—

11.5
_
—
—

1.5-4.2

_

—
1.5-102

_

2.5-102

—
—

—

—

_

—

—

_

—

5 1 0

—

5.4-102;

4.2-1Q2
—

4.06-102

3-103

5.2-10»

10» —10*

1.7-102

1.5-10»

4-102

1.6-10»

—

2.2-10»

8.5-10*
1.5-105

—

8.3-103

—
1.52-10*··
2.3-105

1.2-10*
0.3-105***
6.5-10»
3.5-103

3-102

3-102

2.5-103

—
—

6-102
1.9-10»

—

2.3-102

4.6-102

—

3.0-102
5.4-102*·**

—
9.1-103

—

5.3-103

9-3-105

4-10a

—

—

—

—

M-l

1.7-10·

—
—

1.1-10»

—
—
—

_

—
—

4.1-10»
—
—

,—

—

—
2.8-10»

—
—

—

—

—
—
—
—

—
—

—
—
—
—
—
—

5.5-10»

1.6-10»
5.5-109

4-10»
1.5-10»

—
—

3.1-10»
3.8-10»

—
—

2.6-10»
—
—

*2.4-10»

—
—
—

—

—

2-10»

—

—

—

s-1

1.10»

—
—

3-10»

4-10»
—
—.
—

—

—
2.2-108

—
—

—

—
5-107

—
—
—

—

—

—
—
—
—

—

—
—
—
—
—

9-108

3 1 0 8

~ 1 0 8

2.3-10'
—

7 . 6 1 0 8

2.0-108

—
—

4.0-10'
—
—

1.3-10'

—
—
—

—

—

1.9-10'

—

—

_

—

Ref.

[59]

[59]
[202]

[59]

[204]
[59]

[202]
[205]

[59]
[59]

[204]

[114]
[202]
[114]
[115]
[210]

[120]

[209]
[140]

[119]
[202]
[115]

[169]

[119]

[171]
[215]
1188]
[183]

[171]
[217]

[171]
[219]
[190]
[187]

[189]

[194]

[194]
1192]

[228]
[221]
[202[
[221]

[221]
[221]
12021
[221]

[222]
[133]
[223]

[222]

[223]

[77]
[226]

[130]

[175]

[222]

[198]

[197]

[227]
[196]

*Ref.ll6.
**Ref.218.

***Ref.l90.
****Ref.224.
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In deoxygenated liquid solutions the chief processes deacti-
vating a triplet state are non-radiative degradation (4) and
quenching by uncontrollable impurities (5). Table 3 lists
rate constants k0 and ki = k0 + kq[Q] for various classes of
dyes, and Table 4 gives positions of the triplet level Ej for
the molecules. Several conclusions follow from these data:
(i) k1 exceeds k0 for all the compounds investigated (the
difference between them is due mainly to quenching by resi-
dual oxygen, whose concentration is estimated as (1—2) χ
10~7 M); (ii) k0 and k1 increase with the number of heavy
atoms in xanthen dye molecules in the sequence—fluorescein <
eosin < erythrosin—and also in polymethine dyes (internal
heavy-atom effect)1 0 2; (iii) ki for the rhodamine group of
xanthen dyes is greater in media containing heavy atoms,
e.g. bromoform (external heavy-atom effect); (iv) protona-
tion of thiazine and acridine dye molecules increases klt as a
consequence of the position of the triplet level in protonated
molecules; (v) the high values kx = (2—3) χ 108 s"1 for thio-
indigoid dyes are due to the involvement of the triplet state
in photoisomerisation; and (vi) kx for triarylmethane dyes
increases on passing from a solid matrix to a solution, as
Conformational changes and additional rotational modes become
possible.

2 3 3 and electron transfer5 9'2 3 1*:

Table 4. Triplet levels Ej of dye molecules.

Dye ·

lluoresccin

Eosin
»

Erythrosin
Rhodamine 6G

>

»

Rhodamine Β

Rhodamine 3B
Thioninc

Methylene Blue
>

Acridine Orange

Acridine Yellow
3,3'-Diethylthia- .

carbocyaninc
3,3'-Dicthylthia-

dicarbocyanine

Solvent

»

ethanol
ethanol

*
water. pH 9
ethanol
propanol + 20%

bromoform
propan-2-ol
propanol + 30%

bromoform
propanol + 20%

bromoform
ethanol
ethanol
water + KOH
water + HC1

*
water + K.OH
water + HC1

*

•

propanol

propanol

ET, cm"1

16500
18000
15600
15900
14800
14700
15100
14400

14650
14900

14300

14890
14870
13700
10500
13900
11640
8220

17100

18350
13750

<12600

Ref.

[201]
[203]
[203]
[206]
[207]
[213]

[203, 208]
[209]

[211]
[212]

[209]

[203]
[203]
[214]
[214]
[216]
[220]
[220]
[111]

[111]
[225]

[225]

•Solvent not stated.

Triplet—triplet annihilation and concentration quenching.
Bimolecular processes include triplet—triplet interaction
(at high concentrations of triplet molecules) and concen-
tration quenching. Provided that the singlet-triplet
splitting in the molecule is less than the separation
between triplet and ground levels, excitation energy can be
transferred between two triplet molecules with transition of
one of them to a singlet excited state followed by fluorescence
(delayed fluorescence of type P). Other possible results of
triplet—triplet interaction may be non-radiative degradation200'

— s-+ s
—> S -f S

(6)

(7)

(8)

The triplet-triplet interaction rate constant kjj is usually
found from the rate of decay of triplet-triplet absorption
intensity. Table 3 gives values of kjj for individual
xanthen, acridine, and polymethine dyes; high values indi-
cate that triplet-triplet interaction is occurring in the dif-
fusion range.

Delayed fluorescence of type P, resulting from triplet-
triplet annihilation, is observed in liquid dye solutions. That
of butanolic Rhodamine 6G in the presence of bromoform229

is assumed to involve formation of a ternary complex of two
triplet dye molecules and one bromoform molecule. With
photoexcitation sensitised by triplet-triplet energy transfer
account must be taken also of delayed fluorescence due to
triplet-triplet annihilation of mixed type2 2 1*'2 3 5.

Concentration quenching of triplet states arises from inter-
action of a triplet with an unexcited molecule. Its mecha-
nism has not been finally established, but it apparently
results from formation of a vibrationally excited molecule in
the ground state 2 3 6 , excimer phosphorescence59, and electron
transfer 5 9 · 1 7 2 ' 2 3 *:

-i hv

+ R-

(9)

(10)

(11)

Table 3 includes concentration-quenching rate constants
kjs for several dyes. Comparison of kfs and kfp indicates
that concentration quenching is substantially less effective
than triplet—triplet interaction.

3. Quenching of the Triplet State

A distinction is made between static and dynamic quenching
of triplet states. The former involves a decrease in con-
centration of triplet molecules unaccompanied by change in
their lifetime. Static quenching corresponds to equilibrium
between molecules unperturbed by the quenching agent and
those that have been affected by the quencher (complex
formation with the latter, association, etc.) and have a lower
intersystem quantum efficiency φϊ8. Dynamic quenching of
the triplet state occurs in encounters of triplet with quencher
molecules and shortens their lifetime.

A distinction is made also between "physical" and "chemical"
quenching: the former yields the initial molecules in a ground
(vibrationally excited) or an electronically excited state, but
the latter gives intermediate products, e.g. free radicals.
Physical quenching includes triplet—triplet interaction, con-
centration quenching, and quenching by heavy atoms;
quenching by electron donors and acceptors, etc. must be
regarded as chemical.

The chief processes for quenching the triplet state of dye
molecules are triplet—triplet energy transfer, electron
transfer, quenching by an "external" heavy-atom mechanism,
and paramagnetic quenching.

Triplet—triplet energy transfer is one way in which the
triplet state of a donor is quenched by an energy acceptor2 3 3 '

2 3 7 . Measurements of such transfer have revealed that the
rate constant depends on the separation t\Ej between the
triplet levels of donor and acceptor. With large AEj i
1500 cm"1 the rate constant remains almost unchanged, close
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to the diffusion constant; with decrease in the separation
the rate constant fcq decreases; and with ΔΕ7 < 0 there is a

2 3 8 ' 2 3 9

and 107-109 M"1 s" Differences in the values of kn are due

q
linear dependence of In kg on AEj·

Table 5. Triplet—triplet energy-transfer quenching rate
constants for dyes.

Dye

Fluorescein
Eosin

»
Erythrosin
Rhodamine 6G

»
»
»
»
»

Thionine
»
»

Vlethylene Blue

3,3'-Diethylthia-
carbocyanine

3,3'-Diethyl-
9-methoxythia-
carbocyanine

Quencher

O2

O2

O2

Cu2+
anthracene
anthracene
O2

o2O2

o2cyclo-octatetraene
Co2+
O2

o2Co2+

o2

naphthacene

naphthacene

Solvent

water, pH 12
water, pH 8.6
water
water, pH 6.2
ethanol
ethanol
ethanol
ethanol
methanol
water
ethanol
water
water, pH 4.6
water, pH 8
water, pH 2.5
water

butanol

propanol

•*q, M"1 s"'

1.6· 109

1.1-109

(1.1—2.0) • 109

56-10 8

5.1-108

7.3-108

2.5 10s

1.6· 109

3.3-109

6-108

7.0-108

2.6-107

2.6-10s

4.5-108

5-105

3-109

1-109

3.7-109

Ref.

[204]
[204]
[240]
[255]
[207]
[207]
[241]
[114]
[242]
[116]
[114]
[124]
[215]
[183]
[243]
[219]

[180]

[134]

Table 6. Rate constants kq for quenching of the triplet
state of dyes by compounds containing heavy atoms.

Dye

Rhodamine 6G
»
»

»
Rhodamine Β
Eosin

»
»
»
»
»

Thionine
»

Methvlene Blue

»
»

Safranine Τ
3,3'-Diethyl-

9-methoxythia-
carbocyanine

Solvent

ethanol
ethanol
propanol
propanol
propanol
ethanol
water, pH 6.5
water, pH 6.Γ
water, pH 7.1
water
water
water
methanol
water, pH 7.1
water

water
water
water
water, pH 9
butanol

Quencher

KI
Kl
LiBr
CBr 4

CHBr 3

ΚI
Kl
KI
KI
HgCi 2

T1C1
CrCl
C*H5Br
Kl
KI

CsCl
HgCI 2

TICI
KI
CHBr 3

kq, M"1 s " :

2-109

I.I -109

5-103

4 6 1 0 *
2-102

2.2- 10s

1.5-107

1.5-107

1.9-107
5-10»
2 1 0 7

10=
4-10*

4.7-10s

M O 7

2 1 0 6

2-109

2-108

1-108

2.5-105

Ref.

[244]
[115]
[212]
[212]
[212]
[Π5]
[245]
[246]
[247]
[219]
[219]
[219]
[248]
[247]
[219]
[219]

[219]
[219]
[59]
[134]

Energy acceptors in the quenching of triplet states of
dyes include oxygen molecules, aromatic hydrocarbon mole-
cules, and inorganic ions. Quenching by oxygen has been
studied in the greatest detail: it is generally accepted that
quenching results in the formation of singlet oxygen2 3 7, but
electron transfer is also possible201*'21*9. Table 5 gives
triplet-quenching rate constants for various energy acceptors.

Compounds containing heavy atoms (bromobenzene, bromo-
form, alkali-metal bromides and iodides, hetero-organic com-
pounds of tin, lead, mercury, etc.) facilitate intersystem
transitions and lead to triplet quenching in both liquid and
solid solutions5 9. Those in Table 6 can be arbitrarily divided
into two groups according as kq lies in the ranges 102—105

to different quenching mechanisms: weak quenching (by
bromoform, bromobenzene, caesium chloride, lithium bromide)
is caused by direct spin—orbit interaction, but effective
quenching by potassium iodide and by mercury(II) and thal-
lium(I) chlorides involves electron transfer.

4. Triplet States of Association Complexes

At high dye concentrations association complexes are formed
in polar solvents, in micellar solutions by interaction with
macromolecular compounds, and also in mixtures of a polar
and a non-polar solvent1. Association is accompanied by
change in the spectral luminescent properties of the molecules.

Triplet states of association complexes have been inves-
tigated mainly on the rhodamine group of xanthen dyes120'11*0'
2io,2bo-25\ Association of Rhodamine 6G in tetrachlorome-
thane, cyclohexane, benzene, etc. in the presence of 0.Ι-
Ο.2% of a polar solvent (association complexes of type I), as
well as in aqueous solution in the presence of polymethacrylic
acid (association complexes of type II) increases significantly
the quantum efficiency of intersystem crossing in the triplet
state relative to that of the dye monomers (φ γ respectively
-0.2 and -0.5 for types I and II). The quantum efficiency of
internal conversion also increases, and that of fluorescence
decreases. The increase in φτ accompanying association of
Rhodamine 6G may be due to strengthening of spin-orbit
interaction on aggregation and narrowing of singlet—triplet
separation2 5 2.

The triplet state of associated Rhodamine 6G is deactivated
in uni- and bi-molecular processes. In 0.2% butanol— 99.8%
tetrachloromethane mixtures both delayed fluorescence of
type Ε and phosphorescence are observed 2 5 0 ' 2 5 1 . Measure-
ments of the lifetime of the triplet state have shown that the
deactivation rate constant k : increases from 200 to 3000 s"1 on
passing from type II to type I association complexes251*. The
longer lifetime for the former is probably due to stabilisation
of the complexes by the polymer. An analogous stabilising
effect of polymethacrylic acid has been found for monomeric
Rhodamine 6G.11*0 The rate constant k1 depends on the
nature of the polar component of the mixture (viscosity and
capacity for hydrogen bonding)11*0'251*. Associated Rhod-
amine 6G can undergo triplet concentration quenching and
triplet-triplet interaction251*, the latter accompanied by
delayed fluorescence of type P . 2 1 0

Many dyes are ionic compounds1. At certain solution con-
centrations charged dye ions are able to form ionic associa-
tion complexes with a gegenion. Photophysical processes
have been investigated in ionic association complexes of
xanthen dyes of the fluorescein series with transition and
rare-earth metal ions 2 5 6 " 2 6 1 . The measured phosphorescence
lifetimes of the dye complexes with rare-earth metal ions in
ethanol at 77 Κ indicate transfer of the triplet excitation
energy to the metal ion. Sensitised luminescence of the
trebly charged ytterbium cation has been detected in associ-
ated dyes in liquid solutions. The nature of the gegenion
influences the relative quantum efficiencies of fluorescence
and phosphorescence in the association complexes: thus the
phosphorescence of eosin completely vanishes in complexes
with the ytterbium (III) cation, whereas its quantum efficiency
increases in the presence of trebly charged europium, gado-
linium, terbium, and cerium cations.

IV. PRIMARY PHOTOCHEMICAL REACTIONS OF DYES

Dyes undergo various photochemical reactions in solutions1.
Primary photochemical processes can occur at any stage in
degradation of the energy of singlet and triplet excitation.
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Three types of reaction can be distinguished, independently
of the multiplicity of the excited state 2 6 2 : reactions of
type A take place in a vibronic state immediately after absorp-
tion of a light quantum, those of type Β follow vibrational
relaxation, and type C occur after transition to a vibration-
ally excited level of the ground state, or to a triplet state.
Type A reactions, proceeding from an unrelaxed vibration-
ally excited state, should have rate constants exceeding
1011— 10 i3 s"1; they include photodissociation and photoiso-
merisation. Such reactions are unimolecular, with kinetics
depending on temperature and exciting wavelength. TypeB—
electron, proton, etc. transfer—are of great interest for the
photochemistry of dyes. The main factors influencing the
reactivity of molecules are energy, multiplicity, distribution
of electron density, and orbital symmetry.

1. cis—trans-Photoisomerisation

cis-trans-Photoisomerisation has been studied in greatest
detail on cyanine (polymethine) dyes of structure

Y = O , S,C(CH3)2; Z=CH 3 , C2H5; Alt A 2 = H , CH3, F;
A 3 = H , F, CH3, C2H5, OCH3, NH2;

n = 0, 1,2,3; B = H, 5-NO2, 5-H3CO,
6-N(CH3)a, 6-Br, 6-NH2OH, OCH3, I, NO2;

X = I, CH3SO4, Br, C1O4

It has been investigated in solid matrices2 6 5 and in liquid
solutions with flash (microsecond) 1 3 0 " 1 3 2 ' 1 3 '* ' 1 7 5 ' 1 8 0 ' 2 6 3 ' 2 6 ' ' 2 6 8 ' 2 7 0

and laser (nanosecond 2 6 6 ' 2 6 7 ' 2 6 9 ' 2 7 3 " 2 7 6 and picosecond1 7 6 '2 7 1 '
2 7 2 ) excitation.

In the ground state polymethine dye molecules may occur in
either the trans or the cis form. Photoexcitation may corre-
spondingly involve trans •*• cis or cis -> trans transitions.
Thus 3,3'-diethylthiacarbocyanine, which has an unsubsti-
tuted polymethine chain, on excitation passes from the trans
into the cis form261*, trans—cis-Isomerisation takes place
about the C( 2 )-C( 8 ) bond in the unsubstituted and 10-sub-
stituted polymethine chain, and about the C( 8)-C (9) bond in
meso-substituted dyes 2 7 0 .

cis—trans-Photoisomerisation of polymethine dyes takes
place in the singlet state S : ,

 2 6 6 > 2 7 7 as indicated primarily by
triplet-triplet energy transfer results. Sensitised popula-
tion of the triplet level of these dyes gives a triplet-triplet
absorption spectrum markedly different from that of the
photoisomers 1 3 0 ' 1 3 1 ' 1 3 -· 1 7 5 ' 1 8 0 ' 2 6 1 *' 2 6 9 ' 2 7 3 . Furthermore, the
fluorescence of 3,3'-diethylthiacarbocyanine decays and its
cis-isomer accumulates within the same time (300 p s ) . 2 7 2

However, cis—irans-photoisomerisation from the triplet state
is possible with 8,9-difluorothiacarbocyanine271*.

On excitation in the So •*• Sn transition band, isomerisation
follows internal conversion Sn -*• S1 and vibrational relaxation
S1 •+ S1.

267'27e However, picosecond laser excitation enabled
isomerisation to be recorded in the S2 state of 3,3'-diethyl-
2,2'-thiacarbocyanine12. The rate constant in methanol is
3.2 χ 1010 s"1, which ensures that isomerisation can compete
successfully with internal conversion (k[c = 1.8 χ 1010 s"1).

Fig. 4 shows the transitions in substituted thiacarbocya-
nines when the initial form is a cis-isomer. The absorption
and fluorescence spectra of isomers usually differ insignif-
icantly, with shifts of 5—20 nm. Extinction coefficients are
also closely similar1 7 6 '2 6 6 «*72.

Polymethine dyes are usually characterised by high quan-
tum efficiencies of photoisomerisation <{>isom· Table 7 lists
quantum efficiencies cfifi, φ}8, and Φί8Οπι» r a t e constants of
triplet deactivation fcx and relaxation of the photoisomer
frrelax» a n < i a ^ s o activation energies of relaxation E a for
3,3'-diethylthiacarbocyanine and its substituted derivatives.
It is evident that non-radiative degradation of the energy of
singlet excited states is effected mainly by isomerisation with
characteristics (<)>isom> ^relax» #a) depending on the pres-
ence in the polymethine chain of substituents capable of
offering steric hindrance to rotation on isomerisation.
Replacement of one hydrogen atom at position 8 or 9 by a
fluorine atom does not produce significant steric hindrance,
so that long-lived photoisomers are formed (lifetime 10~3—10~2 s)
with an angle of rotation of the chain α = 180°. Replacing
two or three hydrogen atoms leads to marked steric hind-
rance, with the angle decreasing to 90°, the photoisomer
relaxation rate constant increasing abruptly, and the activa-
tion energy of relaxation simultaneously diminishing. Analy-
sis of Stuart-Briegleb models shows that similar changes in
k r e i a x , E&, and α always accompany steric hindrance 2 7 3 . If
such hindrance is sufficiently great, photoisomerisation may
be completely suppressed 2 7 9 .

Λν,

S,(trans)

hv.

Ucis)

S0(trans)

S0(cis)

Figure 4. Scheme of energy levels and transitions between
them for cis- and trans-isomers of thiacarbocyanines.

Replacement of hydrogen atoms in polymethine dyes by
halogens leads to a redistribution of probabilities of singlet
deactivation of excited states as a consequence not only of
steric hindrance but also of an internal heavy-atom effect.
Thus for 9-iodothiacarbocyanine Φϊ8 = 1 but φχ8Οΐη

 s 0 . 1 0 2 .
Photoexcitation of indoleninedicarbocyanines initially in

cis-form gives long-lived frans-isomers together with short-
lived di-cis-isomers Cc reiax respectively ~102 and ~106 s"1).132'

2 6 9 . The latter are sterically hindered and are found in low
quantum yields (0.01-0.1). Dyes having a shorter poly-
methine chain can also form sterically hindered di-cis-photo-
isomers2 7 5.

The efficiency of photoisomerisation effected by rotation of
large fragments of the molecule is substantially dependent on
the viscosity of the medium: increase in viscosity diminishes
the probability of formation of a photoisomer1 3 1 '2 7 2 and its
rate of relaxation2 7 6. Photoisomerisation is influenced also
by the temperature2 7 6 and the solvent 2 7 1 ' 2 7 9. Thus a keto-
cyanine isomerises in a non-polar solvent (Φϊ8Οπι = ° · 5) D U t
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not in alcohol279, owing to predominance of the non-polar
structure of the photoisomer.

Merocyanine dyes, like carbocyanines, are capable of
photoisomerisation2 8 0"2 8 2. From a singlet excited state both
short- and long-lived photoisomers are formed (k r e lax respec-
tively ~100 and ~1 s"1), whereas a triplet state yields only
the lat ter 2 8 0 ' 2 8 1 . They are formed by rotation about the
c ( 2 ' ) - c ( 8 ' ) a n d c (5)~ c (9 ' ) t>o nds respectively2 8 1. The
photoisomerisation rate constant depends on the proton-
donor power and the polarity of the solvent2 8 2.

Table 7. Influence of substituents in polymethine chain of
3,3'-diethylthiacarbocyanine on quantum efficiences, rate
constants, and activation energies of cis—trans-photoisomer-
isation 1 3 1 " 1 3 1 *' 1 7 5 ' 2 6 4 ' 2 7 4 .

Substituents

None

9-Methoxy
8-I'luoro

9-Fluoro
8,9-Difluoro

8,9,10-Trinuoro
8,10-Dimethyl

Isomer

CIS

cis
trans

cis
trans
trans

—

¥>fl

O.I
O.I
0
0 .

0 .

0 .

15 =
115
•3 <
55
105
)005
)024

Vis

CO.001
0 . 2 0

CO.001

0.03
0.16

—

0.005

Visom

<
). '.15
1.001

).!)'.)
) 4
1.83

0. (i
0 . 9

4.6-102

3.3-103

1.6-104

8,2-102

9.3 -105

> 3 1 0 5

—

l· ι c"l
"relax' s

1.6-102

—
1.9-102

3.2-103

1-0-105

5.0-106

1.8-104

£ a , kcal
mole-1

15

—

13.3
11.3

9 . 6

7.3
10.5

Thioindigo and its derivatives are capable of cis—trans-
photoisomerisation 6 5 ' 6 6 ' 1 9 5 · 1 9 6 ' 2 2 7 ' 2 8 3 " 2 8 7 . With thioindigo and
6,6'-diethoxythioindigo the reaction involves a triplet state
common to cis- and trans-forms. In the triplet state frag-
ments of the molecule are turned through 90° relative to the
ethylenic bond 1 9 6. Involvement of the triplet state of
thioindigo in isomerisation follows from results on sensitised
population of the triplet level of the dye molecule286 and on
inhibition of the trans -> cis transition by oxygen 2 2 7 ' 2 8 7, as
well as from comparison of rates of triplet deactivation and
photoisomer accumulation196. However, recent work 3 0 7 ' 3 0 8 on
the mechanism of the photoisomerisation of trans-thioindigo
using a picosecond laser casts doubt on involvement of a
triplet state in isomerisation.

Azomethine dyes undergo syn-anfi-isomerisation about the
carbon—nitrogen double bond 2 8 8 . Two mechanisms are pos-
sible, one (torsion) consisting in rotation about this bond,
and the other (inversion) in rotation of a fragment in the
plane of the molecule through 120° about the nitrogen atom.
Experimental results indicate that both mechanisms operate289,
isomerisation occurring in both singlet excited and triplet
states 2 9 0 > 2 S 1 . In azo-dyes of the Picramine R group 2 9 2 cis-
irans-photoisomerisation takes place from a singlet excited
state 1 9 1 .

2. Electron Transfer

Electron transfer is the most common photochemical reaction
of dyes231*. It can occur in both singlet excited and triplet
states. Interaction of excited molecules with electron donors
or acceptors will inevitably produce additional paths for
degradation of the excitation energy. Thus a consequence
of electron transfer is to shorten the lifetime of excited
molecules in the presence of a quenching additive, in con-
formity with the Stern-Volmer equation. Thus the singlet
lifetime τί of Thionine is shorter in the presence of iron(II)
chloride or sulphate in aqueous solution at pH 2. 1 2 9

Study of the quenching of singlet excited states usually
involves measurement of the relative fall in efficiency or
intensity of fluorescence. If the dye molecules do not
form non-luminescent complexes with quenching additives,
the fall in efficiency and the shortening of the lifetime τ$
are described by the same Stern—Volmer formula. A fall in
fluorescence efficiency has been found for Thionine in the
presence of iron(II), manganese(II), cerium(III), and
caesium(I) in water at pH 2.5, 2 9 3 Rhodamine 101 in the pres-
ence of methanolic amines29"*, and Methylene Blue in the
presence of iron(II) in 0.01 Μ hydrochloric acid11*9. The rate
constant for the quenching of singlet excited states of
Thionine molecules by iron(II) cations is k q = 3.5 χ 109 M~]

s" 1, 1 2 9 identical with the 3.6 χ ΙΟ9 NT1 s"1 calculated from the
Stern—Volmer dependence for the fall in fluorescence effi-
ciency2 9 3 and for the lifetime of these singlet states 1 2 9 . Thus
quenching of fluorescence in the Thionine—iron(II) system
is due solely to electron transfer. Formation of complexes
in the ground state is possible between Thionine and the
sulphate anion2 9 3.

Table 8. Rate constants kq for quenching of the triplet
state of dyes by electron donors and acceptors.

Dye

Eosin

»
»
»

Rhodamine 6G

*

»

Thionine

*

»

»

*

Methylene Blue

»

»
»

»
Oxonine

»

Siscyanine

3,3'-Diethyl-

9-methoxy-
caibocyanine

»
»

»

Solvent

water, pH 7.1

water, pH 6.2
water, pH 7.2
water, pH 7.2

water, pH 6

water, pH 6

water, pH 6
water, pH 6
water, pH 6
water, pH 7.1
water, pH 7.1

water, pH 2.5

water, pH 2.5
methanol, pH 8.6
methanol, pH 8.f
acetonitrile

water, 0.01 Μ

H2SO4
water, 0.04M

KH2PO4
methanol
methanol

acetonitrile

acetonitrile

acetonitrile
water, pH 8
methanol

propanol
propanol

propanol
propanol

propanol

propanol

Donor

(-)-tryptophan
—

edta
allylthiourea

_

ascorbic acid

hydroquinone
ferrocyanide

—

(-)-tryptophan

allylthiourea

—

Fe 2 +
hydroquinone
thiourea
p-phenylenediamir

Fe 2 +

-

triethylamine
aniline
p-phenylene-

diamine
perylene

9,10-dimethy-
lanthracene

edta
allylthiourea

ascorbic acid

2-naphthylamine
—
—

—

Acceptor

ferricyanide
—

—

p-benzoquinon

—

—-
ferricyanide

—

—

p e 3 +

—
—
—

e —

-

ferricyanide

—

—

—

—

—

nitroxyl
—

—
5-benzoquinon
m-dinitro-

benzene

methylviologen

Jtq, M' 1 s'1

8.4· 10»
7.5-10 s

5.0 10 s

3.4-10 s

e 2.5-109

8.0-108

2,0-109

8.0-109

5.0-109

3.9-109

1.1-107

9.0 104

6.1-107

2.5-10»
7.5-106

5.9-109

5.5-10·

1.4-1010

4.7-10 7

1.1 • 10 1 0

1.4-I01 0

3.2-10»

3.7-107

1.5-107

1.8· 106

(1—10) -10'
2.5-10»

2.0-10°
t 6.7- 10s

2.2-10 9

1.4-108

Ref.

[247]
[246]
[60]
[60]

[116, 124'
[116, 124]

[116, 124]
[116, 124]
[116, 124]

[247]

[247]

[183]
[183]
[248]
[248]
[185]

[220]

[220]

[295]
[295]
[189]

[189]

[189]
[296]
[182]

[2251

[181]

[181]
[181]
[181]

[181]

Quenching of triplet states by electron donors and accept-
ors has been investigated in thiazine 1 7 1 ' 1 8 2 " 1 8 9 ' 2 1 5 ' 2 1 8 ' 2 2 0 ' 2 1 * 7 '
2-8,295,296; xanthen59,60,116,12'»,2-6,2f7,297> a c r i d i n e * 9 2 " ^

methine 1 3 1 ' 1 8 1 ' 2 2 5 , and other dyes231* (Table 8).
The Stern—Volmer type of linear dependence found experi-

mentally between the relative shortening of the lifetime of
singlet and triplet molecules and the concentration of the
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quenching additive is a direct indication of the possibility of
electron transfer. It must be borne in mind that this type
of relationship is satisfied by other processes, e.g. energy
or hydrogen transfer. Electron transfer involving excited
dye molecules is characterised firstly by the formation of
solvated radical-ions (or radicals) and secondly by a corre-
lation between the quenching rate constant and the donor or
acceptor properties of the quencher.

Flash and laser photolysis have been used to determine the
absorption spectra of one-electron oxidation and reduction
products of fluorescein297, rhodamine 1 1 6 ' 1 2 3 ' 1 2 " ' 2 9 8 ,
t h i a z i n e 1 8 2 " 1 8 5 ' 1 8 7 - 1 8 9 · 2 9 5 , acridine 1 8 2 ' 2 2 8 , polymethine 1 3 1 ' 1 8 1 ' 2 2 5,
and other dyes.

In polar media electron transfer between a triplet dye mole-
cule (acceptor) and a quencher molecule (donor) leads to
formation of a solvent-separated radical-pair231*:

This either dissociates into solvated radical-ions or recom-
bines with formation of the original reactants in the ground
state; involvement of a triplet excited complex has also been
suggested1 8"'2*8 '3 0 1.

The quenching rate constant is given by the formula301

/AC.
(12)

The relation between the free energy of activation AG2* and
the change in free energy of electron transfer AG23 is
established by means of the correlation 2 9 9

(13)

in which AGf3(0) is the free energy of activation when
AG23 = 0. It follows from (12) and (13) that k q is inde-
pendent of AG23 for exothermic reactions (AG23 < 0), whereas
In kq decreases linearly with increase in AG23 for endothermic
reactions (AG23 > 0). Good agreement has been found
between the experimental and the calculated dependence of
kq on AG23 over wide ranges of the latter for Thionine 1 8 5 ' 3 0 0,
Methylene Blue 1 8 9 · 2 2 0 , eosin2 5 5, Acridine Orange 1 9"' 3 0 1 and its
10-methyl derivative1 9", and o-methylfluorescein methyl
ester 1 8 5 , which confirms the electron-transfer mechanism of
quenching of the triplet state.

Electron transfer can occur in both singlet excited and
triplet states. With dilute solutions and low concentrations
of quenching additives it takes place solely in the triplet
state. Evidence of involvement of this state of dye molecules
in electron transfer is provided by quenching results and by
kinetic analysis of its deactivation and the accumulation of
radical-ions (or radicals), which are products of electron
transfer2 3*. The role of the triplet state has been demon-
strated in one-electron oxidation and reduction reactions of
Thionine 1 7 1 ' 1 8 2 - 1 8 " ' 2 1 5 ' 2 " 8 , Methylene B l u e 1 8 5 " 1 8 9 ' 2 1 8 ' 2 9 5 ,
fluorescein5 9 '2 0"'2 9 7, eosin 2 0"· 2" 6, erythrosin5 9, Safranine T , 1 7 2

phenosafranine1 7 2, Oxonine2 9 6, Acridine Orange 1 9 2 " 1 9 ",
Rhodamine 6 G , 1 1 8 ' 1 2 3 ' 1 2 " polymethine dyes 1 3 1 ' 1 8 1 , etc.

Electron transfer can occur not only as a result of diffu-
sional encounters of a triplet dye molecule with an unexcited
partner molecule (exogenous electron donor or acceptor) but
also in the absence of foreign donor or acceptor molecules.
In the latter case the partner may be another triplet molecule
[triplet—triplet interactions (8)] or an unexcited molecule of
the same dye [triplet—singlet interaction (11)]. Electron
transfer by reactions (8) and (11) has been established for
fluorescein20", eosin2 0", Rhodamine 6 G , 1 1 6 ' 1 2 3 ' 1 2 " , and
thiazine 1 8 7 ' 2 0" and polymethine131 2 2 2 dyes.

3. Other Reactions

Proton phototransfer involving dye molecules has been
considerably less studied. The acid—base properties in both
ground and electronically excited states are characterised by
the protolytic equilibrium exponent pK. Values of pK_

in ground and triplet states are usually determined from the
pH dependence of the So -+ Sn and ΤΊ -*• Tn absorption spec-
tra, and those of pKg* in the singlet excited state from that
of the fluorescence spectra. Determinations of pK~ , pKCj|t,

and pKj have been made on xanthen, thiazine, azine, and
other dyes 5 9 . It follows from Table 9 that excitation of
thiazine dye molecules to a triplet state appreciably facilitates
proton addition to the cation with formation of the protonated
form. Data on acid-base equilibrium constants for thiazine
dyes and the relative proton affinities estimated therefrom
for molecules in ground and triplet states are confirmed by
calculations of the distribution of electron density for
Thionine in ground, singlet excited, and triplet s tates 3 0 2 .
These show that the basic properties of Thionine are signif-
icantly stronger in the triplet than in the unexcited state,
with the singlet excited state occupying an intermediate posi-
tion. A similar situation is found for other thiazine dyes.

Table 9. Acid—base equilibrium constants of dye molecules
in ground, singlet excited, and triplet states 5 9 .

Dye

Fluorescein (monoanion)
Eosin (monoanion)
Erythrosin (monoanion)
Thionine
Methylene Blue
Methylene Green
New Methylene Blue
Azure
Safranine Τ
Phenosafranine

PKs,

6.7
4.3
5

—0.33
< 1
< 1
< 1
< 1

0.1
0

P K S .

_

—
—
3.1
—
—
—

—

p/cr

7.0
< 4

5
6.3
6.7
7.5
7.5
7.7
6
6

A substantial difference between pKf and pKg0 is
observed also with azine dyes (Safranine T, phenosafranine).
Their example also reveals a higher basicity of molecules in
the triplet state than in the singlet states So and S^ How-
ever , the above rule does not hold for xanthen dye molecules:
pK and pK have closely similar values (Table 9).

I 6Q

Laser excitation has been used 3 0 3 for the direct determina-
tion of kinetic parameters of proton transfer involving triplet
Thionine. The rate constant is found to be close to the
diffusion constant 3 0 3 ' 3 0 ".

Among little investigated but important photoreactions of
dyes is photodissociation. It has been shown for leuco-
cyanides of triarylmethane dyes (Malachite Green, Brilliant
Green) that a coloured form—the dye cation—appears on
ultraviolet exposure of solutions in polar media 3 0 5 ' 3 0 6 . From
direct measurements of the rate of formation of the cation of
Malachite Green 3 0 5 and data on the sensitised population of
the triplet level of the leuco-cyanide of Brilliant Green 3 0 6 it
is concluded that a singlet excited state is involved in
photodissociation.

Photodissociation of the p-azido-derivative of Malachite
Green has been studied in an alcohol-ether matrix at 77 and
300 K. 3 0 9 At the latter temperature the quantum efficiency
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of the photoelimination of nitrogen increases from 0.001 to
0.1 with change in the exciting wavelength from 600 to below
350 nm. A predissociation mechanism of rupture of the
nitrogen-nitrogen bond is regarded as the most probable.

—oOo—

Thus laser techniques have permitted the investigation in
dye molecules of many primary photoprocesses lasting as
little as 10~12 s. The laws of photophysical and primary
photochemical reactions established for dyes of various
classes are common to many organic compounds and biologi-
cally active substances. Research on primary photopro-
cesses in dye molecules constitutes an important branch of
photochemistry—molecular photonics.
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