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Abstract

The techniques of pulse radiolysis and laser flash photolysis have been used to obtain both novel and improved data on the yields, lifetimes
and absorption spectra of the triplet state, radical anion and radical cation of a number of rhodamine dyes. These parameters have also been
measured for the widely-studied rhodamine 6G and are compared with previous data obtained using different techniques. In view of the
importance of rhodamine dyes in laser action, in photobiology and in other biological processes, the results of this study provide key data on
the photophysical and free radical properties of this important class of dyes. © 1997 Elsevier Scicnce S.A.
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1. Introduction

Rhodamine dyes are used, not only for dyeing purposes
(e.g. Ref. [1]), but also in lasers [2—4], in the probing of
mitochondria [5], in the staining of damaged cells [6], as
antitumor agents [7,8] and in photosensitised cell killing
{9,10]. For most, if not all, of these processes, an understand-
ing of the role of rhodamine excited states and free radicals
in the mechanism of action is of importance. In the case of
laser action, for example, the gain coefficient of a rhodamine
dye depends on a number of parameters including the absorp-
tion cross-sections and population densities of the lowest
excited dye singlet and triplet states. Values for the first of
these parameters for a number of thodamine dyes were meas-
ured recently by the authors in a picosecond laser flash pho-
tolysis study [ 11]. Although for most laser dyes the quantum
yield of intersystem crossing is small, nevertheless, the effect-
iveness of a dye laser may be impaired if either degradation
occurs through the triplet state or if the absorption cross-
section of the triplet state is high.

Studies of the properties of the triplet states of rhodamine
dyes have relied on either microsecond flash photolysis [ 12—
21] or on steady-state laser techniques [22,23] to produce
the triplet state. In the case of flash photolysis, both energy
transfer and singlet depletion methods have been applied to
derive the absorption spectra and associated molar absorption
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coefficients of the triplet states of rhodamine 110, rhodamine
B, rhodamine 6G, sulforhodamine and rhodamine 575 in a
variety of solvents, including water, alcohols, polymer matri-
ces and glassy solvents. Despite this, there is still considerable
uncertainty in the triplet state parameters, such as quantum
yield, extinction coefficient, lifetimes and absorption spectra.
This is not surprising given the anticipated low yield of inter-
system crossing (for example, the quantum yield of fluores-
cence of rhodamine 101 is quoted as unity {24]), pulsed light
excitation sources with durations measured in tens of micro-
seconds and sometimes milliseconds, uncertainty of extent
of energy transfer, assumptions in the singlet depletion
method, limited access to pulsed lasers etc. Thus, for the most
widely-studied dye, rhodamine 6G, some triplet absorption
spectra were either measured over a restricted wavelength
range or have significant spectral contributions from semi- or
fully-reduced forms of the dyes. Similariy, only a limited
amount of data on molar absorption coefficients of the rho-
damine 6G triplet state is available. In ethanol, for example,
there is only one set of data giving values at two discrete
wavelengths only [ 15] while in aqueous solutions there are
two sets of data comprising a total of five discrete wave-
lengths in two separate studies [ 13,19]. Triplet state lifetime
and yield data are alsc sparse and uncertain. In ethanol, triplet
lifetimes appear to range from 250 ns to 3400 s [ 14,15,25-
29]. Triplet state quantum yield values are available for tho-
damine 6G [15], rhodamine B [16], rhodamine 110 [16]
and rhodamine 123 [30] and range from 2 X 107> to unity.
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Rhodamine dye free radicals can be produced as a result
of reactions of rhodamine excited states with suitable donors
or acceptors. Like xanthene dyes, rhodamines (aminoxan-
thenes) are expected to produce the corresponding semi-
reduced forms more easily than the semi-oxidised forms [31-
35]. For rhodamines, this is supported by the observation of
fully-reduced forms of the dye following reactions of the
triplet state in ethanolic solutions [15]. It has also been pro-
posed that the semi-reduced form of rhodamine 123 is pro-
duced on reaction of the dye with porphyrin triplet states so
enhancing the photodynamic effect of porphyrins as photo-
sensitisers [36].

The semi-reduced forms of rhodamine dyes can be studied
unambiguously using pulse radiolysis techniques in which
solvated and hydrated electrons are used to reduce the dye.
Thus, the reaction of the solvated electron with rhodamine
6G, thodamine B, rhodamine 3B and rhodamine 110 has been
investigated in ethanolic solution [ 37,38]. Studies inaqueous
solution have, however, been restricted to rhodamine 6G and
thodamine B [38—40]. In the same studies, the reactions of
the strong oxidant, - OH, with the dyes were also investigated.
Although it seems likely that the semi-oxidised form of rho-
damine dyes was formed in these experiments, it was difficult
to make spectral assignments because of the simultaneous
formation of free radicals resulting from the addition of - OH
to the dye.

The purposes of the present study are:

1. to produce rhodamine triplet states by energy transfer in
nanosecond laser flash photolysis experiments and so
determine, their quantum yield, their absorption spectra,
molar absorption coefficients and lifetimes. This aspect of
the sti:dy -will also yield completely new data for rhoda-
mine 101, rhodamine 3B and sulforhodamine B.

2. touse the pulse radiolysis technique to produce novel data
on the semi-reduced forms of rhodamine 101, rhodamine
3B, sulforhodamine 101 and sulforhodamine B in aqueous
solution. Data will also be presented for rhodamine 6G
and rhodamine B where significant differences with earlier
studies have been observed.

3. to use the pulse radiolysis technique to produce the one-
electron oxidised forms of the dyes for rhodamine 6G,
rhodamine B, rhodamine 101, sulforhodamine 101 and
sulforhodamine B.

In this way, it is anticipated that both new and improved
yield, spectroscopic and lifetime data will be available for
rthodamine ‘riplet states and free radicals which will contrib-
ute significantly to understanding the role of rhodamincs in
las®r action, in the photosensitisation of biological systems
and in other applications where their excited states and/or
free radicals may be involved.

Z, Experimental

‘Laser Grade’ rhodamine 6G, rhodamine B, rhodamine
101, sulforhodamine 101 and sulforhodamine B were sup-

plied by Coherent Radiant Ltd, Cambridge, UK and Eastman
Chemical International, Liverpool, UK. Rhodamine 3B was
supplied by A G Electro-Optics Ltd, Tarporley, Cheshire,
UK. All dyes were used as supplied. Acridine was used as
supplied by the Aldrich Chemical Co Ltd, UK. HPLC grade
methanol was supplied by Romil Chemicals Ltd, Loughbor-
ough, UK, BDH Chemicals, Poole, UK and by J T Baker-
Inc., USA. Absolute ethanol was supplied by James
Burroughs (FAD) Ltd, Essex, UK and by Romil Chemicals
Ltd, Loughborough, UK.

Triply-distilled water was used to prepare aqueous
solutions.

The laser flash photolysis experiments were conducted
both at the North East Wales Institute and at the Center for
Fast Kinetics Research (CFKR), University of Texas at Aus-
tin. In the former set-up, the excitation source was the third
harmonic (355 nm) pulse from a J K Lasers System 2000,
Q-switched, Nd/YAG laser. The pulse length was about 20
ns. The analysis light source was a pulsed 250W xenon arc
lamp (Applied Photophysics Ltd, Model 1410) designed to
produce a light puise of about 1.5 ms duration which is ‘flat’
to within 5% for 350-400 p.s and to within 1% for 100 ps.
The analysis beam was focused onto the sample cell using a
quartz lens and then transmitted to a monochromator
( Applied Photophysics Ltd, Model 7300) and finally to the
photomultiplier (RCA IP28A). The signal from the photo-
multiplier was fed to a Phillips PM 3311 digital oscilloscope.
Data processing was performed on a Hewlett Packard
HP9153 computer. The quartz sample cell had a pathlength
of 1 cm and was filled directly from a reservoir of nitrogen
saturated solution, under a small pressure of nitrogen. In the
laser experiments performed at CFKR, a Quantel YG580 Q-
switched Nd:YAG laser (355 nm, 11 ns pulse) was used.
Other details of thie apparatus are described elsewhere [42].
Pulse energies were typically adjusted to ensure that < 10%
of ground state molecules were converted to excited states.
In practice, incident pulse energies were of the order of
1-2 mJ.

The apparatus used in the pulse radiolysis studies has been
described in detail elsewhere [43]. It consists of an 8-14
MeV Vickers electron linear accelcrator as the source of
pulsed radiation. Typical pulse lengths used in this study
ranged from 10-50 ns. The optical system consisted of a 500
W xenon lamp, a Kratos GM252 monochromator, a RCA
IP28 or Hamamatsu R928 photomuitiplier and a Tektronix
7612D digitiser. A 2.5 cm quartz sample cell was used which
was automatically filled with a reservoir under a slight pres-
sure of nitrogen with the solution under investigation. For
dosimetry, a nitrous oxide saturated aqueous solution of
potassium thiocyanate was pulse irradiated. Radiation doses
were calculated from the transient absorpiion of (SCN),-"
assuming G[ (CNS),- ~] X € =2.23X 10" *m?J ~ ' where G
and € represent the radiolytic yield (mol J~!) and molar
absorption coefficient of (CNS),- ~ respectively [48]. The
yields of the free radicals, N,. and Br,- ~ were calculated
from the radiation dose assuming radiolytic yields of 0.62
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pmol J~' and 0.58 wmol J ~! respectively [49]. Similarly,
the yield of €,,, used to calculate the molar absorption coef-
ficient of the rhodamine radical anions, was taken to be
0.27 pmol J 1.

3. Results and discussion
3.1. Rhodamine triplet state properties

3.1.1. Sensitisation by energy transfer

The acridine triplet state (E;x= 189 kJ mol~* [44]) was
used to sensitise the formation of rhodamine triplet states. A
molar absorption coefficient value for the acridine triplet state
of 22 500 dm® mol~! cm™' at 440 nm has been reported
[45]. In the experiments, described here, the acridine triplet
state was produced by excitation at 355 nm in both methanolic
and ethanolic solutions. Care was taken to ensure that the
laser excitation energy was kept to a minimum so that the
decay of the acridine triplet was exponential. Typically, the
first-order rate constant was found in our work to be
7.0+05%10%s™".

Using deaerated alcoholic solutions of acridine (typically
1.0 10~* mol dm ~3), which also contained the rhodamine
dye under investigation at concentrations in the range 1.0~
5.0X 1075 mol dm 3, it was found that the acridine triplet
decayed more rapidly. Fig. 1 shows a typical plot of the acri-
dine triplet state decay constant against rhodamine 6G con-
centration in cthanolic solution. Similar plots were obtained
for rhodamine B, rhodamine 101, rhousamine 3B, sulforho-
damine 101 and sulforhodamine B. Analogous experiments
were also performed in methanol. In these experiments, the
rhodamine dye will also absorb some excitation light. Typi-
cally, the proportion of light absorbed varied from 13% to
27%. However, it is unlikely that the direct excitation of
rhodamine would lead to observable transient excited states
on the timescales studied, particularly since the quantumyield
for intersystem crossing is low (vide infra). Thus, the kinetic
data for the decay of acridine triplet state are unlikely to
contain any contribution from other transient species. The
bimolecular rate constants, ,, for the reaction:
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0.41

Rate Constant (/10°s ")
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Fig. 1. The effect of thodamine 6G concentration on the observed rate
constant (s~ ') for the decay of the acridine triplet state in ethanol. Wave-
length of cbservation =450 nm; solutions were N, saturated.

Table 1
Values of the bimolecular rate constant (dm® mol~" s™') for the reaction
of the acridine triplet with rhodamine dyes in alcoholic soluticn

Dye kq (10°) in ethanol kq (10°) in methanol
Rhodamine 6G 28 33
Rhodamine B 24 37
Rhodamine 101 4.6 73
Rhodarnine B 24 4.1
Sulforhodamine 101 29 43
Sulforhodamine B 3.1 38

The error limits are estimated as + 10%.

kq
Ac**+Rh->Rh** + Ac (1)

(where Ac =acridine and Rh =rhodamine) were, therefore,
calculated from the slopes of plots such as that shown in
Fig. 1 and are summarised in Table 1. The values are close
to those expected for diffusion-controlled reactions suggest-
ing that the energy of the acridine triplet state is at least
30 kJ mol ~! greater than that of the rhodamine triplet state.

3.1.2. Determination of molar absorption coefficients

These were determined also from the acridine energy trans-
fer experiments on the assumption that reaction 1 represents
the only fate of acridine triplets when reacting withrhodamine
dyes. Other possibilities include, for example, the production
of the semi-oxidised and semi-reduced forias of the rhoda-
mine dyes. However, such species have either different
spectral or kinetic properties or both (see below) and are
excluded, therefore, as alternative products in the reaction of
acridine triplet states and rhodamine dyes. Experimental con-
ditions were selected, therefore, to maximise the energy trans-
fer process (reaction 1) compared to the intrinsic decay of
the acridine triplet state. Typically, this required the use of
dye concentrations of the order of 4 X 10~5 mol dm ™ where
about 60% of the acridine triplet states would react to produce
thodamine triplet states. The actual proporticns were calcu-
lated using data from plots such as Fig. 1. Under such con-
ditions, the acridine triplet state was found to decay by more
than 95% within about 20 ps to produce a residual relatively
stable absorption assigned to the rhodamine triplet state.
These observations represent the most direct and unambigu-
ous evidence, to date, on the production of rhodamine triplet
states. The transient absorption assigned to the triplet states
of the rhodamine dyes showed maxima between 410 and
440 nm. To determine the molar absorption coefficients at
these and other wavelengths, it was necessary to calculate the
proportion of acridine triplet states which react with rhoda-
mine dyes to produce rhodamine triplet states.

This proportion, F, was taken to be;

F=k,[Rh]/(k,[Rh] +k,) (2)

where k, is the first order rate constant representing the decay
of acridine triplet states in the absence of rhodamine dye and
was obtained from the intercepts of plots such as thatin Fig. 1.



178 P.C. Beaumont et al. / Journal of Photochemistry and Phatqbiology A: Chemistry 107 (1997) 175-183

Table 2
Extinction coefficients of rhodamine triplet states in ethanol and in methanol *

Dye Amax €(dm*mol'cm™)

(nm)

This Study  Previous Studies

Ethanol
Rhodamine 6G 410 23x10* 1.8 X 10° (Ref. [15])
Rhodamine B 420 42x10* 1.21 X 10* (Ref. {16])
Rhodamine 101 440 8.6X%10°
Rhodamine 3B 420 7.0x10*
Sulforhodamine 101 430 1.5x10*
Sulforhodamine B 420 54x10°
Methanol
Rhodamine B 420 24x10*
Rhodamine 101 430 1.0x 104
Rhodamine 3B 425 7.2X%10*

® The error limits are estimated as +45% (see text).

Molas sbsorption coefficient / dm® mol”’ cm*®
2
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Fig. 2. Difference absorption spectrum of the rhodamine 6G triplet state in
ethanol.
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Fig. 3. Difference absorption spectrum of the rhodamine B triplet state in
etharol.

Hence, values of F could be used to calculate the absorbances
of the thodamine triplet state assuming that all acridine trip-
lets, which were quenched, produced an equivalent number
of rhodamine triplets. In this instance the concentration of
thodamine triplet states at the end of reaction 1 can be cal-
culated from

F-A(AcT)/ € (AcT).

where A (Ac”) represents the observed initial absorbance
due to the acridine triplet state, and € (Ac”) represents the
molar absorption coefficient of the acridine triplet state
(taken in this study to be 22,500 dm® mol~! cm ™' at 440
mm in ethanol [45]). It is then a simple matter to calculate
€ (Rh") at each wavelength where € (Rh") represents the
molar absorption coefficient of the rhodamine triplet state.
Such calculations were made for all the rhodamine dyes stud-
ied. Table 2 shows the data so obtained.

The main factors which determine the error limits of the
molar absorption coefficient measurements are the errors lim-
its of the molar absorption coefficient of the acridine triplet
state and the experimentally determined absorbances of the
acridine and rhodamine triplet states. These three error limits
are assumed to be +15% [44], +10% and + 15% respec-
tively making a combined error limit of about +45%.

The difference absorption spectra representing the differ-
ence in inolar absorption coefficients between the rhodamine
triplet and singlet (ground states) at each of the wavelengths
studied are shown in Figs. 2-7 for measurements made in
ethanol. The spectra obtained in methanol for rhodamine B,
rhodamine 101 and rhodamine 3B are not shown here since
they were found to be similar in shape to those obtained in
ethanol.

As stated in Section 1, there are relatively few published
values of molar absorption coefficients of rhodamine dye

10000 -
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Fig. 4. Difference absorption spectrum of the thodamine 101 triplet state in
ethanol.
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Fig. 3. Difference absorption spectrum of the rhodamine 3B triplet state in
ethanol.
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Fig. 6. Difference absorption spectrum of the sulforhodamine 101 triplet
state in ethanol.

T

-60000 11T T T T T T T

360 385 410 435 460 485 510 535 560 585 610
Wavelength /nm

Fig. 7. Difference absorption spectrum of the sulforhodamine B triplet state

in ethanol.

triplet states. The values reported here are obtained from
energy transfer experiments using nanosecond laser pulses.
They do not depend, therefore, on the direct excitation of the
rhodamine dyes where extreme experimental conditions are
necessary to produce detectable amounts of triplet states,
given the very low quantum yield of intersystem crossing
(<0.001) reported below. The sensitisation method used
here is also not affected by the lifetime of the rhodamine
triplet state, as in earlier experiments, when there was limited
access to pulsed lasers and hence lamp pulses of the order of
ms duration were in common use [ 15]. Itis, however, inter-
esting to note that, despite these reservations, the published
molar absorption coefficient value in ethanol at 411 nm for
rhodamine 6 G of 18 000 dm® mol ~! cm ™! [15] is reason-
ably close to that reportzd here. in contrast, the published
value for rhodamine B in ethanol at 419 nm of 12 100 dm?
mol ~! cm ™! [16] is much smailer than that reported here. It
appears that the interpretation of the spectrai data obtained in
both sets of earlier experiments was affected, amongst other
considerations, by spectral contributions from relatively
long-lived photo products [15,16,44]. For iwo dyes (rho-
damine 101 and rhodamine 3B), measurements made in
methanol showed no effect of solvent on the molar absorption
coefficient for the triplet state. In the case of thodamine B the
different value found in methanol lies within the combined

error limit of measurement and hence no attempts have been
made here to account for the difference.

3.1.3. Triplet state lifetimes

The lifetimes of the triplet states of rhodamine dyes were
also investigated using acridine as sensitiser. Usingrelatively
high rhodamine concentrations, (810~ mol dm=3 to
1.9 X 10™* mol dm ~2), more than 95% of the acridine triplet
states reacted with the rhodamines within 5-10 s following
the laser pulse. The decay of the acridine triplet state obeyed
first-order kinetics within this range of rhodamine dye con-
centrations. The subsequent decay of the triplet state could
thus be followed on longer timescales. Analysis of such decay
traces for all the rhodamine dyes showed that the decay
obeyed second-order kinetics, with no detectable first-order
components. The only mechanism which could account for
this is the self-reaction of triplet states, presumably to form
ground state rhodamine molecules. k/ € values (cms™!) are
given in Table 3 together with k values calculated using molar
absorption coefficients measured in the energy transfer exper-
iments in this study. It can be seen from the Table that the
triplet-triplet reaction is very efficient, occurring at rates
approaching those of diffusion-controlled reactions. This data
represents an improvement on previous data where no infor-
mation on the kinetic order of the decay was available and
where ‘lifetimes’ were found to range from 250 ns to 3.4 ms
[15,25-29]. Such a wide range of lifetime values may indi-
cate that there are varying proportions of first and second-
order components in the observed decays of the rhodamine
triplet states. In this study, much (>90%) of the initially-
formed rhodamine triplet state had disappeared within about
180 ws by second-order processes. On the assumption that
earlier studies also produced at least micromolar concentra-
tions of rhodamine triplet state which would be expected to
decay initially by second-orde: kinetics, such decay rates are
too rapid to allow meaningful quantitative analysis and inter-
pretation of earlier conventional flash photolysis experiments
in which both direct and sensitised experiments were used to
produce rhodamine triplet states. The relatively rapid decay
observed in this study of the rhodamine triplet states com-
pared to the longer lifetimes of the cation and anion radical
forms of the dyes (see later) provides further support to the
assignment to the triplet state.

Table 3
Valuesofk/ € (cms™') and k (dm* mol ~'s ™~ !') for the decay of rhodamine
triplet states in methanoi *

k/ e k
Rhodamine 6G 8.6%x10° 1.4x10'
Rhodamine B 1.7x10° 1.5x 10"
Rhodamine 101 1.6% 108 1.1x 10"
Rhodamine 3B 1.2x10°¢ 1.0x 10
Sulforhodamine 101 1.2x10° 7.2x10°
Sulforhodamine B 2.0x 108 1.4x10°

2 The ervor limits are estimated as + 10%.
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3.1.4. Intersystem crossing yields

Direct excitation at 355 nm of the rhodamine dyes in eth-
anol and methanol by a 20 ps laser pulse produced no detect-
able transient absorbance ( <0.005) in the region 410-430
nm up to 5 mJ incident energy. At this laser energy, optically-
matched solutions of deaerated ethanolic solutions of acridine
were also subjected to laser pulses and the transient absorb-
ance of the acridine triplet state measured at 445 nm. Using
this absorbance value, together with the known intersystem
crossing (ISC) yield of acridine and the molar absorption
coefficients in Tabie 2, the maximum values for the ISC
yields of the rhodamine dyes was calculated to be between
0.01 and 0.02 for the dyes studied.

3.2. One electron oxidation and reduction of rhodamine

dyes

3.2.1. One-electron oxidation

Pulse radiolysis techniques were used to produce the pow-
erful one-electron oxidants, N3+ (E°=1.34 V [46]) and
Br,+ ~(E°=1.65 V [47]) by irmradiating nitrous oxide satu-
rated solutions of either 10~2 mol dm~2 sodium azide or
10~ 2 mol dm ~3 potassium bromide. Under these conditions,
N, and Br,- ~ are produced as follows:

H,0-e_H-,-OH (4)
€sq- +N;O— -OH+OH™ (5
‘OH+Nj3 =N, (6)
or ‘OH+Br~ —=Br+O0OH"~ (7a)
and Br: +Br—Br,. — (7b)

Under such conditions, N3+ and Br,- ~ are produced in
yields of 0.62 and 0.58 pmol J ! respectively within 100 ns
following the pulse. In the presence of rhodamine concentra-
tions of the order, of 2X 10~5 mol dm ™3, therefore, both
Br,* ~ and N, - would be expected to react over much longer

210091

140001

Molar absorption coefficient /dm>mol 'cm’®

280 330 380 430 480 530 580 630

Wavelength / nm
Fig. 8. Transient absorption spectra observed on pulse radiolysis of nitrous
oxide saturated aqueous solutions of 102 mol dm ™2 sodium azide contain-
ing 2.2X10~° mol dm™3 rhodamine 6G at pH 7 (O, 86 ps; @, 274 ps; A,
878 ps).
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Fig. 9. Transient absorption spectra observed on pulse radiolysis of nitrous

oxide saturated aqueous solutions of 10~2 mol dm ™3 sodium azide contain-

ing 2.2 X 10~* mol dm ™3 rhodamine B at pH7 (O, 66 ps; ®, 312 ps; 4,

824 ps).
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Fig. 10. Transient absorption spectra observed on pulse radiolysis of nitrous

oxide saturated aqueous solutions of 10~2 mol dm ~ > sodium azide contain-
ing 2.2 X 10~ mol dm~? rhodamine 101 at pH7 (O, 50 ps; @, 770 ps.

Molar absorption coefficient/dm® moi™’ cm’

timescales. By following either the decay of Br,- ~ at 360
nm or the build-up of the transient oxidation product in the
case of the azide radical reaction, it was observed that both
N;- and Br,- ~ reacted rapidly with the rhodamine dyes. The
transient absorption spectra so produced were found to be
identical in the case of rhodamine 6G in both shape and
intensity for both N5- and Br,- ~ reactions. This indicated
strongly that only electron transfer was occurring, as pro-
posed for many reactions of these free radicals (reviewed in
[50]), and it was therefore decided to use N;- as the sole
oxidant for the remainder of the dyes. For all the dyes studied,
the bimolecular rate constant for reactions of N;- with the
dyes was found to be 50+0.5%X10° dm* mol ' s '. Ina
typical experiment using N;- as oxidant and using approxi-
mately 2 X 10~% mol dm ~3 rhodamine solutions, the oxida-
tion was observed to be complete within 100 ps following
the pulse and certainly an order of magnitude faster than the
decay of N;- in the absence of dye. Figs. 8-12 show the
transient absorption spectra of the products of the reaction of
N,- with a number of rhodamine dyes. In each figure, the
most intense spectrum shown represents the maximum
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Fig. 11. Transient absorption spectra observed on pulse radiolysis of nitrous
oxide saturated aqueous solutions of 10~ 2 mol dm™~* sodium azide contain-
ing 22X 10~ mol dm~? sulforhodamine 101 at pH7 (O, 74 ps; 4, 864
ps).
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Fig. 12. Transient absorption spectra observed on pulse radiolysis of nitrous
oxide saturated aqueous solutions of 10~ 2 mol dm ~? sodium azide contain-
ing 2.2 10~ * mol dm ~* sulforhodamine B at pH7 (O, 52 us: ®, 264 ps;
&, 1.72 ms).

amount of rhodamine free radical formed at the end of the
N;- reaction. Molar absorption coefficients were calculated
assuming a total yield of N3+ of 0.59X107° mol J~ 1 All
these spectra represent the difference in molar absorption
coefficient between the free radical product and the ground
state. Hence all show a ‘depletion’ around 550 nm. In addi-
tion, an apparent maximum is seen in the range 470-510nm
for all the dyes studied which is clearly characteristic of the
thodamine free radical species. This species is designated a
cation radical as shown in the equation:

N;- +Rh—Rh* - +Ny (9)

In fact, the actua! charges on Rh* - will vary according to the
charges on the parent, Rh. Thus, both rhodamine 6G and
rthodamine B have a single positive charge in the parent moi-
ecule, thodamine 101 and sulforhodamine 101 and sulfo-
rhodamine B are neutral overall.

From these cation radical spectra, it is clear that cation
radicals are not produced in the energy transfer experiments
with acridine described earlier (see above) since there are

distinct differences between these cation radical spectra and
those assigned to the triplet state. Although, this possibility
was always regarded as unlikely, in view of the known
tendency of xanthene dyes to produce radical anions [37],
it was considered important to confirm this view
experimentally.

When corrected for the loss of the rhodamine dye ground
state absorption (data not shown), the absolute extinction
coefficients of the cation radicals confirm the presence of a
distinct shoulder at the A, values seen in Figs. 8-12 i.e. at
470 nm (rhodamine 6G), at 500 nm (rhodamine B), at 500
nm (sulforhodamine B), at 500 nm (sulforhodamine 1001)
and at 500 nm (rhodamine 101). In the ground state absorp-
tion spectra of these rhodamine dyes, these A,,, values appear
to correspond with an observable but indistinct shoulder. It
would appear therefore that the electronic transition proba-
bility giving rise to this band is considerably enhanced in the
cation radical states.

The lifetimes of the cation radicals are relatively long. For
rhodamine 6G, for example, the decay process lasts well in
excess of 20 ms. For sulforhodamine 101, the cation radical
showed no decay at all over this timescale. In the structurally-
related dye, the rhodamine 101 cation radical optical absorp-
tion decayed to about 50% of the original absorption over
270 ws and was found to be stable thereafter up to at least 20
ms. Since the structures of rhodamine 101 and sulforhoda-
mine 101 are so similar, it seems likely that the stable forms
of their cation radicals are also similar. It is not clear, how-
ever, what type of process the rhodamine 101 cation radical
undergoes to achieve a structure similar to that of the sulfo-
rhodamine cation radical.

3.2.2. One-electron reduction

The reaction of the hydrated electron e, with rhodamine
dyes was studied by pulse-irradiating nitrogen saturatedaque-
ous solutions of the dye containing t-butanol (0.1 moldm ™ 3.
Under these conditions, the - OH radical reacts with z-butanol
to form relatively unreactive free radicals. The hydrated elec-
..on was thus found to react at diffusion-controlled rates with
all the rhodamine dyes (see Table 4). The spectra of the
transient species formed at the end of the e reactions (meas-
ured at 20 p.s) after the pulse) are shown in Figs. 13 and 14.

Table 4
Simolecular rate constants for the reaction of the hydrated electron with
rhodamine dyes *

k(10 (dm* mol 's™Y)

Rhodamine 3B 12
Rhodamine B 24
Sulforhodamine B 23
Rhodamine 6G 23
Sulforhodamine 101 1.2
Rhodamine 101 1.9

3 The error limits are estimated as + 10%.
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Fig. 13. Transient absorption spectraobserved on pulse radiolysis of nitrogen

saturated aqueous solutions (pH 7) of rhodamine dye (2X 10~°) mol

dm™3) containing 0.1 mol dm~* t-butanol (O, thodamine 6G; B, rhodamine

B: A, rhodamine 101 (all 20 ps measured after the pulse).
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Fig. 14. Transient absorption spectra oserved on pulse radiolysis of nitrogen

saturated aqueous solutions (pH 7) of rhodamine dye (2X 10~ *moldm™?)

containing 0.1 mol dm ™2 ¢-butanol (O, rhodamine 3B; &, sulforhcdamine
101; A, sulforhodamine B (all measured 20 s after the pulse).

Molar absorption

The rate constants for the reactions of the hydrated electron
with rhodamines obtained in this study represent new data
for sulforhodamine B, sulforhodamine 101 and rhodamine
101. The values obtained for rhodamine 3B, rhodamine B
and rhodamine 6G are the same, within experimental error,
as those measured earlier in neutral solutions [38-40]. The
lifetimes of the rhodamine radical anions are relatively long
undergoing about 25% decay over 15 ms [40-42]. In ethan-
olic solution, it was found, however, that the radical anions
of rhodamine 3B, rhodamin= 6G and rhodamine B have even
longer lifetimes showing usually 5% or less decay over 15
ms. Only the spectra of the radical anions of rhodamine 6G
and rhodamine B have been measured previously in aqueous
solution. Although sunilarly-shaped difference avsorption
spectra were obtained for these two dyes in the current study,
the molar absorption coefficient measured for rhodamine B
at 420 nm in this work (4.2X10* dm® mol~! cm™!) was
much greater than that found previously (1.2X10* dm?
mol~! cm™") [38]. The novel data presented here for the
other four rhodamine dyes, as with rhodamine 6G and rho-
damine B, show that the ra-ical anion spectra all have char-
acteristic, relatively-intense maxima in the region 410-430
nm. Comparison of the radical anion spectra (Figs. 13 and

14) with the triplet spectra measured in ethanol (Figs. 2-7)
show that there are similarities, particularly in the position of
the absorption maximum. However, there are sufficient dif-
ferences in both the intensity and shape of the bands to show
that they are not identical. Clearly, therefore, the electronic
transitions involved in both the triplet—triplet and radical
anion absorptions are very similar.

4. Conclusion

Both novel and improved data on the yield, absorption
spectra and lifetimes of the triplet states, radical cations and
radical anions have been presented here for a number of
rhodamine dyes. Such data is seen as essential to understand-
ing the role of these dyes when used in laser dyes, in the
photosensitisation of biological systems and in other appli-
cations where their excited states and/ or free radicals may be
involved.

Acknowledgements

Some of the experiments in this work were undertaken at
the Center for Fast Kinetics Research (CFKR) at the Uni-
versity of Texas at Austin. The Center for Fast Kinetics
Research is supported jointly by the Biomedical Research
Technology Program of the Division of research Resources
of NIH (Grant RR00886) and by the University of Texas at
Austin. One of us (DGJ) would like to acknowledge the
award of an SERC CASE Studentship. Further financial
support from British Nuclear Fuels plc is gratefully
acknowledged.

References

[1] R.L.M. Allen, in Colour Chemistry, Thomas Nelson and Sons Ltd,
London, 1971.
{2] P.P. Sorokin, J.R. Lankard, E.C. Hammond and V.L. Moruzzi, /BM.
J. Res. Dev., 11 (1967) 130.
[3] K.H. Drexhage, Laser Focus, 9 (1973) 35.
[4] K.H. Drexhage in F.P. Schiifer (ed.), Dye Lasers - Topics in Applied
Physics, Springer-Verlag, Berlin, 1990.
[5) L.V. Johnson, M.L. Walsh and L.B. Chen, Proc. Natl. Acad. Sci., USA,
77 (1980) 990.
[6] J. Chodosh, R.D. Dix, R.C. Howell, W.G. Stroop and S.C.G. Tseng,
Invest. Ophthal. and Vis. Sci., 35 (1994) i(46.
[7] S.D. Bernal, T .J. Lampidis, 1.C. Summerhayes and L.B. Chen, Science,
218 (1982) 1117.
[8] P. Morliére, R. Santus, M. Bazin, E. Kohen, V. Carillet, F. Bon, J.
Rainasse and L. Dubertret, Photochem. Photobiol., 52 (1990) 703.
[9] C.R.Shea, N.Chen, J. Wimberly and T. Hasan, Cancer Res., 49 (1989)
3961.
[10] R.C. Richmond and J.A. O’Hara, Photochem. Photobiol., 57 (1993)
291.
[11] P.C. Beaumont, D.G. Johnson and B.J. Parsons, J. Chem. Soc. Faraday
Trans., 89 (1993) 4185.
[12] M. Yamashita and H. Kashiwagi, Jpn. J. Appl. Phys., 14 (1975) 42.



P.C. Beaumont et al. / Journal of Photochemistry and Photobiology A: Chemistry 107 (1997) 175-183 183

[13] V.A. Kuznetsov, V.N. Shamraev and R.MN. Nurmukhametov, Opr.
Spectrosc. (USSR), 52 (1982) 501.

[14] M.M. Asimov, V.N. Gavrilenko and A.N. Rubinov, J. Luminesc.. 46
(1990) 243.

[15] D.N. Dempster, T. Morrow and M.F. Quinn, J. Photochem., 2 (1974)
343.

[16] A. Dunne and M.F. Quinn, J. Chem. Soc. Faraday Trans. 1, 73 (1977)
1104.

{17] V.E. Korobov and A K. Chibisov, /. Photochem., 9 (1978) 411.

[18] U. Krueger and R. Memming, Ber. Bunsenges Phys. Chem., 78 (1974)
679.

[19] V.E. Korobov and V.V. Shubin and A K. Chibisov, Chem. Phys. Lent.,
45 (1977) 498.

[20] G.A. Ketsle, L.V. Levshin, T.D. Slavnova and AK. Chibisov, Sov.
Phys. Doklady. 16 (1972) 986.

{211 V.A. Kuznetsov, V.N. Shamraer and R.N. Nurmukhametor, Opt.
Spectrosc. (USSR), 47 (1979) 157.

[22] T.G. Pavdopoulos and D.J. Golich, J. Appl. Phys., 64 (1988) 521.

[23] T.G. Pavlopoulos and D.J. Golich, J. Appl. Phys., 67 (1990) 1203.

[24] T. Karstens :ad K. Kobs, J. Phys. Chem., 84 (1989) 1871.

[25] B.B. Snavely, Proc. IEEE, 57 (1969) 1374.

[26] L.P. Webb, W.G. McColgin and O.G. Peterson, J. Chem. Phys.. 53
(1970) 1227.

[27] A.N. Rubinov and T.1. Smolskaya, Dokl Akad Nauk USSR, 34 (1970)
1312.

{28] C. Forrest and L.R. Strome, IEEE, J. Quantum Electron., QE8 (1972)
98.

[291 N.A. Bomesevich, V.V. Gruzinski and S.V. Davidov, Quantum
Electron., 1 (1974) 1717.

[30] A. Chow, J. Kennedy, R. Pottier and T.G. Truscott, Photobiochem.
Photobiophys., 11 (1986) 139.

[31] M. Koizumi, S. Kato, N. Mataga and Y. Uavi, in Photosensitized
Reactions, Kagakudojin, Kyoto, 1978.

[32] L.L Grossweiner and E.F. Zwicker, J. Chem. Phys., 34 (1961) 1411.

[33] S. Nizuma, K. Kikuchi and H. Kobubun, J. Photochem., 36 (1987)
51.

[34] J.J.M. Lamberts and D.C. Neckers, Z. Naturforsch B, 39b (1984) 474.

[35] E. Klimtchuk, M.A.J. Rodgers and D.C. Neckers, J. Phys. Chem., 96
{1992) 9817.

[36] J.W.M. Lagerberg, J. van der Wal, P. Charlesworth and T.G. Truscott,
6th Congress of the European Society for Photobiology, Cambridge,
1995.

[37] AK. Pikaev, L.I. Kartasheva, N.S. Vinogradova and V.V. Ryl'kov,
High Energy Chem. (USSR), 15 (1981) 235.

[38]1 E.A. Kucherenko, L.I. Kartasheva and A.K. Pikaev, High Energy
Chem. (USSR), 16 (1982) 168.

{391 AK. Pikaev, L.I. Kartasheva and E.A. Kucherenko, High Energy
Chem. (USSR), 15 (1981) 152,

[40] F. Akhtar, A.V. Ponomarev, L E. Makarov and M.K. Pikaev, High
Energy Chem. (USSR), 24 (1990) 260.

[41] G. Obermuller and C. Bojarski, Acta Physica Polonica, AS2 (1977)
431,

[42] S.J. Atherton and P.C. Beaumont, J. Phys. Chem., 99 (1995) 12025.

(431 J. Butler, B.N. Hodgson, B.M. Hoey, EJ. Land, J.S. Lea, E.J. Lindley,
F.A. Rushton and A J. Swallow, Radiat. Phys. Chem., 34 (1989) 633.

[44] 1. Carmichael and G.L. Hug in CRC Handbook of Organic
Photochemistry, Vol. 1, 1990, 376.

[45] L.V. Romashov, V.A. Bororkova, Yu. I. Kiryukhou and Kh. S.
Bagdasor’yan, High Energy Chem., 12 (1978) 132.

{46} W.K. Wilmarth, D.M. Stanbury, J.E. Byrd, H.N. Po and C.P. Chu:,
Coord. Chem. Rev., 51 (1983) 158.

[47] W.H. Woodruff and D.W. Margerum, Inorg. Chem., 12 (1973) 962.

(48] G.E. Adams, J.W. Boag, J. Currant and B.D. Michael, in M. Ebent,
J.P. Keane, A J. Swallow and J.H. Baxendale (eds. ), Pulse Radiolysis,
Academic Press, 1965, p.117.

[49] R.H. Schuler, A.R. Hartzell and B. Behar, J. Phys. Chem., 85 (1981)
192.

[50] C. von Sonntag, The Chemical Basis of Radiation Biology, Taylor and
Francis, 1987, 404.



