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Abstract

The triplet lifetimes of 2,5-diphenyloxazole-rhodamine dyes and trichromophoric antenna rhodamines have been measured by nanosecond
laser fiash photolysis and phosphorescence decay measurements. The intramolecular energy transfer and intramolecular charge transfer in
these dye systems have been discussed. These may affect the lasing efficiency as well as the emission wavelength of the antenna dyes. The

oxygen influence on the energy transfer has also been discussed.
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1. Introduction

Triplet—triplet energy transfer (TTET) in fluid solution is
of great importance in both mechanistic and synthetic organic
photochemistry. Several workers have studied the intramo-
lecular transfer of triplet excitation energy between two rel-
atively isolated chromophores on the same molecule [1-5].
The goal of these studies was to gain some insight into the
mechanism of triplet excitation energy transfer. The results
of these works were interpreted to indicate that the exchange
(collisional) mechanism [6] operates in TTET and triplet
energy can be transferred between chromophores which are
separated by 7-15 A. For molecules containing donor and
acceptor groups separated by one, two or three methylene
groups, the same transfer efficiency was attained in each case
{1], which indicated that the methylene bridge plays no part
in the transfer. The lengthening of the *‘bridge’’ from one to
three methylene groups does not significantly alter the dis-
tance between the chromophores because of the flexibility of
the methylene chain.

In this paper we describe a preliminary study of intramo-
lecular ET in 2,5-diphenyloxazole (PPO)-thodamine dyes
and trichromophoric antenna rhodamines (Fig. 1) by com-
paring the triplet lifetimes of the dyes, which were measured
by nanosecond laser flash photolysis and phosphorescence
decay measurements. PPO has a high absorption coefficient
at the wavelengths of UV radiation (e.g. 308 nm, which is
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Fig. 1. The lasing properties of the antenna rhodamine dyes.

the most likely pump radiation for rhodamine laser dyes),
PPO-rhodamines have absorption spectra that agree with the
spectra of one rhodamine and two PPO molecules, and there-
fore the absorption of them at 308 nm is quite strong. The
fluorescence quantum yield 7, of PPO-rhodamine 1 (PPO
molecules are connected by a single CH,~ group to the rho-
damine) has the value 0.94 [7]. At the same time the blue
fluorescence of the PPO groups is quenched, which indicated
effective intramolecular singlet-singlet energy transfer
(SSET) from PPO antennas to rhodamine. Intramolecular
SSET from PPO to rhodamine was also found in PPO-rho-
damine 2, in which the chromophores are separated by two
CH,— groups [8].
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Fig. 2. The structures of the dyes.

In addition, the lasing properties of some laser dyes in
excimer-pumped dye lasers have been investigated [8,9].
Because the emission of the dyes overlaps the low energy tail
of the absorption band, the dye laser radiation is partly reab-
sorbed by the dye in its ground state. This loss is especially
high if a high dye concentration is required in order to absorb
the pump light, a frequent situation in pumping by an excimer
laser at 308 nm, When PPO, which absorbs strongly at the
pump wavelength, is connected with rhodamines, the energy
absorbed by the PPO moiety would be transferred efficiently
to the rhodamine laser chromophore. The lasing properties
of the antenna dyes pumped by excimer laser were shown in
Fig. 1 [8]. PPO~rhodamine 1 exhibits, compared with rho-
damine 630 at the same optical density at the UV pumping
wavelength, increased efficiency in the 590-610 nm region.
The increased efficiency of PPO-rhodamine 2 in the 640-
660 nm region is due to the shifted fluorescence spectrum.
However, in the range 610640 nm the efficiency of these
antenna dyes is much lower than that of rhodamine 630 (Fig.
1). This may be evidence for some excited state interaction
which causes an absorption and therefore additional resonator
loss during the lasing process. We try to explain this by the
description of intramolecular interaction in this paper.

2. Experimental details
2.1. Materials and transient absorption measurement

The structures of the dyes in this study are shown in Fig.
2. Rhodamine 6G chloride (Rh6G) (Janssen) was used with-
out further purification. The antenna rhodamine dyes were
synthesized [7]. The measurements were done using abso-
lute ethanol (Merck) and ethylene glycol (Fluka). All solu-
tions for measurements have the same optical density at 308
nm: OD;p3(1 mm) =0.02 1+ 0.002. Time-resolved absorption
decay kinetics was measured by laser flash kinetic spectro-
photometry. The solutions (in 2 cm X 2 cm quartz cells) were
excited at 308 nm (XeCl excimer laser, LPX 100, 10 ns with

100 mJ pulse '), and transient AOD at 633 nm (He-Ne
laser (Spectra Physics 205) as monitoring light) can be
detected by a photodiode and displayed on the oscilloscope
(TDS 520, Tektronix). The 100 mJ pulse input is the opti-
mum condition for the detection. In the measurements,
‘‘deaerated’’ means that the solutions were deaerated by bub-
bling with nitrogen gas for more than 4 h and ‘‘O, aerated’’
means that the solutions were saturated by bubbling with
oxygen gas for 1 h. All samples in the same solvent were
degassed or saturated with the same experimental conditions.

2.2. Phosphorescence lifetime 7, measurement

The ethanolic solutions (1072 M) of the dyes were put
into a Dewar vessel filled with liquid nitrogen (77 K) and
excited by an XeCl excimer laser flash (LPX 100, Lambda
Physik; 308 nm, 30 mJ pulse ~'). The emission signal of the
samples was very weak, so that 30 mJ pulse ~! was used for
easy detection. The phosphorescence intensity of the samples
was detected by a photodiode (detection path at 90° from the
excitation path) and then recorded on an oscilloscope (20
MHz Storage Scope, HM 205-3, Hameg), and plotted on a
plotter (SE 120, ABB Goerz) by means of a plotter interface
(HO 75-2, Hameg) . In the front of the detecting photodiode
there is a cut-off filter (thickness, 3 mm; Schott), which
allowed transmission of wavelengths longer than that of the
fluorescence maximum of the monomer (e.g. OG 590 or RG
630).

3. Results and discussion

For antenna dyes PPO-rhodamine 1 and PPO-rhodamine
2, a transient absorption at 633 nm has been obtained by our
experiments (Table 1). It is known that the T-T,, absorption
spectral region of PPO and Rh630 is 500-600 nm [9,10].
The aerated ethanol solution of PPO gives no transient
absorption at 633 nm (at least within the sensitivity of our
measuremental system). However, for the deaerated ethanol
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Table 1
The kinetic data of transient AOD for the dyes in the solutions (ODj;e( 1 mm) =0.02 + 0.002)
Solvent Ethanol
Dyes Rh6G PPO Rh630 PPO-rhodamine 1 PPO-rhodamine 2 DR260 DR261
AOD,,.x 0.1 0 0.3 0.06 0.04 0.04 0.1
aerated 0.15 0.14 0.12 0.12 0.08 0.09
T(us)
AOD,.. 0.05 0.1 0.03 0.03 0.026 0.03 0.03
deaerated 22 72 245 3.7 4.0 33 365
T(ps)
AOD,, 0 0 0.08 0.2 0.1
O, aerated 0.07 0.11 0.12
7 (us)
Solvent Ethylene glycol
Dyes Rh6G PPO Rh630 PPO-rhodamine 1 PPO-rhodamine 2
AOD,.. 0.04 0.06 0.22 0.15 0.05
aerated 38 2.85 4.0 25 2.6
T(+0.1 us)
AOD,,, 0.08 0.1 0.04 0.05 0.06
deaerated 32 120 38 40 40
T(: 1.0 pus)
AOD,., 0.03 0.1 0.1 0.13
O, aerated 1.5 1.1 1.1 0.9
7(£0.1 pus)

solution of PPO, the transient absorption at 633 nm is
observed, its lifetime = (PPO)=7.2 us. The transient
absorptions at 633 nm at lower excimer laser intensity (25
mJ pulse " '; 15 mJ pulse " ') decay with lifetimes of about
7.0 us. This means that the transient absorption at 633 nm
results from the triplet absorption of PPO, since oxygen is a
particularly effective quencher of triplet states and charge
transfer (CT) states (the O, quenching rate of PPO is
25X10°M~ s [10]).

On flashlamp pumping, Rh630 exhibits lower threshold
and higher slope laser efficiency than Rh6G and Rh101 [7].
In a continuous dye laser, pumped by a Kr ion laser, Rh630
is again more efficient than Rh6G. The markedly higher slope
efficiency can only be attributed to the superior dye properties
of Rh630 compared with Rh6G [7]. The fact that Rh630
exhibits higher efficiency in continuous dye lasers indicates
a reduced triplet loss (intersystem crossing from the singlet
and loss in gain via absorption by the triplet of the laser light)
in this dye. When PPO is connected by one or two CH,~
groups to the six-membered ring rigid rhodamine (like
Rh630}, i.e. PPO-rhodamine 1 or PPO-rhodamine 2, triplet
lifetimes of the dyes in deaerated solution are larger than that
of Rh630 in spite of good singlet energy transfer from PPO
to rhodamine. In general, for a donor-acceptor bichromo-
phoric dye the triplet—triplet absorption of the donor can be
eliminated by fast intramolecular SSET from donor to accep-
tor. Therefore, for PPO-rhodamine dyes the triplet absorption
of the donor (PPO) could be eliminated and the transient
absorption of antenna dyes measured here is characteristic of
the triplet acceptor (rhodamine).

At a pumping wavelength of 308 nm (excimer laser) the
absorption coefficient of rhodamines is rather low. Therefore,
concentrations of about 1073 mol 1~ ! are needed in order to
absorb 90% of the pump light along a pathlength of 1 mm.
Such a high concentration results in a high absorbance in the
long-wavelength tail of the main absorption band. Since this
is the stimulated emission wavelength, the laser efficiency is
impaired. On the contrary, the absorption of the antenna rho-
damine dyes at 308 nm is quite strong; at the same time, the
blue fluorescence of the PPO groups is quenched. Energy
transfer from antenna to rhodamine is very efficient as
expected. Also, now the concentration of PPO-rhodamine 1
for equally efficient absorbance at the pumping UV light
wavelength is lower than that of Rh630 because the absorp-
tion in the UV region for these antenna dyes is quite strong.
This results in the reduction in the reabsorption of dye mol-
ecules in laser-stimulated emission region and consequently
leads to increased lasing efficiency in the short-wavelength
region of the stimulated emission spectrum. This explanation
is consistent with the experimental results as shown in Fig.
I. On the contrary, the PPO moiety may act as an electron
donor relative to the rhodamine moiety. This may affect the
lasing efficiency of the antenna dyes in the 620640 nm
region in spite of effective intramolecular SSET in the dyes.

On excitation of one of the chromophores (D) of a non-
conjugated bichromophoric system (D—-A) several non-radi-
ative processes may occur [11]:

A-ID* 22, 1px_p Bt sax

(D

IA*_D 55 (A" -D'*) = A-D (2)
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Table 2

The fluorescence lifetime 7, of the dyes in ethanol solution [13] at room temperature

Dye (EtOH) Rh630

PPO-rhodamine 1

PPO-rhodamine 2 AN-rhodamine *

Ta (DS) 4.20 4.03

2.94 0.57

* Molecular structure shown in Fig. 4 of [7], in which the antenna group is anthracene.

(A™-D'*) — 3A*_D (3)

3A*-D 25 A-D (4)

where Eq. (1) is the intramolecular SSET process and inter-
system crossing in the acceptor (A) moiety and Eq. (2) is
the intramolecular CT process and recombination of charge.
Eq. (3) is the process proposed by us which produces the
triplet state of the molecule so that a transient absorption with
longer lifetime than that of an isolated acceptor could be
observed. If a transient absorption of antenna rhodamine dyes
could be observed only from process (1), its lifetime should
be almost the same as that of the isolated rhodamine. How-
ever, this expection is not consistent with the experiments. In
fact, the triplet lifetime of antenna dyes is longer than that of
Rh630. In general, other processes (e.g. formation of dimer
or trimer) could affect non-radiative decay. However, under
the experimental condition in our work, the concentration of
the solutions measured is between 10~ and 10™° mol 17"
In these dilute solutions there is a linear relationship between
optical density and concentration, so intermolecular dimers
or trimers can be neglected. In these dilute solutions and low
viscosity solvents the intramolecular multipole-multipole
interaction could be also neglected. The intramolecular elec-
tron transfer and intramolecular CT interaction between the
chromophores could be attributed to the intramolecular inter-
action in this paper. From kinetic equations [ 12] (see Appen-
dix A), we have the total non-radiative decay rate k" of
'A*-D:

kik
kDA= Lk".f +kiscA+ke (5)

If there is only complete intramolecular SSET without intra-
molecular CT processes for 'A*-D, i.e. processes (2) and
(3) are inhibited, the non-radiative decay rate of 'A*-D is
given by

kDOA = kisc (6)

It is obvious that kp™ > kpo™. Since the fluorescence lifetime
of the singlet state is given by

Ta=(1=mq)/kp

where kp, is non-radiative decay rate, the increase in kp will
reduce the fluorescence lifetime 7. For antenna rhodamine
dyes, the fluorescence of the antenna was almost completely
quenched owing to the fast intramolecular SSET from the
antenna to rhodamine moiety. Therefore, the data listed in
Table 2 should be the fluorescence lifetimes of rhodamine

moiety in the antenna dyes. On the basis of the data for ng
{7] for Rh630 (7,=0.95; 73=4.2 ns), PPO-rhodamine 1
(14=0.94; 7,=4.03 ns), PPO-rhodamine 2 (n,=0.75;
Ta = 2.94 ns) and AN-rhodamine 1 (13=0.22; 7,=0.57 ns)
[13] (measured by means of a single-photon counting tech-
nique with 0.1 ns time resolution), it may be concluded that
in PPO-rhodamine dyes or AN-rhodamine 1 there is intra-
molecular CT, which obviously quenches the fluorescence
lifetime of the dyes by the increasing in non-radiative decay
rate (kp® > kpo™). The natural radiative lifetimes 7= 74/
of these dyes vary: 4.4 ns, 4.3 ns, 3.9 ns and 2.6 ns for Rh630,
PPO-rhodamine 1, PPO-rhodamine 2 and AN-rhodamine 1
respectively. This shows that the natural lifetimes of the mol-
ecules vary and therefore the nature of the excited state also
varies, since the structures are very different and new pertur-
bations could be influencing k.. even though the prepared
singlet state is not affected. However, no matter how ki,
changes, kp™ > kpo™ is always established, i.e. intramolecular
CT charge transfer quenches the fluorescence lifetime of
the dyes by increasing the non-radiative decay rate.
kp*(Rh630) =1.19% 107 s~ !; kp*(PPO-rhodamine 1) =
1.49% 107 s™!; ky*(PPO-rhodamine 2)=8.5X 107 s~ 1;
koA (AN-rhodamine 1) =1.37X10°s™".

From the fact that 7y of PPO-rhodamine 2 is markedly
lower than that of Rh630 and PPO-rhodamine 1 ( nq(PPO-
rhodamine 2) =0.75 at 20 °C) [7], we attributed these phe-
nomena to a change in conformation: PPO substituents inter-
act more strongly with the rhodamine system because of the
higher flexibility of a CH,—CH, link, i.e. PPO~-rhodamine 2
exists in a folded conformation [8].

The presence of oxygen quenches the triplet state or CT
state [ 12] (see Appendix B):

kor=kxr/9(1+a) (7

where kyr is the total diffusion-controlled collisional rate
parameter, kqr is the triplet oxygen quenching rate, a= kr;x/
(ks1x +ka1x)s kr1x depends on the triplet energy E; of dyes,
ks1x and k, ,x depend on the energy gap between E; and the
energiesof the '3, * and 'A  states respectively of '0,* [12].
On the contrary, there is an intramolecular electron transfer
or intramolecular CT process to produce (A°~~D"" ) species
in the antenna dyes. For antenna rhodamine dyes, their intra-
molecular CT state can react with oxygen like a triplet as
mentioned in processes (1)—(4). That is, in the presence of
oxygen (A’ "-D'*) may easily react with oxygen to produce
(D"*-A""-0,)* so that kr,x decreases and kqr increases.
Consequently the transient A OD observed decays more rap-
idly than that for Rh6G. Our experimental results (Table 1)
support this explanation.
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Even though the phosphorescence decay of the antenna
rhodamine dyes does not have to be exponential, it could in
principle oscillate between the two PPOs and at the same time
decay; however, in our experiments the phosphorescence
intensity decays according to a first-order process. The phos-
phorescence decay of PPO-rhodamine 1 or PPO-rhodamine
2 is appreciably faster than that of PPO alone. The decay of
a coherent mixture of the two PPOs could be twice as fast as
that of a single PPO if the coherent mixture of the two PPO
wavefunctions was in phase. If the coherent mixture was out
of phase, then the coherent mixture would not, in principle,
decay via intrinsic pathways. Thus if the triplet state of the
dyes is an in-phase coherent mixture of the triplet states
locally excited on the two PPOs, then the intrinsic decay time
of the dyes with two PPOs should be 2/7,(PPO). Thus, the
triplet energy transfer rate in these dyes is given by kgr=1/
7,(dye) —2/7,(PPO) and the energy transfer efficiency by
¢er = ke, (dye). Therefore, about 20% of the triplet energy
is transferred away from PPO to the rhodamine moiety for
PPO-rhodamine 1 or PPO-rhodamine 2.
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Appendix A

From processes (1)—(4), we assume that the !A*—D state
decays to form A-D and *A*-D, i.e. the decay rate of 'A*-
D is equal to the sum of formation rates of A~D and *A*-D:

_ d['A*-D] _ d[A-D] + d[’A*-D]
dt dt de

(AD)

Then from the steady state condition for (A~"-D*") and
assumption of [ A-'D*] =M, exp( — k), we can obtain

kETss [ A__ID* ]

IA*_D -
[ ] ke + ki A — kg

(A2)

d[A-D] + d[*A*-D] _
dr dr

(k + ki A+ %) ke (AD"]
¢ e kr ke + kiscA - ks

=(kc+kisc"+ k;(—kc)['A*—D] (A3)

From Eqs. (A1) and (A3), we have the total non-radiative
decay rate constant kp* of !A*-D:

_ klkc

kDA kr

+ kiscA + ke (5)

Appendix B

The oxygen quenching of the excited triplet state 3M* of
an aromatic molecule involves the following spin-allowed
processes [12]:

kixt

M*+30, === (M-0,)* (B1)

kTix

kxix
I(M-0y)* —— 'M+‘Oz*(‘2g*) (B2)

ka1x

'M-0)* —— 'M+'0,*('A)) (B3)

kaxt
3M*+302 e 3(M02)* (B4)
kT3X

kGax

}(M-0)* —— 'M+°0,(°%,7) (BS)

ksxT
M* +30, == 3(M-0,)* (B6)
kTsx

If there is no mixing of the '**(M- O,)* states, then
kixr = kxr/9; kaxr = kyr/3; ksxt = Skx1/9 (B7)

where kyr is the total diffusion-controlled collisional rate
parameter. The total *M* oxygen quenching rate parameter
is given by

kElX+kAlX + kGSX :|

kor=k [
e 9(kgix +harx Hhrx)  3(kgax +krax

(B8)

In low viscosity solutions krix > kgax and this was con-
firmed by the '"M* oxygen quenching results [ 14]. The proc-
ess (B1) is the slowest step for diffusion-controlled
processes. Under these conditions Eq. (B8) reduces to

kQT=kXT/9(1+a); a=leX/(k2IX+kAlX) (B9)

kgt decreases with the increase in the *M* energy E:. Pat-
terson etal. [ 15] attributed the observed decrease in kp with
increase in E+ to a decrease in the Franck—Condon factors for
processes (B2) and (B3) and a consequent decrease in ks,
and ka,x. The wavenumbers of '%,* and 'A, states of '0,*
are 13 121 cm ™' and 7882 cm ™! [ 12]. For Rh6G, the energy
gaps AE5 and AE;, are given by [16]

AEry =Er(Rh6G) - E('2,*)=2179 cm ™"
AEr, =E;(Rh6G) —E('A,)=7418 cm ™"

Patterson et al. [15] assumed that &,y and kr;x are deter-
mined by the '*(M-0O,)* binding energy, which is propor-
tional to (Ecr— Ey) ~2, where Ec is energy of the CT state:

Ecr=E™(M)—E™(0,7/0;) £ A (B10)

where A is the Coulomb term and E°*(M) is the oxidized
potential of the molecule [16]. At this time for a dye in
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different oxygen vapour pressures, the changes in quenching
rate kor can be reflected by the changes in Ecy, as shown
above (from Eqs. (B9) and (B10)). These imply that the
triplets of the rhodamine dyes in this study are quenched by
oxygen according to processes (B2) and (B3), which are
diffusion-controlled collisional processes. In addition, oxy-
gen quenching depends on the energy of the CT state, and
hence the relationship between 7 and the concentration [ O, ]
of oxygen is complicated rather than being a simple inverse
relationship.
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