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Abstract 

Thionine dye was condensed with poly (acrylamidoglycolic acid) (P (AGA)) and poly{ methylolacrylamide) ( P ( M AAM ) ). Phenosaf- 
ranine dye was condensed with P(MAAM). The emission, absorption and fluorescence excitation spectra of thionine dye covalently linked 
to P(AGA) were studied. Electrochemical reduction of P(AGA)-bound thionine shows that both monomeric thionine and non-reducible 
thionine are bound to the macromolecule; bound non-reducible thionine is non-fluorescent in nature. The polymer-bound thionine and 
phenosafranine dyes in aqueous solution exhibit biexponential fluorescence decay, in contrast with the corresponding unbound dye, which is 
attributed to the effect of the macromolecular chain conformation and solvent environment on the photophysics of the polymer-bound dyes. 
The excited state which decays with a shorter lifetime is suggested to be in a more polar aqueous environment (as in the case of the unbound 
dyes dissolved in aqueous medium), whereas the excited state which shows a longer lifetime is situated in a hydrophobic environment inside 
the coil of the polymeric chain where less interaction with the solvent molecules is experienced. 
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1. Introduction 

The photochemistry of thiazine and phenazine dyes, cova- 
lently bound to macromolecules in homogeneous medium 
and as thin films coated onto electrodes, has been of interest 
in recent years [1] .  Thiazine dyes show electron transfer 
reactions from the excited states when suitable reducing spe- 
cies are present in the medium [2] as given in Scheme 1. 
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Accordingly on irradiation with visible light in homoge- 
neous solutions, the thionine-iron (II) [ 3 ] and phenosafran- 
ine-EDTA [4] systems show photogalvanic potentials of 
250 mV and 870 mV respectively. The efficiency of the 
photogalvanic cell can be improved to some extent by mod- 
ifying the dye with substituents or changing the quencher 
[5].  Microheterogeneous reaction environments, such as 
micelles [6] ,  monolayer assemblies [7] ,  polymers [8] and 
chemically modified electrode systems [9],  facilitate elec- 
tron transfer and these systems show interesting photoelec- 
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trochemical characteristics different from the monomeric dye 
absorbers [ 10]. Recently, a number of studies have focused 
on the photophysical properties of amphiphilic, random, 
alternating and block copolymers having aromatic chromo- 
phores as pendant groups, where the polyelectrolyte is 
employed in order to modify the local environment of  the 
excited chromophore by a combination of electrostatic and 
hydrophobic interactions. In our laboratory, we have synthe- 
sized a number of macromolecular-bound thionine and phen- 
osafranine dyes and have investigated the photochemical and 
electrochemical properties in homogeneous aqueous solution 
[ 11 ] and at electrodes coated with the macromolecular dye 
[ 12,13]. In this paper, we describe the photophysical prop- 
erties of poly{acrylamidoglycolic acid)-bound thionine 
( P ( A G A ) - T H  ~ ), poly(methylolacrylamide)-bound thio- 
nine ( P ( M A A M ) - T H  +) and poly(methylolacrylamide)- 
bound phenosafranine ( P ( M A A M ) - P S + ) ;  the novel heter- 
ogeneity of the excited states of  the probe molecules and the 
nature of the polymer coil are reported. 

2. Experimental details 

The thionine used in this study was obtained as thionine 
acetate (Fluka) and was purified by the method of (?lark and 
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Eckert [ 14]. Phenosafranine dye (Fluka) was recrystallized 
twice from methanol. Poly(acrylamidoglycolic acid) 
(P (AGA))  was obtained by polymerizing acrylamidogly- 
colic acid (Aldrich) in water under a stream of nitrogen at 
60 °C using potassium peroxydisulphate (K2S208) as initi- 
ator [15]. Poly(methylolacrylamide) (P(MAAM))  was 
prepared by the procedure described earlier [ 11 ]. N-Methy- 
lolacrylamide (MAAM) was prepared by the reaction of 
paraformaldehyde with acrylamide. MAAM was polymer- 
ized in aqueous solution using K2S208 as initiator to obtain 
P(MAAM).  

The polymer-bound thionine was prepared by condensing 
thionine with the polymer according to the procedure of 
Kamogawa et al. [ 16]. Purified thionine was added to an 
aqueous solution of the polymer (P(MAAM) or P(AGA))  
in the desired molar ratio and the mixture was kept at 90 °C 
for 5 h. The number of monomer units per thionine molecule 
in the macromolecule was varied by taking different molar 
ratios of thionine and the monomer. The resulting polymer- 
bound thionine was precipitated in large amounts of methanol 
and purified by repeated precipitation. The uncondensed 
thionine dye was removed by dialysing the sample (cellulose 
tubing (Sigma); molecular weight cut-off, 12 000) for sev- 
eral days against distilled water. Dialysis was stopped when 
the solvent outside the membrane showed no absorption at 
600 nm, where thionine has a molar absorptivity of 5.29 × 104 
dm 3 mol -  ~ c m -  ~. 

The amount of thionine bound to the macromolecule was 
estimated by a titrimetric method [ 17 ]. A solution containing 
a known amount of ferrous ammonium sulphate in ortho- 
phosphoric acid was titrated against a known volume of 
polymer-bound thionine solution. The colour of the polymer- 
bound thionine disappeared owing to the reduction of thion- 
ine to leucothionine by ferrous ions in the presence of 
orthophosphoric acid. The end point was the appearance of a 
rose-red colour, the colour of polymer-bound leucothionine 
in orthophosphoric acid. From the titration data the amount 
of thionine present in the solution was calculated. A known 
volume of original polymer-dye solution was evaporated and 
the weight of the residue was taken as the amount of polymer- 
dye complex present in the original solution. From the 
amounts of polymer and thionine present in a given volume, 
the number of monomer units per dye molecule in the poly- 
mer chain (the m/d  ratio) was calculated. 

Phenosafranine was condensed with P(MAAM) in the 
same manner, and the uncondensed phenosafranine was 
removed by dialysing the solution against distilled water. 
Dialysis was stopped when the solution outside the membrane 
showed no absorbance at 522 nm, where phenosafranine has 
a molar absorptivity of 1.8 × 10 4 d m  3 mol-  ~ c m -  i. A titri- 
metric method was used to estimate the amount of phenosaf- 
ranine bound to the macromolecule [18]. A solution 
containing a known amount of titanous chloride in 4 mol 
dm-3 hydrochloric acid was titrated against polymer-bound 
phenosafranine under a nitrogen atmosphere at 60 °C. The 
colour of the phenosafranine solution disappears owing to 

the reduction of phenosafranine by titanous ions in the pres- 
ence of hydrochloric acid to leucophenosafranine. The end 
point is the appearance of a light brown colour. From the 
titration data, the amount of phenosafranine present in the 
solution was calculated. The monomer to dye ratio (m/d  
ratio) of P(MAAM)-PS + was calculated as described pre- 
viously for polymer-bound thionine. 

The absorption spectra were recorded using a Shimadzu 
UV-3101 spectrophotometer. The fluorescence spectra were 
recorded using a Perkin-Elmer LS-5B fluorescence spectro- 
photometer or Hitachi 650-40 fluorescence spectrophotom- 
eter. 

Controlled potential coulometry was performed using a 
PAR 173 potentiostat/galvanostat and a PAR 179 digital 
coulometer. A PAR 377 cell system, with a platinum gauze 
as working electrode, a platinum gauze as counter electrode 
(separated from the experimental solution by a Vycor plug) 
and a saturated calomel electrode (SCE) as reference elec- 
trode, was used. Coulometric studies were performed with 
constant nitrogen gas purging through the experimental solu- 
tion at 298 K. 

The average molecular weights of the polymer samples 
were determined with a Waters 501 gel permeation chromat- 
ograph connected to a Waters 401 differential refractive index 
detector using water as solvent. Three columns, namely 
ultrahydrogel linear, ultrahydrogel-500 and ultrahydrogel- 
120, were connected in series. The molecular weights of the 
polymer-bound dye samples were based on standard 
poly(styrene sulphonic acid) in water. 

The fluorescence lifetime measurements of the polymer- 
bound dye samples in aqueous solution were measured using 
a picosecond single-photon-counting fluorescence spectro- 
photometer. The details of the experimental set-up are given 
elsewhere [19]. The excitation source was a tunable pico- 
second dye laser pulse, derived from a cavity-dumped dye 
laser, pumped by the frequency- doubled output (532 nm) 
of a mode-locked continuous wave (CW) Nd-YAG laser. 
With rhodamine 6G dye, a typical pulse width of approxi- 
mately 4 ps and a pulse energy of 10-60 nJ were obtained in 
the 580-640 nm region. All samples containing thionine were 
excited at 600 nm and the emission was collected at 620 nm, 
630 nm and 640 nm for unbound thionine, P ( A G A ) - T H  ÷ 
and P (MAAM)-TH + respectively. Samples containing 
phenosafranine were excited at 310 nm and the emission was 
collected at 580 nm. All the lifetime experiments were carried 
out at 298 K. The analysis of the emission decay was based 
on the iterative reconvolution method using a non-linear 
least-squares technique and a Marquardt algorithm for the 
optimization of the parameters. When the fluorescence decay 
is a single exponential, then 

I(t)  = A exp( - t / ' r  1 ) ( 1 ) 

where A is the pre-exponential factor and r is the fluorescence 
lifetime of the chromophore. The goodness-of-fit was 
checked by the value o f x  2 (acceptable range is 0.8-1.2) and 
by a plot of the weighted residuals vs. time (this must be 
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randomly distributed around zero).  If the assumed single 
exponential decay does not give a good fit, a double expo- 
nential decay is attempted as 

I ( t )  =A I exp( - t /T l ) +A= exp( - - t / r  2 ) (2) 

where Aj and A2 are the pre-exponential factors and ~'t and "r 2 
are the lifetimes of the fluorescing components.  
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Fig. I. Structure of polymer-bound dyes, P(MAAM)-TH +, P(MAAM)- 
PS + and P( AGA)-TH + . 
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Fig. 2. Absorption spectra of thionine and polymer-bound thionine in aque- 
ous medium. Concentration of thionine is given in parentheses. TH +, thion- 
ine; A, P(AGA)-TH + (1.1×10 -5 M), m/d=259; B, P(AGA)-TH + 
(I.0X10 -5 M), m/d=310;C,  P(AGA)-TH + (9.1X10 -6 M), m/ 
d=542; D, P(AGA)-TH + (7.0X 1 0  - 6  M ) ,  m/d=865; E, P(MAAM)- 
TH + (1.35x10 6M),m/d=l l2 ,  

3.1. Absorption and emission spectral properties o f  
polymer- bound dye systems 

The structures of the polymer-bound dyes, i.e. P ( A G A ) -  
TH +, P ( M A A M )  - T H  + and P ( M A A M  ) -PS  +, are given in 
Fig. 1. The absorption spectra of  P ( A G A ) - T H  + and 
P ( M A A M ) - T H  + with different m / d  ratios are shown in Fig. 
2. The absorption spectrum of P ( A G A ) - T H  ~ is broad in 
nature, irrespective of the chromophore loading, and shows 
no characteristic maxima, in contrast with that of other pol- 
ymer-bound thionines [20].  The broad absorption spectral 
feature of P ( A G A ) - T H  + in aqueous solution is not due to 
the aggregation of dye molecules as no change is observed 
in the absorption spectrum of  P ( A G A ) - T H  + in aqueous 
medium on addition of organic solvents, such as methanol, 
ethanol, acetonitrile and dimethylformamide;  the addition of 
organic solvents decreases the extent of aggregation [20].  
When P ( A G A ) - T H  + solution in 0.5 N H2SO4 is coulomet- 
rically reduced at + 0.1 V under a nitrogen atmosphere, the 
absorption spectrum of the electrolysed solution shows a 
decrease in absorbance at 600 nm which is due to the for- 
marion of leucothionine which does not absorb in the visible 
region. After complete reduction, the difference absorption 
spectrum between P ( A G A ) - T H  + and reduced P ( A G A ) -  
TH + shows A,~ax at 600 nm as illustrated in Fig. 3. This 
indicates that there are two components present in P( A G A ) -  
TH +. One component is reducible thionine, which is sug- 
gested to be monomeric thionine covalently bound to the 
macromoleculc;  the absorption spectrum of this component 
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Fig. 3. Absorption spectra of polymer-bound thionine in aqueous medium: 
A, P( AGA )-TH ~ ; B, reduced P( AGA)-TH + (by coulometry at + 0.1 V ) ; 
C, difference between A and B. 
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Fig. 4. (a) Emiss ion spectra of  P ( A G A ) - T H  + in aqueous medium, 
A~ = 600 nm. (b) Excitation spectra of P (AGA)-TH + in aqueous medium, 
)t~m=630 nm. The monomer to dye (m/ d )  ratios are 259 (A),  310 (B),  
542 (C),  865 (D) and 1330 (E). 

resembles that of unbound thionine with Am~x = 600 nm. The 
absorption spectrum of the non-reducible component closely 
resembles the absorption spectrum of polymerized thionine 
[21,22]. It is equally possible that some dye molecules 
become attached to the polymer through other bonds. 

In order to understand in more detail the nature of the two 
components present in P ( A G A ) - T H  +, we used the gel per- 
meation chromatography (GPC) technique. GPC of 
P ( A G A ) - T H  ÷ reveals the presence of only one polymeric 
species with an average molecular weight of 3.57 × 105. The 
results of GPC also indicate that P(AGA) is not cross-linked 
either before the thionine dye is condensed to the macromol- 
ecule or after the dye is attached to any appreciable extent. 
Therefore it is suggested that both the reducible monomeric 
thionine and non-reducible component present in P ( A G A ) -  
TH + are bound to the same macromolecular chain. We there- 
fore conclude that the absorption band of P ( A G A ) - T H  ÷ 
consists of contributions from monomeric thionine and from 
the non-reducible dye which is photochemically inert and has 
very different electrochemical properties compared with the 
monomeric dye. 

The fluorescence spectrum of P ( A G A ) - T H  ÷ is shown in 
Fig. 4 (a). No fluorescence emission was observed from elec- 
trochemically reduced P ( A G A ) - T H  + . The excitation spec- 
trum of P ( A G A ) - T H  + is shown in Fig. 4(b) .  The excitation 
spectrum of P ( A G A ) - T H  + differs from its absorption spec- 
trum, but resembles the absorption spectrum of monomeric 
thionine in aqueous medium; this indicates that monomeric 
thionine in P ( A G A ) - T H  ÷, which absorbs around 600 nm, 

fluoresces, but non-reducible thionine, which absorbs around 
450-500 nm, does not. It should be noted that the photo- 
physical properties discussed in this investigation relate to 
the monomeric dye bound to the macromolecule only and the 
non-reducible dye bound to the polymer does not seem to 
influence the excited state properties of the former as detailed 
below. 

Unbound phenosafranine shows an emission maximum 
around 585 nm when excited at 522 nm and P ( M A A M ) -  
PS ÷ shows an emission maximum around 575 nm when 
excited at 530 nm, as reported earlier [ 12]. From the spectral 
studies, it is concluded that the spectral properties of the dyes 
bound to the macromolecules are quite similar to those of the 
unbound dyes, indicating that the electronic structure of the 
chromophore is hardly affected by the macromolecule. 

3.2. Lifetime studies of polymer-bound thionine and 
phenosafranine excited states 

The photophysics of the thionine dye is well documented 
[23]. In aqueous solution, thionine shows fluorescence with 
a lifetime of 310 ps on excitation at 600 nm. In organic 
solvents, the fluorescence lifetime of thionine increases (450 
ps in ethanol and 760 ps in tert-butyl alcohol) with an increase 
in the fluorescence quantum yield [23]. The difference 
between the lifetimes of thionine in water and ten-butyl alco- 
hol is quite large, demonstrating the effect of the polarity of 
the microenvironment on the decay of the excited state. In 
our experiments, thionine dye in aqueous medium shows a 
fluorescence decay corresponding to a single exponential 
with a lifetime of 306 ps, which is in close agreement with 
the value reported earlier [ 23 ]. 

In the case of P ( A G A ) - T H  ÷ and P ( M A A M ) - T H  +, the 
decay curves are fitted satisfactorily to a biexponential decay, 
regardless of the loading of the dye in the polymer chain, as 
given in Figs. 5(a) and 5(b) respectively for typical cases. 
The fluorescence lifetimes (~-), pre-exponential factors (A) 
and average lifetimes (~-) of P ( A G A ) - T H  + and 
P (MAAM)-TH ÷ are given in Table 1. The short-lived com- 
ponent is the major emitting species in both systems. As the 
unbound dye is completely removed during dialysis in 
P ( A G A ) - T H  ÷ and P ( M A A M ) - T H  +, the multiexponential 
fluorescence decay is characteristic of monomeric thionine 
bound to the polymer, since the non-reducible component is 
non-fluorescent and plays no apparent role in the emission 
decay behaviour of P ( A G A ) - T H  ÷ and P ( M A A M ) - T H  ÷. 
The emission properties of both polymers are quite similar, 
and the electronic structure of the dye is hardly affected by 
the polymer chain; however, the macromolecular environ- 
ment influences the photophysical properties of the excited 
state. The decay times of the short-lived component (~'j) in 
P (MAAM)-TH ÷ and P ( A G A ) - T H  + are similar to that of 
unbound thionine in the aqueous phase (approximately 300 
ps); however, the decay times of the long-lived component 
(72) in P (MAAM)-TH ÷ and P ( A G A ) - T H  ÷ are signifi- 
cantly longer (greater than 700 ps). The presence of a long- 
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Fig. 5. (a) (A) Typical fluorescence decay profile of P(AGA)-TH ÷ in aqueous medium, Ae~ = 600 nm and A~.~ =630 nm; a', lamp profile; b', sample decay 
profile. (B) Residuals of decay profile. (b) (A) Typical fluorescence decay profile of P( MAAM )-TH + in aqueous medium, A~x = 600 nm and A~,,, = 640 n m; 
a', lamp profile; b', sample decay profile, (B) Residuals of decay profile. (c) (A) Typical fluorescence decay profile of P( MAAM )-PS + in aqueous medium, 
A,~ = 310 nm and Aem = 580 nm; a', lamp profile; b', sample decay profile. (B) Residuals of decay profile. 

lived component  in the emission decay of  polymer-bound 
thionines suggests that the microenvironment around the 
thionine chromophore is not exactly uniform within the time 
frame of  the excited state decay processes. 

The excited state l ifetimes (~-) provide information on the 
environment of  the probe molecules attached to the macro- 
molecules. When fluorescent probes reside heterogeneously, 
a multiexponential  decay is observed [24-28] .  In amphi- 
philic polymers  (polyelectrolytes  containing aromatic chro- 
mophores as pendant groups) ,  the hydrophobic groups 
interact with each other to form hydrophobic microdomains 
and charged segments of the polymer surround the micro- 

domains providing a micellar structure [29].  The chromo- 
phores reside inside the polymer chains or are exposed to the 
aqueous phase depending on the conformation of  the mac- 
romolecule. The biexponential fluorescence decay of  the pol- 
ymer-bound thionines, observed in the present case, indicates 
that thionine dyes are located at the solvent pool or in the 
hydrophobic interior of the polymer coil. In both polymer-  
bound dyes P ( M A A M ) - T H  + and P ( A G A ) - T H  +, the dye 
molecules which are located in the solvent pool decay with a 
fluorescence lifetime corresponding to the excited state life- 
time of unbound thionine in aqueous solution (approximately 
300 ps).  The dye molecules residing in the interior of the 
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Table 1 

Fluorescence lifetimes (~') and ampli tudes (A) for unbound thionine and polymer-bound thionine ( P ( A G A ) - T H  + and P( M A A M ) - T H  + ) in aqueous solution. 

The maximum error in the fluorescence l ifetime is less than 20 ps. he, = 600 nm and )tem= 620, 630 and 640 nm for unbound thionine, P ( A G A ) - T H  + and 

P ( M A A M ) - T H  + respectively ( l i fet imes are in picoseconds).  The amplitudes A~ and A2 are given as a percentage of  the total amplitude 

Polymer m / d  7.1 A I ~'2 A2 (7.) a )(2 

Thionine - 306 100 - - 306 1.02 

P ( A G A ) - T H  + 259 315 95.1 693 4.9 333 1.12 

P ( A G A ) - T H *  310 307 94.8 721 5.2 328 1.20 

P ( A G A ) - T H  + 542 316 93.0 770 7.0 347 1.20 
P ( A G A ) - T H  + 865 321 91.2 1010 8.8 381 1.03 

P ( A G A ) - T H  ÷ 1330 375 90.7 1380 9.3 468 0.99 

P ( M A A M ) - T H  ÷ 112 392 94.1 661 5.9 407 1.20 

P ( M A A M ) - T H  + 164 368 92.8 697 7.2 391 1.00 

P ( M A A M ) - T H  + 288 406 89.7 726 10.3 439 1.12 

P ( M A A M ) - T H  + 440 410 87.0 756 13.0 455 1.20 

P ( M A A M ) - T H  + 723 432 70.7 933 29.3 578 1.17 

a (I") = 7.tAl + 7.2A2. 

polymer coil do not experience the influence of the solvent; 
on excitation, the excited state of the dye finds a less polar 
environment, which increases the excited state lifetime by 
decreasing the non-radiative decay of the excited state. 

In the case of polymer-bound thionines, the values of ~-~ / 
T 2 and A~/A2 decrease with increasing m/d ratio as shown in 
Figs. 6(a) and 6(b).  When the chromophore loading is 
decreased, z 2 and A2 increase which causes an increase in the 
average lifetime. In other words, the contribution from the 
dye molecules exposed to the aqueous medium decreases 
when the chromophore loading is decreased. It is known that 
hydrophobic chromophores prefer to be located in less polar 
environments [27,30]. As thionine dye is hydrophobic in 
nature, it tends to be located in less polar environments (inte- 
rior of the polymer coil) rather than in the aqueous phase. 
Thus when the loading is very low, the proportion of dye 
molecules present in the interior of the polymer coil is larger. 
Interestingly, the amplitude A2 in the case of P (MAAM)-  
TH ÷ is larger than that of P(AGA)-TH ÷ (Table 1). As 
P(MAAM) is a non-ionic polymer, the coiling of the mac- 
romolecular chains is expected to be greater than in the ionic 
polymer P(AGA),  where the carboxylate groups repel each 
other along the polymer chain making the polymer elongate. 
This more extensive coiled conformation of P (MAAM)-  
TH + leads to the observed increase in amplitude of the long- 
lived emitting species (A2) in P(MAAM)-TH ÷. 

The photophysics of phenosafranine dye in aqueous solu- 
tion and nation membranes has been reported previously 
[31]. Phenosafranine shows a fluorescence lifetime of 930 
ps in aqueous medium. In organic solvents, the fluorescence 
lifetime of phenosafranine increases due to a reduction in the 
rate constant of non-radiative decay [ 31 a]. Phenosafranine 
in aqueous medium in the present study exhibits a single 
exponential fluorescence decay with a lifetime of 980 ps, 
which is in agreement with the reported value [31a]. Poly- 
mer-bound phenosafranine, P(MAAM)-PS +, exhibits a 
non-exponential fluorescence decay and, as in the case of 
polymer-bound thionine, the decay curves can be fitted sat- 
isfactorily to a double exponential decay. The fluorescence 
decay of P(MAAM)-PS ÷ in aqueous solution is shown in 
Fig. 5(c) for a typical experiment; the fluorescence lifetimes 
~-, pre-exponential factors A and average lifetimes (1-) of 
P(MAAM)-PS ÷ are given in Table 2. The P(MAAM)-PS ÷ 
samples exhibit biexponential fluorescence decay irrespec- 
tive of the loading of the dye. P(MAAM)-PS ÷ shows one 
lifetime very similar to that of unbound phenosafranine in the 
aqueous phase (approximately 980 ps) and one significantly 
longer (more than 2000 ps). As the fluorescence decay 
behaviour of P (MAAM)-PS ÷ is similar to that of polymer- 
bound thionine, it is concluded that, for P(MAAM)-PS + 
also, the short-lived component is due to the chromophore 
located in the solvent pool and the long-lived component is 

Table 2 
Fluorescence l ifetimes ( r )  and anaplitudes (A) of polymer-bound phenosafranine ( P ( M A A M ) - P S  + ) in aqueous solution. The maximum error in the 

fluorescence l ifet ime is less than 20 ps. Aex = 310 nm and Arm = 580 nm (lifetimes are in nanoseconds).  The amplitudes At and A 2 are given as a percentage of 

the total ampli tude 

Sample m / d  7.1 A 1 7.2 A2 (7.) a )(2 

P ( M A A M ) - P S  + 393 1.2 46.0 2,56 54.0 1.9 1.10 
P ( M A A M ) - P S  + 417 1.23 53.3 2,46 46.7 1.8 1.02 
P ( M A A M ) - P S  + 451 1.38 56.8 2.64 43.2 1.92 0.95 
P( M A A M ) - P S  + 478 1.31 56.4 2.51 43.6 1.83 1.20 

a (7") = rlAi + 7.2A2. 
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Fig. 6. (a) Plot of  ft/'rz and At~A2 vs. m / d  ratio for P ( A G A ) - T H  + in 
aqueous medium, (b)  Plot of ~'t/'r2 and A t/A 2 vs. m / d  ratio for P ( M A A M ) -  
TH ÷ in aqueous medium. 

due to the chromophore located in the interior of the polymer 
coil which experiences a hydrophobic environment. 

3.3. Influence of the conformation of the macromolecular 
chain on the luminescence of polymer-bound dyes 

P ( A G A ) - T H  + in aqueous solution exhibits a marked 
enhancement in relative fluorescence intensity with decreas- 
ing pH (Fig. 7).  Although unbound thionine itself in aqueous 
medium exhibits an increased relative fluorescence intensity 

(without an appreciable change in the emission maximum) 
with decreasing pH (Fig. 7),  the increase for P( AGA )-TH + 
is greater than that of unbound thionine. This suggests that 
the dependence of the emission intensity of P ( A G A ) - T H  ~ 
on the pH of the medium is due to conformational changes 
occurring in the macromolecule with changing pH of the 
solution. In polycarboxylic acids, when the pH of the solution 
is decreased, protonation of carboxylate groups occurs in the 
polymer chain, resulting in a more extensive coiled polymer 
conformation (hypercoil) due to the absence of electrostatic 
repulsion [32]. This hypercoil provides a viscous and rela- 
tively "dry" microdomain to the labelled chromophore 
which favours efficient emission, preventing the quenching 
of the excited chromophore by a quencher present in the bulk 
solvent. In the present situation, this is presumably the reason 
for the increase in the fluorescence quantum yield of 

P ( A G A ) - T H  ~ 

Similarly, when the concentration of ethanol added to the 
aqueous solution is increased, an enhancement in the quan- 
tum yield of fluorescence occurs in P ( A G A ) - T H  + and 
P ( M A A M ) - T H  + as shown in Fig. 8. The fluorescence 
intensity of unbound thionine itself increases with an increase 
in the concentration of ethanol (quantum yield for thionine 
increases to ~b, =0.23 compared with 0.18 in water [33] ). 
The enhancement of the relative fluorescence intensity at 
higher concentrations of ethanol is substantially greater in 
the case of polymer-bound thionine than for unbound thion- 
ine. Coiling of the polymer is expected to be greater in the 
presence of ethanol, which is a non-solvent for the above- 
mentioned polymers. As a result of  the decrease in coil size, 
more dye molecules experience a less polar environment 
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Fig. 7. pH dependence of  the relative fluorescence intensity for thionine ( * ) 
and P ( A G A ) - T H  ÷ (U]). A~ = 6 0 0  rim. 
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Fig. 8. Plot of the relative fluorescence intensity as a function of the per- 
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Table 3 
Effect of ethanol on the fluorescence lifetimes (~') and amplitudes (A) for 
polymer-bound thionine (P( MAAM)-TH ÷ ) ( m/d = 164) in aqueous solu- 
tion. The maximum error in the fluorescence lifetime is less than 20 ps. 
A~x = 600 nm and A~m = 640 nm (lifetimes are in picoseconds) 

Percentage ~'~ A ~ ¢2 A 2 X z 
of ethanol 

0 368 92.8 697 7.2 1.0 
3.23 361 90.3 685 9.7 0.99 
6.25 352 86.4 625 13.6 1.08 
9.10 321 75.7 562 24.3 0.99 

ponent are present. From the emission and excitation spectra, 
it is confirmed that the non-reducible component present in 
P ( A G A ) - T H  + is non-fluorescent. For  the polymer-bound 
dyes, the fluorescence decay is biexponential irrespective of  
the loading of  the dye on the macromolecule. The heteroge- 
neity of  the excited dye molecules is found to be due to the 
different locations of  the binding sites which is a manifesta- 
tion of  the random coil nature of  the macromolecule.  The dye 
molecules which are exposed to the solvent medium show 
lifetimes similar to the unbound dye molecules in aqueous 
medium, and the dye molecules which are located inside the 
hydrophobic polymer coil give rise to long-lived emission as 
they experience a less polar environment in their excited state. 
In the presence of added ethanol, polymer-bound thionine 
shows an increase in the amplitude of the long-l ived com- 
ponent due to a change in the conformation of  the macro- 
molecule from an extended structure to a tight coiled form 
( " h y p e r c o i l " ) .  When the loading of  the dye molecules is 
decreased in polymer-bound thionine, the proportion of  the 
dye molecules present inside the polymer coil increases, 
which is consistent with the fact that the hydrophobic dye 
molecules prefer the macromolecular  environment rather 
than an aqueous environment. The present work thus provides 
an understanding of  the nature of binding of the probe mol- 
ecules and the conformational properties of  the polymer coil. 
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which results in an increase in the quantum yield of  fluores- 
cence. The lifetimes and amplitudes of  P ( A G A ) - T H  ÷ in 
aqueous solution at different ethanol concentrations are 
shown in Table 3. When  the ethanol concentration is 
increased, the ampli tude of  the long-l ived emitting compo- 
nent increases. Both ~-~ and ~2 show a decrease on addition of  
ethanol (Table 3).  As the nature of  the polymer  coil changes 
due to the addition of  ethanol, self-quenching between two 
thionine chromophores implies a shorter monomer lifetime. 
This study clearly indicates that the number of probe mole- 
cules experiencing a hydrophobic environment is greater 
when the polymer  conformation changes from an extended 
conformation to a "hype rco i l ed"  conformation. 

4. Conc lus ions  

The present investigation demonstrates that, in P ( A G A ) -  
TH +, both monomeric thionine and a non-reducible corn- 
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