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Photoprocesses of Thiacarbocyanine Monomers, Dimers, and Aggregates Bound to
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The photophysical and photochemical properties of thiacarbocydnamel the methyR and ethyl3 meso
derivatives in aqueous solution were studied in the presence of poly(styrenesulfonate) (PSS), poly(acrylic
acid) (PAA), or poly(methacrylic acid) (PMA). When the ratio of polyanion residue to dye concentratjons (

is increased, a monomer/dimer equilibrium in neat water is shifted toward bound H-aggregates (high dye
loading conditions), dimers, and monomers (low dye loading). The photodeactivation propettiesadgpend
significantly on these ground-state equilibria. The fluorescence quantum gBélds(strongly enhanced for

low dye loading and reduced when bound aggregates and dimers are presé&i30 and (0.2-2) x 10,
respectively. Foll the quantum yield of trans> cis photoisomerizationd;—.) is also reduced by aggregation.

The quantum yield of intersystem crossinbig) is enhanced for bound dimers, the value is larges8fdn

the redox reactions via the triplet state3fascorbic acid an@-benzoquinone serve as electron donor and
acceptor, respectively. The photoinduced electron transfer is less efficient for bound monomers than for bound
dimers. For the three polyanions comparable effects were found; especially, the ground-state equilibria and
the @4, ®is;, and d— values depend in a well-defined manner on the paranmeter

Introduction polyanions. For this purpose 3:8iethylthiacarbocyaninelj,

2, and the ethyl meso derivativ8)(together with PSS, PAA,

and PMA were chosen. Photoisomerization as an additional
mode of registration of deactivation processes is accessible for
parentl, i.e., in the absence of a meso substitifevbreover,

a low @i value for the monomer is advantageous to detect
excited dimer processes. These features and the water solubility
make the thiacarbocyanines more accessible than many other
dyes. The relative yields were determined ybeing the usual
fheasure of the concentration ratio. Plots of the ground-state
absorbances at appropriate wavelengths, the fluorescence quan-
fum yield @) and the®;sc and ®—. values as a function of

the parameter reveal specific minima and maxima.

Cyanine dyes are attractive for spectral sensitization and a
variety of technical applicatiorisBecause of their unique ability
to form different aggregates, they can be present as monomers
dimers, and H- and J-aggregafe$.A low quantum yield of
intersystem crossingXsc) and a rather high quantum yield of
trans— cis photoisomerizationd;—.) are typical for cyanine
monomers-®-12 J-aggregates generally show narrow peaks at
long wavelengths, whereas H-aggregates often show a broade
band at shorter wavelengths® These H-aggregates as well as
the dimers are often nonfluorescent, in contrast to J-aggregate
that exhibit resonance fluorescerfce-aggregates strongly
enhance the photosensitivity. Photoinduced electron transfer

takes place in organic solverifsi3as well as in J-aggregates, R R X~ s R
when the cyanines are adsorbed to a surface, e.g., silver halides v |- R'/QWEQR'

microcrystalst* Thus, influencing aggregatierdeaggregation  2Me H |- - E/ N
processes in the ground and excited states is desirable. setc o X s s
Formation of aggregates strongly depends on the structure R PAA'R'=H R=COM

of the dye, the concentration, and the meditf!%In particular,
H- and J-aggregates are formed for cyanine dyes bound to DNA
templates® Aggregation of cyanine and other dyes in aqueous
solution also takes place in the presence of synthetic polyelec-
trolytes!”=25 such as poly(acrylic acid) (PAA), poly(methacrylic
acid) (PMA), or poly(styrenesulfonate) (PSS). In contrast to PSS, The synthesis of the cyanine dyds 2, and 3 has been
a conformational transition takes place for PMA or PAA from described elsewhefé28Dye 2, where the CHCH;z groups in
the hypercoiled form at pH<5 to the elongated form at pH 2 are replaced by C¥CH,OH, was the same as used previ-
>6.18.21 For 9-methylthiacarbocyanin€)(in the presence of  ously!® The molar absorption coefficients at the maximum are
PSS, PAA, or PMA, the photophysical properties were recently € = 9.8 x 104 1.15x 1, and 1.17x 1° M~ cmfor 1, 2
studied as a function of the ratio of polyanion residue to dye (waterethanol, 99:1), and (water—ethanol, 3:1), respectively.
concentrationsrj.?® PSS, PAA (Aldrich), rhodamine 101 (Lambda Physik), ascorbic
In this paper we focus our attention on a deeper insight in acid, andp-benzoquinone (Merck) were used as commercially

the photoprocesses of cationic dyes bound to water-solubleavailable. PMA was placed at our disposal by Professor A. R.
Khokhlov. The molecular weight of PSS, PAA, and PMA is

tOn leave from the Center of Photochemistry, Russian Academy of 0-7 % 1C, 2.4 x 10°, and 4.5x 10° Da, respectively. Water
Sciences, 117421 Moscow, Russia. was from a Millipore (milli Q) system. Aqueous dye solutions

|
[CHCH)l, PMA:  Me COM
R PSs: H CgH-SONa
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TABLE 1: Absorption Properties of Cyanine Dyest
A o Im
dye® polyanion (nm) r (nm) (nm) Ao/An
1 none 0 518 554 0.57
PSS 470 10/100/80 518 564 1.1/0.7/0.45
PAA 475 200 518 562 0.8
] PMA 490 100 523 565 1.5
2 none 0 502 540 0.6
PSS 470 10/100/%0 506 547 1.6/0.8/0.4
- = 3 none 0 510 551 1.1
400 500 A 600 700 PSS 485 10/1910* 517 559 1.3/0.6/0.4
(nm ) PAA 595 100/10 517 555 0.8/0.4
Figure 1. Absorption spectra fol (ground state) in neat aqueous PMA 595 100/1&10* 517 555 1/0.8/0.4

solution (10uM, curve 1) and in the presence of PSSfer 1 (2), 30

a .
(3), and 16 (4). In aqueous solution at natural pH (neutral for PSF)ye

concentration: 1M. ¢Forr = 2. 9 From left to right, respectively.
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Figure 2. Spectra for3: (a) absorption in neat aqueous solution (10 Figure 3. Absorption spectra in the presence of PSS forla) =
uM, curve 1) and in the presence of PMA for= 1 (2), 30 (3), and 0.1, 1, and 10, curves-3, respectively, and (i, r = 20, 30, 40, and
108 (4); (b) fluorescence with PSS (5) and PMA (6), for 1. 150, curves 4, respectively.

(mostly 104M) were prepared by diluting from stock solution 551 nm. These two ban(_:is are assigned to the absorption of dimer
in ethanol (1 mM). The stock solutions of polyanions (0.1 M) and monomer, respectively-or 1 the short wavelength peak
were prepared, especially for isosbestic points, by dissolving 84v = 518 nm s less pronounced and is present as a shoulder.
them in the aqueous dye solution. Buffers were not applied 'Nne overall amount of dimer decreases on passing Baanl.
because they would require changing the binding conditions at The dimer band disappears completely when ethanot-200

high concentration, which would be necessary to compensateVo! %) is added. . .

for the low pH of PAA and PMA (at >10°). Generally, the ground-state properties of cyanine dyes depend

A diode spectrophotometer (HP 8453) was used for the ON the ratio of polyanion residue to _dye concentrationsAt
steady-state absorption spectra, and spectrofluorometers (Spex@ oW of 0.3-30 H-aggregates (maximuip) appear, whereas
Fluorolog and a Perkin-Elmer LS-5) were used for fluorescence &t @ highr of 10%, monomers are mainly preseriy is red-

spectra. As reference, rhodamine 101 in air-saturated methanofniftéd by 5-10 nm with respect tolu in neat water. The
with @ = 1.02° /e, = 500-560 nm was used. The fluorescence Maxima of the monomer and dimer bands and the ratio of their

Edinburgh absorbances?6/Av) are compiled in Table 1. F@® and1 Ay
is blue-shifted and independent from the polyanion. Fand
PSSi4 = 485 nm, i.e., similar to the other cases, but red-shifted

decay kinetics were determined by a fluorometer (
Instruments F900), time resolution 0.09 As, = 480 nm. For

the time-resolved absorption measurements the laser setup i e
including the second harmonic from a Nd:YAG-laser (J. K. to Aw = 595 nm with PAA and PMA, where contribution from
Laserslexc = 530 nm) and two transient digitizers (Tektronix 2 J-aggregate should not bg expluded. )
7912AD and 390AD), was the same as used previcdsRdis, When th_e d_ye concentration is constant and the polyanion
was obtained from absorption difference measurements undeicOncentration increased from= 1(? to 10¢, the monomer band

optically matched conditions, using the quantum yi®ld, = increases and the dimer band decreases (Figure). IThe

0.25 0f 3 (20 uM) in methanol as a standdrdnd the molar ~ dependences dhy andAp against logr are shown in Figure
absorption coefficients of the tripletgoo= 9 x 10* M~1cm) 4a for thel/PSS system together with the absorbande §8y).

and the isomer (value for differenceszs = 1.8 x 10* M1 The intercepts of these plots define characteristic inflection
cm-2). The experimental error iy, ®;, and®;sc is £15%. The points (midpoints for 50% chang&That derived fromAy and

samples were always freshly prepared in 1 cm cuvettes prior toAD isrz = 300. A §econd ianeption point, which is due to the
the measurements that refer to X2.26 change from dye in bulk solution to H-aggregates bound to the

polyanion, isr; = 0.3. A third value, reflecting the change from
H-aggregated dyes vs dimers bound to the polyanion; is

Results 20. Another example of the dependencesgaf Ap, andAy on
Absorption Properties. The absorption spectra dfand3 log r is shown in Figure 5a foB and PMA. The three; values

(10 uM) in neat aqueous solution at pH 6 are shown (curves 1 for several dye/polyanion systems are listed in Table 2.

in Figures 1 and 2, respectively). The spectrum Jfis FluorescenceThe fluorescence spectrum b{2—4 uM) in

characterized by two distinct peaks/at= 510 nm andly = neat argon- or air-saturated aqueous solution (pH 6) has a
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2 log 3 4
Figure 4. Dependences of (&w (free ©), bound @®)), Ao (bound
(m)), andAy (a) and of (bl (4), AA—¢ (O), andAAr (®) on the ratio
of polyanion residue to dye concentrations (i9dor the /PSS system.
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Figure 5. Dependences of (#wu (free (O), bound @®)), Ao (free ),
bound @)), andA4 (2) and of (b)ls (<, 580 nm),l; (J-aggregatex),
635 nm), andAAr (@) on logr for the 3/PMA system.

TABLE 2: Inflection Points Defining the Characteristic
Ratios of Polyanion Residue to Dye Concentratioris

b

dye polyanion r ra rs ra

1 PSS 0.3 083 20 300 300
PAA 1 100 1000 >1000
PMA 20 400 4000 4000

2¢ PSS 0.3 5 100 200

3 PSS 0.3 30 <1000 600
PAA 0.3 200 =2000 =2000
PMA 1 200 3000 =2000

2|n aqueous solution at natural pH (neutral for PS$)luorescence,
otherwise absorptiorf.Taken from ref 26.

maximum atd; = 570 nm and those d? or 3 are 5-10 nm
red-shifted. The quantum yield is in the 0.66207 range, but
much larger, up t@b; = 0.35, in the presence of a polyanion at
high concentration (Table 3). At low dye loading edglvalue

is 5—10 nm red-shifted with respect to neat aqueous solution.
This is in agreement with a corresponding shiftlgf Such a
red shift for the bound monomer with respect to the free

J. Phys. Chem. A, Vol. 106, No. 46, 2000987

TABLE 3: Fluorescence Properties of Cyanine Dyes

dye polyaniof 7 (ns) 7% (ns) % &¢ @

1 none 0.09 97 0.07
PSS 0.7 2.0 20 0.19
PAA 0.6 2 25 0.35
PMA 0.6 2 23 0.29

2 none <0.1 95 0.002
PSS 0.3 1.6 40 0.04
PAA 0.6 2 30 0.14
PMA 0.5 1.7 50 0.13

3 none <0.1 95 0.005
PSS 0.6 2.4 30 0.12
PAA 0.5 2.3 15 0.23
PMA 0.5 2.3 20 0.20

a|n air-saturated aqueous solution at natural pH (neutral for PSS).
b At r = (0.3-1) x 10 ¢ Amplitude of the firstz% component.

TABLE 4: Triplet Properties of Cyanine Dyes?

dye polyanion r A'(hm) Ay (nm)  Tr(us) @i
1 noné 0 (560y 625 55 0.005
PSS 10 525,570 650 11
100 (570) 620 600 0.008
PAA 100 520,560 640 14
100 (570) 625 130  0.012
PMA 10 620 40
10t 620 110 0.016
2d none 0 505,550 535, 650 8 0.007
PAA 100 535 630 >30 0.020
3 noné 0 510,565 540, 650 10 0.010
PSS 16 520,570 540, 650 5 0.014
PAA 10 560 650 8 0.020
PMA 100 560 630 9 0.014

a|n argon-saturated aqueous solution at natural pH (neutral for PSS).
b Water-ethanol 3:1, vol, otherwise 99:1Parentheses: due to isomer.
dTaken from ref 26.

absorption and fluorescence excitation spectra and is attributed
to a J-aggregate.

The dependences of the fluorescence intensity ét) vsr
(in ther > 10° range) show increases throughout. Moreotser,
of 1 (Figure 4b) changes in a manner similar to the amount of
(free and bound) monomer. At a low ratiorof= 0.3—30, where
H-aggregates appear, thevalue is even lower than in neat
water. On the other hand, the minimum in the case¥BAA
or PMA (Figure 5b) is overlapped by the J-aggregate emission.
Ther; andrs values coincide with those derived from ground-
state equilibria (Table 2). The fluorescence deca¥-oB (2—6
uM) in neat air-saturated aqueous solution (pH 6) is essentially
monoexponential with a lifetimer¥) of 0.06-0.1 ns (Table
3). The fluorescence decay of monomerd ahd3 in methanol
is short and the yield low In the presence of a polyanion at
high concentration the decay df-3 is essentially biexponential
with one component having a much larger lifetimg)(

Triplet States. The absorption spectrum & (10 uM) in
argon-saturated etharelvater (1:3) just after the pulse has a
main broad band with a maximum at 650 nm and a narrow
band at 535 nm. The spectrum is accompanied by a photo-
bleaching with maxima at 505 and 550 nm. The major part of
the signal that decays essentially by a first-order law and is
guenched by oxygen is therefore attributed to absorption of the
triplet state. The absorption maximd) and bleaching maxima
(AP'7) are listed in Table 4 together withisc, which is generally
low. The triplet lifetime (inverse of observed rate constant:

monomers seems not to be unusual and was registered in alll/kopg is 71 = 8—55 us.

cases (Table 1). For ti#PAA and PMA systems, but not for

For 3 in neat aqueous solution the amount of dimers is

3/PSS, a new fluorescence was recorded with emission peak ahighest. On addition of ethanol ®(air-saturated) the amount

630 nm (Figure 2b). This species is not observable in the

of triplet is reduced to 30%. The midpoint of this dependence
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Figure 6. Absorption difference spectra f@& (10 uM) in aqueous

solution in the presence of ascorbic acid (0.25 mM) at&10) and
20 us (@). Insets: kinetics as indicated.
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Figure 7. Absorption difference spectra f@& (10 uM) in aqueous
solution in the presence gf-benzoquinone (0.1 mM) at 04s (A)
and 5us (a). Inset: kinetics at 460 nm.

is at 1.5 M ethanol. On the other hand, the amount of dimers is

reduced vs the ethanol concentration and that of free monomers

enhanced; the 50% value for both effects is also at 1.5 M
ethanol. These correlations of the dimer/monomer absorbance
and the®js. value demonstrate that the observed triplet state
originates mainly from the dimer.

The signals from thét andAP'; bands as a measure ®fs.
are 1.5-3 times larger in the presence of polyanions in high
concentrationr{ = 10% than those for the monomers in neat
aqueous solution®;s; becomes generally largestrat= 10°—
10°. This dependence of the triplet yield wgartly resembles

Slavnova et al.
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Figure 8. Absorption difference spectra far(argon-saturated, 1aM)

(a) atr = 0 and (b) in the presence of PSS+ 10* at 0.1us (open)
and 2 ms (full) after the 530 nm pulse. Insets: kineticdPat= 560/
570 nm.

TABLE 5: Maxima of the Cis Isomer, Lifetime, and Yield
of 12

polyanion r Ac(nm) AP (nm) Tt (Ms) P
methanol 560 4 0.25
none 0 500, 530 560 2.0 0.15
PSS 160 510, 540 570 3.0 0.11
PAA 10 540 570 20 0.08
PMA 10 510, 540 570 10 0.10

aIn aqueous solution at natural pH (neutral for PSS).

TABLE 6: Quenching Rate Constant (x10® M1 s71) of the
Triplet State of 3

medium r ascorbic acid p-benzoquinone

water/ethanol, 3:1 monomer 1 20
Spss 10 <0.01 14
PAA 10 <0.01 17
neat water 0 dimer 4 68
PSS 16 0.2 57
PAA 1 0.4 23

electron transfer is much largek(= (2—4) x 10° M~ s7Y)
for bound dimersr(= 10-10°).

the dependence of the amount of ground-state dimers, as shown Benzoguinone quenches the triplet state3oh neat water

in Figure 5b vs 5a for PMA. Similar plots are shown in Figure
4a,b forl and PSS. For this system the lifetime under argon is
7r = 11 us atr = 10 and 0.6 ms for = 10%; the rate constant
for quenching by oxygenis & 10®° M~ s™1 (r = 10 and 16).
For 2 and 3/PSS, PAA, and PMAct varies within the range
5—30us (Table 4).

Effects of Ascorbic Acid andp-Benzoquinone.On addition
of ascorbic acid t@® in argon-saturated aqueous solution, the
rate constankops for triplet decay is increased. The end of the

with a rate constarkz = 6.8 x 10° M~1 s71 (Table 6). This is
accompanied by the appearance of a new transient with
absorption maxima at 465 and 530 nm (Figure 7) and assigned
to another radical (semi-oxidized dye) resulting from photoin-
duced electron transfer. Kinetics of the triplet decay match those
of the radical buildup. The lifetime of the radical is 148 and

is not markedly influenced by oxygen. In watethanol (3:1)

the rate constant iks = 2 x 1® M~1 s1 and in the presence

of PSS or PAA in high concentration kg 3—4 times smaller

pulse spectrum is due to the above-mentioned triplet, and a newthan in neat water. For lower concentration of PSS and PAA (

absorption difference spectrum with a maximum at 430 nm was

observed (Figure 6). This is due to a radical (semi-reduced dye),
difference spectrum, a long-lived transient with maximd at

produced via photoinduced electron transfer (see Discussion)

The grow-in and decay kinetics at 430 and 680 nm, respectively,

are nearly identical. The radical has a lifetime of 1&0and
interacts efficiently with oxygen (the rate constant isc210°
M~1s™1). The rate constank4, referring to eq 2) for quenching
of triplet 3 by ascorbic acid in neat water, derived frégas vs

the ascorbic acid concentration (up to 0.3 mM)kis= 4 x

108 M~1 st and smaller) in a waterethanol mixture (Table
6). On increasing the ethanol concentration (30 vol %), the

= 10—-10°) k3 is higher than that for bound monomers.
Photoisomerization. Besides the minor FT absorption

= 500 and 530 nm and bleaching maximuni&t = 560 nm

was established concomitant with the pulse faon neat air-
saturated aqueous solution (Figure 8). The transient spectrum
is characteristic for an isomer formed by trafscis photoi-
somerizatiof because the decay is insensitive toward oxygen.
Both processes match the kinetics of intersystem crossing and
thermal cis— trans isomerization. The subsequent (first-order)
recovery forl has a lifetime {.—) of 2 ms. Note that in polar

radical yield (observed at 430 nm) decreases 10 times, whereagnedia meso substituents are known to shift a monomeric

disc decreases to half of the initial value. In the presence of
PSS or PMA, providing conditions for highest concentration
of bound monomers (= 10%), the electron transfer is drastically
slowedk, <1 x 106 M~1s71 In contrast, the rate constant for

equilibrium from the trans to cis isomer.10:31

For 1 in the presence of PSS with—= 10 the quantum yield
of trans— cis photoisomerization becomes 10 times less intense.
The plot of di_. shows that on increasingfurther, the yield
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increases again (Figure 4b) and.; is longer than in neat water

J. Phys. Chem. A, Vol. 106, No. 46, 2000989

Effect of Structure on the Radiationless DeactivationFor

(Table 5). Decay of the observed isomer of the bound monomer free monomers ol—3 ®js. is small (Table 4) and similar to

also for PAA and PMA at = 10* follows a first-order law. A
too low @ value for2 and3 in aqueous solution as well as
in the presence of PSS, PAA, and PMA= 10°—10% makes
an investigation of the trans> cis photoisomerization nearly
impossible under our conditions.

Discussion

Ground-State Equilibria. The thiacarbocyanine dyes are

that for 2" in aqueous solutioh.For bound monomer®;s. is
enhanced as a consequence of a longer lived fluorescence in
comparison with that for free monomers. The triplet lifetime
of bound monomer foll and2 is shorter than that of the free
monomer (Table 4)®is; for 3 in neat water is also low, but
twice as high as in a wateethanol mixture (3:1). The
dependence of the triplet yield vs(Figure 5b) resembles the
dependence of the amount of bound dimers. The reason for the
maximum atr = 10>—10% is the enhancement dfs. for dimers.

present in aqueous solution as an equilibrated mixture 0prossibIe reason for this is the singtdtiplet splitting, which

monomers and dimers (M and D, respectively). The dynamic

behavior of the dye molecules is changed due to interactions

between the polymer (P) and the dye. Higher aggregates (H
P) are formed at = 0.2—2 (high dye loading), dimers (BP)

are formed on increasing the concentration of polyanion
residues, and at even highef10*, low dye loading) monomers

has been established for the related cyarfifié® triplet lifetime
of bound dimers forl and 2 is shorter than that for bound
monomers (Table 4). For H-aggregates bf3 the T-T
absorption was not observed due to |dwg.

For meso substituen&and3 the bleaching related to trans
— cis photoisomerization is less efficient because the equilib-

(M—P) are present. Monomer, d@mers, anq_H-_aggregates boundrium is shifted from the trans to cis isonfel?:1231Therefore,
to polyanions are also present in an equilibrium that dependsyy,ose measurements are restricted,tovhere the overlap of

onr. This follows from analysis of absorption spectra showing
well-defined isosbestic points (Figure 3), which proves the
existence of the partial equilibria M/B= H—P, H—P=D—P,
and D-P = M—P.

For high dye loading the inflection poimi is due to H-P

cis absorption with T absorption is low and®; . of
thiacarbocyanine iodide (free monomer Bf in methanol is
0.28 and 0.15 in water (Table 5). The yield of the cis isomer
for bound monomers df is smaller than that for free monomers
and ®;_. correlates withdisc (Figure 4b). The reason for the

aggregate formation at the expense of the monomer and dimersyinimum in this plot ofd®,_ vsr is stacking of the aggregates

in bulk solution;r, is due to the change from-+HP to D—P
bound dimers, andj; for low dye loading is due to bound
monomers M-P at the expense of-BP. These partial equilibria
are illustrated:

M
it
D

\H-P < DP 1)
o

/

Excited Singlet States.The fluorescence properties of
cyanines are strongly influenced by changing the meso
substituent= 73031 The binding of dye molecules to polyelec-

and dimers, resulting in sterical hindrance. Because trans
cis photoisomerization in the singlet state and intersystem
crossing are competing, the enhancemenibgf for bound
dimers is due to the hindrance of isomerization. The deactivation
processes of free monomers in the excited singlet state are
essentially internal conversion with lo#;, ®is,, and ®i—,
whereas those of excited bound monomers are even lower in
®isc and @, but display a large; value (Table 3). In the
deactivation processes of excited bound din®gsis enhanced
at the expense ob;_.

Electron Transfer. To study electron transfer of excited
dimers, ascorbic acid as electron donor gAoenoquinone as
electron acceptor were applied f8 The observed neutral

trolytes gives rise to changes in the dye excited-state propertiesradical (M) in aqueous solution in the presence of ascorbic acid
The essentially monoexponential decay in neat air-saturatedis formed as a result of electron transfer from the triplet state
aqueous solution is due to fluorescence of the free monomer.of cationic dye*M*.

The ®; values of cyanine dyes are smaller than in organic
solvents®? Interestingly, the fluorescence excitation spectra of

1 or 3 have no peak, which may be correlated with aggregates

bound to the polyanion (ait= 1—5). This is in agreement with
the decrease oPs vsr in the ranger = 0.1-10 for several

¥M* + donor— M" + donof* 2)

The rate constant for quenchinig) of the dimer triplet for3
in aqueous solution is 4 times higher than that for the monomer

cases (Figures 4b and 5b) and the result that dimers andin water-ethanol (3:1) and much higher than that for both bound

H-aggregates of thiacarbocyanines exhibit a Idwvalue2®
The observation of resonance fluorescencefiorthe presence
of PAA (atr = 1) and PMA (Figures 2b and 5b) is typical for

dimers and monomers (Table 6). The former could reflect
different reactivities of monomer and dimer in the triplet state,
whereas the lovik, for bound dimers and the even lower values

J-aggregates. The lack of a narrow and intense absorption bandfor bound monomers are due to hindrance for penetration of

which usually characterizes the J-aggregéféss probably due

ascorbic acid into the polyanion microdomain or, more likely,

to a low concentration of J-aggregates and also masked by andue to Coulombic repulsion.
intense and wide absorption band centered at 595 nm. A related Quenching of the3 triplet by p-benzoquinone as acceptor

case of a derivative d and polyallylamine has been reported
recently32 The 5-fold fluorescence enhancement of the bound
monomer forl, 20—70-fold for 2 and 36-50-fold for 3, is due

via electron transfer leads to formation of dication radicals
(M'2+)-

to hindered deactivation modes with respect to the free 2+

3
monomer. The decay of the bound monomer is therefore slower, )
resulting in a long-lived component% in Table 3) of 2-3 ns. The rate constarks is highest for free dimers and only 5
The two components in the fluorescence decay kinetics aretimes smaller for bound dimers as well as for free and bound
probably due to different microenvironments for dye encapsula- monomers (Table 6p-Benzoquinone quenches the triplet state
tion that are exposed differently to an aqueous and interfacial of the free dimer 3 times more efficiently than that of the free
phaset® monomer, which may reflect a higher reactivity of the dimer

¥M™ + acceptor—~ M*?" + acceptof”
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triplet in oxidation of3. The rate constant for triplet quenching (2) Shapiro, B. 1.Usp. Khim 1994 63, 243;Russ. Chem. Re1994
of the bound monomers and dimers by the uncharged quinone®? f??)l éi?g'-;rﬂ‘%%btogr Sei. Engl674 18, 323

is larger than that by (neggtlve) ascqrbate ions. This is probgbly @) Haye{shi, Y.; Ogawa, S.; Sanada, |v|.;' HirohashiJRImag. Sci.
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polyanion microdomain. 1995 102 6362.
Variation of Polyanion. Interactions of cyanines have been phy(se)lg%g'tfs?i’s@' K.; Zakharova, G. V.; Goer, H.Phys. Chem. Chem.
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dyes promotlng monomers, dlrnersl and H- and J_aggregates (17) Jones, G,, II; Oh, C.; Goswami, K. Photochem. Photobiol. A:

: . Chem.1991, 57, 6.
The ratio between these forms depends on the relative concen- (18) Jones, G., II; Oh, GJ. Phys. Cheml994 98, 2367.

trationsr. The photophysical and photochemical properties of (1) jones, G., Il; Rahman, M. A. Phys. Chem1994 98, 13028.
the dyes in the presence of polyanions reflect an equilibrium  (20) Horng, M.-L.; Quitevis, E. LJ. Phys. Chem1993 97, 12408.
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