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Abstract

The photophysical properties of 3,30-diethyl-9-methylthiacarbocyanine (DTC) were studied in the presence of

polystyrene sulfonate (PSS), polyacrylic acid (PAA) and polymethacrylic acid (PMA). The absorption spectra reflect a

monomer/dimer equilibrium in neat aqueous solution and a shift towards bound H-aggregates, bound dimers and

bound monomers on increasing the ratio of polyanion residue to dye concentrations (r). These equilibria also determine

the photodeactivation modes of DTC. The fluorescence intensity is reduced, when dimers and aggregates are present

and strongly enhanced for low dye loading (r ¼ 104). In contrast, the quantum yield of intersystem crossing is enhanced
for bound dimers (r ¼ 103). � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Among synthetic organic dyes, cyanines are
very versatile compounds which are widely used
for technical applications [1]. A unique property of
cyanine dyes in aqueous solution is their ability to
be present as monomers, dimers, H- and J-aggre-
gates [1–8]. Their photophysical and photochemi-
cal properties are determined by their state of
aggregation. H- and J-aggregates are generally
characterized by their short- and long-wavelength

peaks, respectively [1–3]. Dimers and H-aggregates
of cyanine dyes are usually non-fluorescent [2].
Formation of aggregates strongly depends on

the structure of the dye, the concentration and the
medium [1,6–8]. Aggregation of cyanine and other
dyes in aqueous solution also takes place in the
presence of surfactants [7] and synthetic polyelec-
trolytes, such as polyacrylic acid (PAA), poly-
methacrylic acid (PMA) or polystyrene sulfonate
(PSS) [9–14]. Therefore, controlling aggregation–
deaggregation processes in the ground and excited
states is of significant importance.
Thiacarbocyanine monomers without a meso-

substituent at the polymethine chain exhibit a
moderate fluorescence quantum yield (Uf ), a low
quantum yield of intersystem crossing (Uisc) and a
rather high yield of trans ! cis photoisomerization
(Ut–c) [1,15–19]. However, virtually no photoiso-
merization takes place for thiacarbocyanines with a
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meso-alkyl-substituent in polar solvents since they
exhibit a shift from the trans to a cis ground state
isomer on increasing the solvent polarity [6,17]. For
pseudoisocyanine, Uf and Uisc are strongly en-
hanced when PMA in high concentration was used
[10]. Related effects were reported for mono-, three-
and pentamethinethiacyanines [14].

In this Letter we aim at elucidating the
photoprocesses of the cationic 3,30-diethyl-9-
methylthiacarbocyanine (DTC) bound to three
water-soluble polyanions, PAA, PMA or PSS. For
quantitative analysis the decay kinetics and/or
relative yields were measured as a function of the
ratio of polyanion residue to dye concentrations
(r). Monomer, dimers and H-aggregates bound to
polyanions are present in equilibria. Their contri-
bution, as well as Uf and Uisc, depend in a specific
manner on the concentration ratio r.

2. Experimental

Synthesis of the DTC iodide has been described
elsewhere [20] and dye DTC0, where the CH2CH3
groups in DTC are replaced by CH2CH2OH, was
the same as used previously [17]. The molar ab-
sorption coefficient of DTC in water–ethanol
(99:1, vol) at the maximum is e ¼ 1:15� 105 M�1

cm�1. PSS, PAA (Aldrich) and rhodamine 101
(Lambda Physik) were used as commercially
available. PMA was placed at our disposal by
Professor A.R. Khokhlov. The molecular weight
of PSS, PAA and PMA is 0:7� 105, 2:4� 105 and
4:5� 105 Da, respectively. Water was from a
millipore (milli Q) system. Aqueous dye solutions
(mostly 10 lM) were prepared by diluting from
stock solution in ethanol (1 mM). The stock so-
lutions of polyanions (0.1 M) were prepared by

dissolving them in the aqueous dye solution. No
buffer was added since a too high ion concentra-
tion would eventually release the bound dye ca-
tion. The samples were always freshly prepared
prior to the measurements which refer to 24 �C
throughout.
The steady-state absorption spectra were re-

corded on a diode spectrophotometer (HP 8453) in
1 cm cuvettes. The fluorescence spectra were re-
corded on spectrofluorimeters (Spex-Fluorolog
and a Perkin–Elmer LS-5). Rhodamine 101 in air-
saturated methanol with Uf ¼ 1:0 [21], kexc ¼
500–560 nm was used as reference for the quan-
tum yield. The fluorescence decay kinetics were
determined with an Edinburgh Instr. fluorimeter
(F900), kexc ¼ 480 nm (2–6 lM). For the time-re-
solved absorption measurements the laser set-up,
including excitation by the second harmonic from
a Q-switched Nd:YAG-laser (J.K. Lasers,
kexc ¼ 530 nm) and two transient digitizers (Tek-
tronix 7912AD and 390AD), was the same as used
previously [8]. Uisc was obtained from absorption
difference measurements under optically matched
conditions, using the quantum yield Ut–c ¼ 0:25 of
parent thiacarbocyanine (20 lM) in methanol as a
standard [15] and the molar absorption coefficients
of the triplet (e620 ¼ 9� 104 M�1 cm�1) and the
isomer (value for difference: e578 ¼ 1:8 �
104 M�1 cm�1 [15]). The experimental error in sf ,
Uf and Uisc is �15%.

3. Results and discussion

3.1. Ground state properties

In aqueous solution cyanine dyes are present as
equilibrated mixture of monomers (M) and dimers
(D) [3]. The absorption spectrum of DTC has two
distinct peaks at kD ¼ 502 and kM ¼ 540 nm (Fig.
1a, curve 1) which are assigned to the absorption
of dimer and monomer, respectively. The addition
of ethanol (10 vol%) results in a complete loss of
dimer. The spectroscopic properties of DTC in
aqueous solution depend strongly on the ratio of
polyanion residue to dye concentrations (r). On
varying this ratio the spectra are changed due to
interactions between the polymer (P) and the free
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dye. For PAA at low r of 0.5–10 (high dye loading
conditions), higher aggregates (H–P) with maxi-
mum kH ¼ 475 nm appear (Fig. 1a, curve 2). At
low dye loading (r ¼ 104, curve 4) bound mono-
mers (M–P) are mainly present and kM is red-
shifted by 5–7 nm with respect to kM in neat water.
In an intermediate range (curve 3) both bound
monomers and bound dimers (D–P) are observ-
able. Deconvolution of the dimer bands show a
red-shift by 4 nm on going from r ¼ 0 to 50. The
ratio of the absorbances ðAD=AMÞ are compiled in
Table 1.
On decreasing the polyanion concentration and

keeping the dye concentration constant, AM, as a
measure of the monomer band, decreases and AD
increases (Fig. 1b). The plots of absorbance at
kH ðAHÞ, AM and AD as a function of log r are
shown for PAA (Fig. 2a). Each of these curves
show a maximum and one or two 50% (midpoint)

values. One of these characteristic inflection
points, r3 ¼ 1000 for PAA, is due to the equilib-
rium between bound dimers and bound mono-
mers. Another inflection point, r1, reflecting the
change from free dye in bulk solution to H-ag-
gregates bound to the polyanion, is close to 1. A
further inflection point, r2 ¼ 100, is due to the
equilibrium between H-aggregated dyes and
bound dimers. These ri values are compiled in
Table 1 for the three polyanions.
Analysis of the absorption spectra shows well-

defined isosbestic points (Fig. 1b) which support
the existence of partial equilibria:

ðM�DÞ�H–P�D–P�M–P ð1Þ
The inflection points of the dependences of the AM,
AD and AH signals on log r for PSS, PAA and
PMA (Table 1) result from these partial equilibria.

Table 1

Absorption ratios and inflection points defining the characteristic ratios of polyanion residue to DTC concentrationsa

Polyanion r AD=AM r1 r2 r3 r3b

PSS 10=102=104 1.6/0.8/0.4c 0.3 5 100 200

PAA 102=103=104 1.2/0.6/0.4 0.5 100 1000 1000

PMA 102=103=104 1.4/0.7/0.4 2 200 P 2000 3000

a In aqueous solution (10 lM) at natural pH (neutral for PSS).
b Fluorescence, otherwise absorption.
c The ratios refer to r from left to right, respectively.

(a)

(b)

Fig. 2. Dependences of (a) AM (free:	, bound:d, 540 nm), AD
(bound:j, 507 nm), AH (D, 475 nm), and (b) If (�) and DAT (I)
on log of the ratio of polyanion residue to dye concentrations

for the DTC/PAA system.

(a)

(b)

Fig. 1. Ground state absorption spectra of DTC (a) in neat

aqueous solution (pH 6, 10 lM, curve 1) and in the presence of
PAA for r ¼ 2 ð2Þ, 50 (3) and 104 (4); (b) in the presence of PSS
for r ¼ 100, 250 and 1:5� 103, (1)–(3), respectively.
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For high dye loading r1 is due to H–P aggregates
at the expense of the M and D in bulk solution; r2
is due to the change from H–P to D–P bound di-
mers, and r3 for low dye loading is due to bound
monomers M–P at the expense of D–P.

3.2. Fluorescence properties

The fluorescence spectrum of DTC (2–4 lM) in
water at pH 6 has a peak at kf ¼ 575 nm and the
quantum yield is 0.002 (Table 2). In the presence of
a polyanion at high concentration the yield is
much larger, approaching Uf ¼ 0:14. At low dye
loading the kf values are ca. 5 nm red-shifted, in
agreement with a corresponding shift of kM. The
fluorescence intensity (If ) increases with increasing
r, the corresponding r3 values are listed in Table 1.
If changes in a manner similar to the amount of
(free and bound) monomer (Fig. 2b). At a low
ratio of r ¼ 0:3–1, where H-aggregates appear, the
If value is even lower than in neat water.
The binding of dye molecules to polyelectro-

lytes gives rise to changes in the excited state
properties. The fluorescence decay of DTC in
water is essentially monoexponential with a life-
time of 60:1 ns. This is due to fluorescence of the
free monomer where Uf (2� 10�3) is much smaller
than in polar organic solvents [6,7,15,16]. For
DTC’ in aqueous solution Uf ¼ ð0:6–2Þ � 10�3
[6,7]. In contrast, dimers and H-aggregates of
thiacarbocyanines are non-fluorescent [2]. The 20–
70 fold fluorescence enhancement of the bound
monomer with respect to the free monomer (Table
2) is due to hindered deactivation modes. The
major photodeactivation process of the free

monomer is rotation about a polymethine chain
[6–8]. Moreover, in the presence of any polyanion
at high concentration (r ¼ 104) the decay is es-
sentially biexponential with two longer lived
components, the minor one has s1f ¼ 0:6 ns (ca.
25%) and the major has s2f ¼ 1:6–2:0 ns. The much
slower fluorescence decay of the bound monomer
and the enhancement of Uf are correlated. These
two components in the decay kinetic are probably
due to different microenvironments for dye en-
capsulation which are exposed differently to the
aqueous and interfacial phases [10].

3.3. Intersystem crossing

The absorption difference spectrum of DTC
(10 lM) in neat aqueous solution has a main
broad band with maximum at 650 nm and a nar-
row peak at 535 nm. The spectrum also reveals
photobleaching with maxima at 505 and 555 nm
(Fig. 3a). The signal from transient absorption is
formed within the laser pulse, decays essentially by
a first-order law (with the inverse rate constant:
1=kobs ¼ sT), is quenched by oxygen and is there-
fore attributed to the triplet state. The kinetics of
bleaching recovery and absorption decay coincide.
The absorption ðkabT Þ and bleaching ðkblT Þ maxima
and Uisc are compiled in Table 2. The maximum
DAT signals at kabT or kblT with PSS, PAA or PMA,
i.e. at r ¼ 102–103, are 20–50% larger than those
obtained from bound monomers r ¼ 104 and 2–3
times larger than for the free monomers. For PAA
the dependence of Uisc vs. r has a maximum at
r ¼ 103 (Fig. 2b). In the presence of PSS, PAA or
PMA, sT varies from 4 to 30 ls (Table 2).

Table 2

Triplet properties and fluorescence quantum yield of DTCa

Polyanion r kblT kabT sT Uisc Uf c

(nm) (nm) (ls)

Noneb 0 505,555 535,650 8 0.007 0.002

PSS 102 505,555 530,650 4

104 555 650 12 0.010 0.04

PAA 102 505,555 535,640 10

104 535 630 P30 0.020 0.14

PMA 104 535 635 15 0.017 0.13

a In argon-saturated aqueous solution (10 lM) at natural pH (neutral for PSS).
bWater:ethanol 3:1, vol., otherwise 99:1.
c For [DTC] 65 lM, air-saturated.
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3.4. Deactivation modes

The main photodeactivation process of the ex-
cited singlet state of free DTC monomers is in-
ternal conversion. The competing processes have
low Uf and Uisc, but these values are larger for
bound monomers (Table 2). The enhancement in
Uisc on going from free to bound monomers is a
consequence of longer lived fluorescence decay
components. Uisc is even lower for H-aggregates
since no T–T absorption could be observed at all.
In the deactivation processes of excited bound di-
mers intersystem crossing is enhanced, resulting in
the maximum at r ¼ 103 (Fig. 2b). A conceivable
reason for this is the smaller singlet–triplet split-
ting in dimers which has already been established
for the related cyanines [6].
In addition, a weak long-lived transient ab-

sorption with a lifetime of 700 ls was observed at
560 nm, when PAA (Fig. 3b) or PMA are present
in high concentration. The signals of transient
absorption are even lower in the presence
(r ¼ 102–103) or absence of polyanions. This is due
to cis ! trans photoisomerization followed by
thermal trans ! cis isomerization. The photoiso-
merization for DTC and other meso substituted
thiacarbocyanine dyes was not observed in polar
solvents [6,17]. The trans–cis ground state equi-
librium is shifted towards the cis isomer which
photochemically cannot be converted into the
trans isomer. We suggest that dye monomers

bound to PAA or PMA are in the cis configuration
and the observation of the trans isomer under laser
excitation may be explained in terms of a dis-
placement of the minimum in the potential energy
curve in the excited singlet state towards the
maximum in the ground state [17].
The deactivation processes for DTC bound to

PSS take place at neutral pH, whereas for PAA
and PMA the acidity increases with r. Buffers at
high concentration, to compensate for the low pH
of the polyanion (at r > 103), were not applied
since they would change the binding conditions.
Some photophysical effects with PMA or PAA
have been ascribed to a conformational transition
from the hypercoiled form at pH < 5 to the elon-
gated form at pH > 6 [10,11]. For example, the
decrease of fluorescence at neutral pH has been
explained by ejection of the bound pyrene into the
aqueous phase [22]. However, due to the water
solubility of thiacarbocyanines this would not play
the major role. A minor influence of proton con-
centration on the results is concluded from the
similarity of the Uf and Uisc values at low loading
and comparable r3 values (Tables 1 and 2) for PSS
at pH 6 on the one hand and for PAA or PMA at
pH 3–4 on the other.

4. Conclusions

Polyanions interact with monomers and dimers
of a cationic thiacarbocyanine dye. The photo-
physical properties of this cyanine reflect the
equilibria between free monomers and dimers,
bound H-aggregates, bound dimers and bound
monomers on increasing the polyanion concen-
tration. At certain ratios of polyanion residue to
dye concentrations, enrichment of the dimer and
monomer contents takes place. The bound dimer
gives rise to a moderate enhancement of intersys-
tem crossing and the bound monomer strongly
enhances fluorescence.
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