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Photochemistry of Squaraine Dyes. 5. Aggregation of Bis( 2,4-dihydroxyphenyl)squaraine and 
Bis(2,4,6-trihydroxyphenyl)squaraine and Their Photodissociation in Acetonitrile Solutions 
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The equilibrium constants and thermodynamic parameters for aggregate formation of bis(2,4-dihydroxyphenyl)- 
squaraine and bis(2,4,6-trihydroxyphenyl)squaraine have been studied by absorption spectroscopy. The values 
of the equilibrium constant, K, for the dimerization of SQ1 and SQ2 in acetonitrile at  300 K are (3.1 i 0.3) 
X lo5 M-' and (2.2 f 0.1) X lo5 M-', respectively. Iodine enhances the aggregation process. This has been 
attributed to the formation of charge-transfer complexes between iodine and the dyes and the stronger tendency 
of these complexes to form aggregates. Excitation of the squaraine dimer with a 532-nm laser pulse leads to 
the formation of the excited singlet state of monomeric dye as the excited dimer dissociates within the laser 
pulse duration of 18 ps. 

Introduction 

The formation of dye aggregates in the solid state, thin films, 
and solutions is a well-studied phenomenon.14 Since the 
aggregate formation modifies the absorption and emission 
properties of the dyes, it plays a significant role in imaging 
te~hnology.~ .~ .~  Squaraine dyes have strong and intense bands in 
the visible and near-infrared region, which become broad and 
red-shifted in the solid state, making them highly suited for a 
number of imaging  application^.^ Recently the formation of 
aggregates of a bis(diaminopheny1)squaraine derivative was also 
reported.8 

Here we report on the formation of J-type (head-to-tail) 
aggregates in acetonitrile solutions of bis(2,4-dihydroxyphenyl)- 
squaraine (SQl) and bis(2,4,6-trihydroxyphenyl)squaraine (SQ2) 
(Chart I). 

SQl and SQ2 have energetically accessible keto-enol forms 
which can form intermolecular hydrogen bonds. The role of 
hydrogen bonds in aggregation and crystallization is a subject of 
considerable i n t e r e ~ t . ~ J ~  The effects of additives such as iodine 
and proton-donating and proton-accepting solvents on aggregate 
formation as well as laser induced dissociation of the aggregates 
are also discussed. 

Experimental Section 

Materials. SQ1 and SQ2 were synthesized by a reported 
procedure,Il recrystallized twice from glacial acetic acid, and 
dried under vacuum at 368 K for 4 h to remove the acetic acid 
of crystallization. Dry acetonitrile was used as solvent. The 
temperature was controlled (*0.1 K) by circulation of water. 
Solutions for optical measurements were prepared from freshly 
prepared stocksolution (2-4 X lC5 M) ofthedyes in acetonitrile. 

Optical Measurements. All the absorption spectra were 
recorded on a Shimadzu UV-2100 spectrophotometer. The 
excitation and emission spectra were recorded on an SLM S8000C 
spectrofluorometer. The emission spectra were corrected for the 
photomultiplier response. Rhodamine 6G solution was used as 
the photon counter for correcting the excitation spectra. A 1-mm 

Alsoat the Regional Research Laboratory (CSIR) and Jawaharlal Nehru 

@ Abstract published in Aduance ACS Abstracts, November 15, 1993. 
Centre for Advanced Scientific Research, Bangalore 560 012, India. 

0022-3654/93/2097- 13620$04.00/0 

CHART I 
OH OH X 

SQl, X = H  
SQ2, X=OH 

cuvette was used for recording the emission and excitation spectra 
of concentrated dye solutions. 

Picosecond laser flash photolysis experiments were performed 
with 532-nm laser pulses from a mode-locked, Q-switched Quantel 
YG-501 DP Nd-YAG laser system (output, 2-3 mJ/pulse; pulse 
width - 18 ps). The white continuum picosecond probe pulse 
wasgenerated by passing the fundamentaloutput through a D20/ 
H20 solution. The excitation and the probe pulse were incident 
on the sample cell at right angles. The output was fed to a 
spectrograph (HR-320, ISDA Instruments, Inc.) with fiber optic 
cables and was analyzed with a dual diode array detector 
(Princeton Instruments, Inc.) interfaced with an IBM-AT 
computer. The detailsof the experimental setup and its operation 
are described elsewhere.12 Time zero in these experiments 
corresponds to the end of the excitation pulse. All the lifetimes 
and rate constants reported in this study carry an experimental 
error of 35%. 

Results and Discussion 

Absorption Characteristics of Dye Aggregates. The absorption 
spectra of SQ1 and SQ2 in dry acetonitrile, recorded at different 
dye concentrations, are shown in Figures 1 and 2, respectively. 
At low concentrations (<1.6 p M  for SQ1 and C3.6 pM for SQ2), 
the dyes exhibit a broad band centered around 480 nm. The 
absorbance of this band follows the Beer-Lambert law at low dye 
concentrations. But at higher concentrations a sharp new band 
centered around 565 nm appears as a result of dye aggregation 
(Figure 1 and Figure 2). 

Such an absorption band at longer wavelengths may also arise 
from the deprotonation of SQ. Earlier studies in aqueous and 
methanolic s01utions~~J~ have indicated that the singly depro- 
tonated form of the dye, formed upon addition of base, has a 
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Figure 1. Visible absorption spectra of SQ1 a t  different concentrations 
in dry acetonitrile: (a) 0.5 pM, (b) 1 . 1  pM, (c) 1.6 pM, (d) 8.1 pM, (e) 
9.6 pM, and (0 16.1 pM. 

X (nm) 
Figure 2. Visible absorption spectra of S Q 2  a t  different concentrations 
in dry acetonitrile: (a) 1.2 pM, (b) 2.4 pM, (c) 3.6 pM, (d) 6.0 pM, (e) 
10.8 pM, and ( f )  13.3 pM. 

sharp intense absorption band at longer wavelengths. However, 
this absorption band was centered around 595 nm. For example, 
addition of triethylamine (base) to dye solutions in acetonitrile 
leads to the disappearance of the sharper band centered around 
565 nm, followed by an increase in absorption at 480 nm and the 
appearance of a weak absorption around 595 nm. Addition of 
methanol to these solutions brings about a further increase in the 
595-nm band, and this absorption at 595 nm is attributed to the 
anionic form of the dye. The absorption band centered around 
565 nm, which is observed at higher dye concentrations, is thus 
attributed to formation of aggregates (reaction 1). 

Exciton predicts that the excited-state energy level 
of the monomeric dye splits into two upon aggregation, one level 
being lower and the other being higher in energy than the monomer 
excited state. The transition to the higher state is forbidden for 
J-type dimers. Thus an absorption band centered at a lower 
energy region of the spectrum (i.e. red-shifted compared to the 
monomer absorption band) is observed. For both SQ1 and SQ2, 
a sharp new band centered around 565 nm indicates that J-type 
aggregates are predominant in concentrated dye solutions. For 
SQ1 (Figure I ) ,  a weak band centered around 400 nm is also 
observed. This indicates that, for SQ1, small amounts of the 
H-tyF sandwich-type aggregates, for which the lower excited 
State is the forbidden transition, are also formed. 
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Figure 3. Plot of Iog(dimer) versus log(monomer) for solutions of SQ1 
(a) and S Q 2  (b) in dry acetonitrile at  300 K. 

TABLE I: Spectral Properties of Monomers and Dimers of 
SO1 and So2 in Acetonitrile 

~~ 

monomer dimer 

dye A,,, nm tmaxr M-' cm-I Amax, nm tmx, M-I cm 

SQ1 483 7.8 x 104 561 3.3 x 105 
dQ2 480 6.5 x 104 563 3.2 x 105 

TABLE 11: Fractions of Monomer and Dimer a d  
Equilibrium Constants K for SO1 in Acetonitrile at 300 I( 
[SQl], (0D)monomer OD (dimer) [monomer], [dimer], 10-5 

pM (A=483nm)  ( A r 5 6 3 n m )  p M  pM K, M-I 
6.4 0.21 0.88 
8.1 0.23 0.90 
8.6 0.22 1 .oo 
9.1 0.24 1.02 

10.2 0.26 1.13 
11.3 0.27 1.27 
16.1 0.33 1.77 

2.1 1.9 2.5 
3.0 2.5 2.8 
2.8 2.9 3.6 
3.1 3.0 3.2 
3.3 3.4 3.1 
3.5 3.9 3.3 
4.2 6.0 3.4 

3.1 i 0.3O 

Average of values above. 

Determination of Equilibrium Constant. The absorption bands 
of the monomer and the dimer are quite well separated, and the 
extinctioncoefficient of themonomer at 480nmcan beestimated 
from the dilute dye solutions where the Beer-Lambert law is 
followed. Assuming negligible spectral overlap between the 
monomer and dimer at the peak positions, the concentrations of 
monomer and dimer and their extinction coefficients at A,,, were 
estimated. Table I shows the spectral characteristics of the 
monomers and dimers of SQ1 and SQ2. From these values the 
equilibrium constant K in eq 2 was estimated. 

[dimer] 

[manomer12 
K =  

If aggregation dominates at high dye concentrations, one would 
expect a square dependence on the monomer concentrations. 
Indeed the plot of log[dimer] versus log[monomer] was linear 
with a slope of 2. These plots are illustrated in Figure 3, and the 
K values are summarized in Tables 11 and I11 for the dyes SQ1 
and SQ2. The high values of K (3.1 X 105 M-I for SQ1 and 2.2 
X 105 M-' for SQ2) suggest the feasibility of achieving dye 
aggregation even in dilute solutions of the dye. 

In order to study the nature of the bonding between the 
monomer units, the thermodynamic functions of the association 
process have been determined. Enthalpies of formation, AH, 
have been calculated using the Van7 Hoff equation and the 
aggregation constants at different temperatures. The Arrhenius 
plots of log K versus 1/T for both SQ1 and SQ2 are shown in 
Figure 4. The standard free energy and entropy changes have 
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TABLE III: Fractions of Monomer and Dimer and 
Equilibrium Constants K for SQ2 in Acetonitrile at 300 K 

- 

- 

- 

- 

[SQZ], (OD) OD [monomer], [dimer], lW5K, 
pM monomer (dimer) pM rM M-l 

7.1 0.201 0.656 
7.6 0.203 0.748 
8.1 0.204 0.796 
8.7 0.220 0.815 
9.2 0.229 0.842 
9.8 0.246 0.817 

11.9 0.281 1.232 

Average of values above. 

3.1 1 1.97 2.03 
3.14 2.22 2.25 
3.15 2.49 2.49 
3.41 2.63 2.27 
3.55 2.84 2.25 
3.81 3.00 2.05 
4.35 3.79 2.00 

2.19 f 0.14O 

5.11 I , I , , 1 
3.2 3.3 3.4 

I / T x  10' 

F i p e  4. Arrhenius plot of log K versus 1/T for SQ1 (a) and SQ2 (b) 
in dry acetonitrile solutions. 

TABLE rV: Dimerization Equilibrium Constants and 
Thermody~pmi~ Functions for Aggregation of SQ1 and SQ2 
in Acetonitrile 

temp, 1@-5K, -AG, -m, 
dye K M-l kcal mol-I kcal mol-' AS, eu 
SQ1 295 3.56 f 0.40 7.5 6.4 3.7 

300 3.14 f 0.27 
305 2.66 f 0.38 
310 2.10 f 0.14 

300 2.19 i 0.14 
305 1.92 i 0.21 
310 1.53 i 0.16 

SQ2 295 2.95 f 0.48 7.3 7.7 -1.4 

been calculated by means of the equations AG = -RTln K and 
AS = (AH- AG)/T,  and these values are summarized in Table 
IV. It is likely that hydrogen bonding interactions are responsible 
for the dimerization process.j Evidence for the involvement of 
intermolecular hydrogen bonding in the aggregation process was 
obtained by adding to these solutions small amounts of solvents 
capable of hydrogen bonding (donating or accepting) such as 
methanol, acetone, dimethylformamide, and tetrahydrofuran. 
Addition of such solvents led to a decrease in the absorbance due 
to the aggregate with a concomitant increase in absorbance in 
the monomer region. 

Effect of Iodine. The formation of charge-transfer complexes 
between iodine and aromatic substrates is well-kn0wn.l' Squaraine 
dyes such as bis(4-(dimethylamino)phenyl)squaraine have been 
observed to form 1 :2 charge-transfer complexes with iodine, which 
is marked by distinct changes in the absorption spectrum of the 
dye.18 In the present study, although no significant change in the 
shape of the monomer absorption band is observed, addition of 
iodine brings about an increase in the concentration of the 
aggregate (Figure 5). Charge-transfer complexation of the dyes 
SQ1 and SQ2 with iodine would result in polarization of the dye 
molecules. The enhanced aggregation in the presence of iodine 
hence can be attributed to increased contribution of dipolar forces 

O L  I 

X (nm) 
Figure 5. Effect of iodine on the absorption spectrum of SQ1. [SQl] 
=7.5pM. [Iz]: (a)0.0M,(b)0.07pM,(c)0.llpM,(d)0.14pM,(e) 
0.18 pM, and (f) 0.22 pM. Insert shows the plot of [SQ]2/[SQ-12]2 
versus 1/[12] for the dye SQ1 in dry acetonitrile at 300 K. 

for the complexed dye molecules. This is similar to the mechanism 
proposed by Valdes-Aguilera and Necked for the enhanced 
aggregation of Rose Bengal, C-2'ethyl ester anion in the presence 
of potassium nitrate. On the basis of the above discussion, the 
following scheme can be proposed to explain the effect of iodine 
on the aggregation of squaraine dyes. 

K' 
SQ + 1 2  (SQ--12) (3) 

2(SQ-**12) F? (SQ-IJ2 (4) 
K" 

Considering this reaction scheme, we obtain for the equilibrium 
constants K' and K" 

and 

or 

(7) 

A plot of [SQ]2/[(SQ-.I~)~] versus 1/[12]* for SQ1 is shown 
in the insert of Figure 5. The linearity of this plot supports the 
mechanism proposed in eq 3 and 4. From the slope we obtain 
a value of 2.8 X 1019 M-j for the product of two equilibrium 
constants, KQK''. 

Emission Characteristics of Squaraine Dye Aggregates. The 
emission properties of the monomer and aggregate were probed 
by recording the emission and excitation spectra of SQ1 at 
different concentrations (Figure 6). At lower concentrations, 
the dye is predominantly in the monomer state and exhibits 
emission in the 580-nm region (spectrum a'). The excitation 
spectrum (spectrum a) with its broad absorption around 480 nm 
closely matches the absorption characteristics of the monomeric 
dye. (A small peak corresponding to the aggregation band could 
also be seen in spectrum a since the monomeric dye is in 
equilibrium with the aggregate.) Interestingly, the emission 
spectrum (spectrum b') of the dye aggregate closely matches the 
emission characteristics of the monomeric dye. If this emission 
originates from the direct excitation of the monomeric dye, one 
would have expected the excitation spectrum at higher dye 
concentration (spectrum b) to be similar to that of the dye at 
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Figure 6. Excitation (spectra a, b) and emission spectra (spectra a', b') 
of SQ1 in acetonitrile at concentration levels of 3.7 pM (spectra a, a') 
and 16.2 p M  (spectra b, b'). The excitation wavelengths were 520 and 
540 nm for spectra a'and b', and emission wavelengths were 600 and 630 
nm for spectra a and b, respectively. (Intensities are normalized for the 
purpose of comparison.) 

lower concentration. However, the excitation spectrum of the 
aggregate is quite different and its maximum at 565 nm closely 
matches the absorption features of the SQ1 aggregate. This 
confirms that the monomeric %Q1* emission observed at higher 
dye concentration originates from the excitation of (SQ)2. 
Instability of this dye aggregate in the excited state is likely to 
result in its dissociation. 

Thus at lower dye concentrations we observe emission as a 
result of direct excitation of the monomeric dye (reaction 8), 

SQ + hv 4 ISQ* --c SQ + hv' (8) 
and at higher dye concentrations, photodissociation of the dye 
aggregate leads to the formation of singlet excited monomer 
(reaction 9). 

Photodissociation of Squaraine Aggregates. The photodisso- 
ciation of squaraine dye aggregate was further probed by 
picosecond laser flash photolysis. In our earlier studies it has 
been shown that the singlet excited state is the only predominant 
transient species observed following the excitation of the dye 
SQ1 or SQ2.13J4 These dyes did not exhibit any major 
photochemical changes under 532-nm laser pulse excitation. The 
excited singlets of SQ1 and SQ2 in their neutral form exhibit 
characteristic transient absorption in the region of 430-450 nm 
along with bleaching in the ground-state absorption band. The 
lifetimes of %Q1* and SQ2* were 130 and 30 ps, respectively. 

The transient absorption spectra of SQ 1 and SQ2 in acetonitrile 
at different dye concentrations are shown in Figures 7 and 8, 
respectively. These spectra were recorded 40 ps after 532-nm 
laser pulse (pulse width 18 ps) excitation. Laser excitation (532 
nm) of the monomeric or dimeric form of the squaraine dye was 
controlled by varying the dye concentration (Le. one can selectively 
excite monomeric dye at lower dye concentrations and dimeric 
dye at higher dye concentrations). Accordingly, the transient 
absorption spectra recorded in Figures 7 and 8 exhibit maximum 
bleaching in the monomeric band at lower dye concentrations 
(spectrum a) and in thedimeric band at higher dye concentrations 
(spectra band c). However, the transient absorption in the 43CL 
450-nm region indicates production of singlet excited states at 
all dye concentrations. The production of singlet excited states 
increases significantlyat higher dyeconcentratians. Theincreased 
absorbance of the singlet excited state which parallels the 
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Figure 7. Transient absorption spectra recorded immediately after 532- 
nmlaser pulseexcitation (pulse width 18 ps) and SQ1 in acetonitrile. The 
concentrations of SQ1 were (a) 3 pM and (b) 15 pM. Inserts show the 
absorption-time profiles at 500 and 565 nm. 
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Figure 8. Transient absorption spectra recorded immediately after 532- 
nm laser pulse excitation (pulse width 18 ps) of SQ2 in acetonitrile. The 
concentrations of SQ2 were (a) 8, (b) 20, and (c) 30 pM. Inserts show 
the absorption-time profiles at 480 and 560 nm corresponding to a and 
c, respectively. 

bleaching of the dimeric band at 565 nm confirms the dissociation 
of the excited squaraine aggregate (reaction 9). 

Time-resolved absorption spectra recorded following the 532- 
nm laser pulse excitation of the SQ1 dimer are shown in Figure 
9A. The transient spectrum recorded immediately after the laser 
pulse (At = 0 ps) shows both the bleaching of the dimeric band 
at 565 nm and absorption of the singlet excited state at 435 nm 
to be prompt. This shows that the dye aggregate is unstable in 
the excited state and undergoes dissociation within the laser pulse 
duration of 18 ps to yield singlet excited monomeric dye. Similar 
photodissociation of the aggregate was also observed in I1 (0.14 
pM) solution. 

The decay of the excited singlet state ('SQl*) monitored at 
435 nm and the recovery of the bleaching at 565 nm can be fitted 
to a first-order kinetics with lifetimes of 142 and 138 ps, 
respectively (Figure 9B). The close match of this value with the 
singlet lifetime of neutral dye SQ1 (7  = 130 ps in aqueous 
mediumI4) further ascertains that the transient absorption 
observed in Figure 9A is the result of the singlet excited state. 
Similarly, the recovery of the (SQ2)2 band at 565 nm exhibited 
a lifetime of 32 ps, close to the value of the singlet excited state, 
lSQ2*. 

Another interesting aspect of the picosecond laser flash 
photolysis experiments is the quick recovery of the aggregate 
form. As can be seen from the absorption-decay profiles (inserts 
in Figures 7 and 8 and Figure 9B), the recovery of bleaching is 
controlled by the lifetime of singlet excited state. This rapid 
recovery suggests that the dissociation of the aggregate is not 
total but leads to an excited dye and ground-state dye pair 
(*SQ*-SQ) in the solvent cage. If they were dissociated fully, 
one would have observed a diffusion-controlled recovery of the 
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Figure 9. (A, top) Time-resolved transient absorption spectra recorded 
following 532-nm laser pulse excitation of 25 p M  SQ1 in acetonitrile. (B, 
bottom) Absorption-time profiles at (a) 435 and (b) 565 nm. 

aggregate in the nanosecond-microsecond time scale. Similar 
fast recovery of the aggregate bleaching was also observed in the 
presenceof 12 (7  = 13&140 ps). This is further indicative of the 
fact that the charge-transfer complexation did not alter the 
photophysical behavior of the aggregate. Such an ultrafast process 
of transient bleaching of squarainedye aggregates and its complete 
recovery in a few picoseconds may be useful in designing 
electrooptic devices such as optical shutters. 

Concluoion 

Bis( 2,4-dihydroxyphenyl)squaraine and bis( 2,4,6-trihydroxy- 
pheny1)squaraine dyes form linear, J-type aggregates in aceto- 

nitrile solutions. Intermolecular hydrogen bonding between 
monomer molecules is likely to be responsible for the aggregation. 
Iodine brings about a shift in the equilibrium in favor of the 
aggregate. It is proposed that iodine forms a charge-transfer 
complex with the squaraine dyes, and these complexes promote 
dye aggregation processes. Visible-laser excitation brings about 
a temporal dissociation of the aggregate, the recovery of which 
is completed within a few hundred picoseconds. 
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