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Aggregation of two positively charged dyes, Methylene Blue, MB + (1 ), and pinacyanol chloride, PC+, (2) 
is induced in aqueous Si02 colloids. In colloidal SOz, MB+ aggregates into the dimeric form, and PC+ is 
aggregated into H -assemblies. The aggregation processes are a result of high local dye concentrations in 
the vicinity of the colloid owing to binding of the positively charged dyes to the negatively charged 
colloidal interface. De-aggregation of thionin, (3), is accomplished in water by the addition of cyclohexa- 
amylose, a-CD, and cyclohepta-amylose, p-CD. Monomeric thionin binds to a-CD and p-CD (Kass. = 
6.67 x 1 O2 M-' and 1.78 x 1 O3 M-',  respectively). Conversion of thionin dimer into the monomeric form, 
upon addition of a-CD or p-CD, is attributed to association of the monomeric form to the hydrophobic 
cavity of CD. This conversion is accompanied by changes in the absorption and fluorescence spectra of 
the dye. 

Thionin and cyanine dyes play an important role as sensitizers 
in photographic processes, laser components, photographic 
filter layers, and chemotherapy.1*2 Recently, these dyes have 
also been studied extensively as sensitizers in photoelectro- 
chemical solar energy conversion ~ y s t e m s . ~ - ~  Interestingly, 
thionin and cyanine dyes are present in solution with the 
monomeric forms in equilibria with dimeric aggregates 
and/or poly-aggregated forms (H-mers and J-aggregates, 
respectively): [equation (l)]. The concentration of the dyes in 

kD m[D.D] n[DD . . . D] 

solution strongly affects these equilibria. The monomeric 
form persists in dilute solutions while the aggregated forms 
predominate in concentrated solutions. The photophysical 
properties of the dyes, i.e. absorption spectra and fluorescence 
characteristics, are strongly affected by the aggregation state 
of the dye. For example, thionin in its monomeric form is 
strongly luminescent, while the fluorescence of the thionin 
dimer is intramolecularly quenched. A variety of environ- 
mental factors such as hydrophobic dispersions and electro- 
static forces affect dye-dye interactions.6 It has been found 
that surfactant micelles promote the de-aggregation of dyes to 
their monomer In contrast to the de-aggregating 
activity of micellar microenvironments, polyelectrolytes often 
induce aggregation.' Electrostatic interactions of the dye with 
the charged sites of the macromolecules are considered to be 
active in the aggregation process induced by the polyelectro- 
lytes. 

Here we wish to report on a study that examines the effects 
of colloidal SiOz on the aggregation of positively charged dyes 
in an aqueous environment. The silanol groups of colloidal 
SiOz particles are ionized in basic aqueous solutions (pH > 
7).lo9l1 Consequently, a diffuse double layer is produced in the 
vicinity of the colloidal interface and the particles are charac- 
terized by a high electric surface potential (ca. -170 mV).I2 
Positively charged dyes are thus expected to be adsorbed to 
the charged colloidal interface, and their aggregation should be 
affected. 

Similarly, we report on the effect of addition of cyclo- 
amyloses (cyclodextrins, CD) on the monomer-dimer 
equilibrium of thionin in an aqueous solution. Cyclodextrins 
(CD) are cyclic polysugars composed of glucose units linked 
by 1-4 glycoside  bond^.'^,'^ These cylindrical polysugars 
include in their cyclic structure a hydrophobic cavity capable 

of binding organic ~ubstrates.'~ This binding property of CD 
has been utilized in recent years in studying CD as models for 
substrate-receptor interactions of natural enzymes.16 The 
dimensions of the CD cavity depend on the number of sugar 
units linked in the cyclic ~tructure. '~ For cyclohexa-amylose 
(a-CD) the cylindrical cavity height corresponds to 6.7 8, while 
its diameter is 4.5 A. Cyclohepta-amylose (p-CD) includes a 
cavity with a height of 7.0 8, and a diameter of 7.0 A. Thus, 
relatively small organic molecules, i.e. benzene rings, or parts 
of a molecular backbone, are capable of entering into the CD 
cavity. Certainly, the dimensions of the CD cavities exclude 
the possibility of the association of molecular aggregates. 
Consequently, the equilibrium of dye monomers-aggregates 
in aqueous solution is expected to be shifted upon the intro- 
duction of cyclodextrins that bind the monomeric dye form 
only. 

Experimental 
Absorption spectra were recorded on a Uvikon-820 (Kontron) 
spectrophotometer. Fluorescence spectra were recorded on a 
Perkin-Elmer (MPF-2A) fluorescence spectrophotometer. 

Complexation of thionin hydrochloride (Aldrich) to p-CD 
(Aldrich) was studied by successive additions of p-CD to 
25 ml of an aqueous thionin solution (5.69 x 10-6~) .  The 
changes in the absorption spectra upon addition of weighed 
amounts of p-CD (1 1.0, 4.68, 9.6, 12.05, and 15.5 mg) relative 
to the pure dye spectrum were recorded. For precise determin- 
ation of the absorbance differences (AA) (see later) the 
original (pure dye) spectrum (stored in the memory of the 
spectrophotometer) was subtracted from the modified spec- 
trum obtained after addition of p-CD. Complexation to a-CD 
(Aldrich) was studied in the same manner. The effect of p-CD 
on the monomer-dimer equilibrium of thionin was examined 
by following the absorption spectrum of an aqueous thionin 
solution (8.1 x 10-4~)  after adding weighed amounts of 
p-CD (6.65, 7.25, 7.15, and 9.45 mg). 

Association of Methylene Blue, MB+ (Aldrich) and pin- 
acyanol chloride, PC+ (Aldrich) to colloidal Si02 40A diameter 
particles (Nalco No. B-1015) was determined spectroscopic- 
ally. To an aqueous PC+ solution (1.87 x ~O-'M) were added, 
successively, 10 pl portions of a Si02 colloid stock solution 
(7.25 mg rnl-l), prepared from commercial 14.5% SiOt 
colloid. The absorption spectra of the resulting dye colloid 
suspension were recorded and compared with the original 
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aqueous dye spectrum. Similarly, binding of MB+ to SiO, 
colloid was determined by successive addition of 10 pl portions 
of the stock SiO, colloid to an MB+ aqueous solution (2.86 x 
10-5~) .  The absorption spectrum of pinacyanol chloride, PC+, 
was also determined at 8.9 x 1 0 - 6 ~  and 8.9 x 1 0 - 5 ~  dye 
concentrations (in 1 cm and 1 mm glass cells, respectively) and 
at 3.57 x 1 O - j ~  using a 0.05 mm Teflon ring placed between 
2 glass microscope slides. 

Results and Discussion 
Aggregation of Dyes in SiO, Colloids.-The effect of the 

negatively charged SiO, colloid on the aggregation of dyes has 
been investigated in aqueous solutions that include positively 
charged dyes, i.e. Methylene Blue, MB+ (l), or the cyanine 
dye, pinacyanol chloride, PC+ (2). 

E t  Et 

The absorption spectrum of methylene blue, MB+ (l), in 
water at a concentration of 2.86 x ~O-’M shows two bands, 
one at 664 nm attributed to monomeric MB+, and a second 
at 614 nm that corresponds to the dimeric form of MB+ 
(&64/&4 = 1.7Q6 Introduction of the SiOz results in sig- 
nificant changes in the absorption spectrum of the dye that 
are displayed in Figure 1. The absorption bands at 664 and 
614 nm decrease in their intensities and a new relatively 
broad absorption band at h = 598 nm is formed. The changes 
in the spectrum upon increasing the concentration of the 
colloidal SiOz reveal two isosbestic points at 698 and 598 nm. 
This indicates that the monomeric and dimeric dye forms in 
solution are adsorbed to the colloidal interface and the Si02- 
associated dye forms are in equilibrium with free dye forms 
[equation (2)]. The spectrum of the dye at an SiO, particle 

concentration of 2.9 x 10-6~  (Figure 1E) represents a satur- 
ation effect on the dye adsorption process, and further addition 
of SiO, does not substantially affect the spectrum pattern. 
Namely, even at very high SiO, colloid concentrations, the free 
monomer dye form is visible, indicating that the free and 
associated dye forms are in equilibrium under these conditions. 
Since the size of the Si02 particles is known (ca. 40 A) the 
molar concentration of particles could be estimated and the 
association constant of the dye to colloidal interface [equa- 
tion (2)] was calculated (K,,, = 1.06 x ~O’M-’). 

Several conclusions can be drawn from the spectral changes 
observed upon addition of the SiOz colloid. (i) The absorption 
band of the SiO,-associated dimeric form is red shifted by 
16 nm as compared with the absorption of the dimer solution, 
while no noticeable effect on the colloid-adsorbed monomeric 
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Figure 1. Aggregation of MB+ to SiOz colloid, [MB+] = 2.86 x 
10-5~. A, No added SiOz; B, with addition of colloid, [SiOz] = 
7.38 x lo-’~; C, with addition of colloid, [SiO,] = 1.47 x ~O*M; 
D, with addition of colloid, [SiO,] = 2.2 x 10-6~; and E, with 
addition of colloid, [SiOz] = 2.9 x 10-6~ 

form is observed. Theoretical considerations predict that 
excitonic transitions in the dimer are sensitive to the relation- 
ship of the transition dipoles with the molecular axis of the 
dimer.” Any perturbation in the dimer molecular axis, i.e. 
owing to the adsorption to the SiOz colloid, is thus expected 
to affect its optical absorption spectra. (ii) At high SiOz con- 
centrations, the adsorbed dimeric dye is the predominating 
form in the monomer-dimer equilibrium, (&8/&4 ca. 2). 
The ratio of monomer-dimer dye forms in solution depends 
on the dye concentration. In dilute dye solutions monomeric 
dye prevails, while in concentrated solutions the dimeric 
assembly predominates. The original dilute, aqueous, MB + 

solution (2.86 x ~O+M) includes the monomer as the major 
component, and addition of SiO, colloid induces its dimeriz- 
ation. This process is attributed to the adsorption of positively 
charged dye to the negatively charged colloid, resulting in an 
increase in the local Concentration of the dye at the colloidal 
interface. Consequently, the dimeric form becomes the pre- 
dominating component in its associated state. 

Similarly, aggregation of the positively charged cyanine 
dye, pinacyanol chloride, PC+ (2), is induced in colloidal 
SO2. The absorption spectrum of PC+ (2) (1.87 x ~O-’M), 
shows two absorption bands at h = 600 and 548 nm (Figure 
2), that are assigned to electronic transitions of the monomeric 
and dimeric dye, respectively. Addition of colloidal SiOz to 
the dye solution results in a significant change in the absorp- 
tion spectrum of the dye (Figure 2). The monomeric and 
dimeric bands decrease in their intensities and a new absorp- 
tion band at 500 nm appears. The spectrum D in Figure 2 
represents the saturation effect of the SiOz colloid upon the 
absorption spectrum, and further addition of colloid does not 
affect the absorption spectrum of the dye noticeably. It can 
be seen that under these conditions the dye is mostly present 
in the aggregated form absorbing at 500 nm, together with 
minor amounts of the dimeric and monomeric dye forms. 
Without SiOz colloid the optical absorption spectrum of 
PC+ (2), in water strongly depends on its concentration 
(Figure 3). A dilute solution (8.9 x 10-6~)  shows the spectrum 
displayed in Figure 3A. Under these conditions the mono- 
meric band at 600 nm predominates and the dimeric dye 
absorbing at 548 nm is in equilibrium with the dye monomer 
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Figure 2. Aggregation of PC+ to SiOz colloid, [PC'] = 1.87 x 
10-5~. A, No added SO,; B, with colloid, [SiOz] = 2.8 x ~O-'M; 
C, with colloid, [SiOJ = 8.2 x ~O-'M; and D, with colloid, 
[Si02] = 1.4 x 1 0 - 6 ~  
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homogeneous aqueous phase with the spectral changes occur- 
ring in a dilute dye solution upon addition of colloidal Si02, 
implies that PC+ aggregates in colloidal S O 2  at a low dye 
concentration. From Figure 2 it can be seen that in the 
homogeneous aqueous phase at a concentration of 1.87 x 
~ O + M  PC+ appears in its dimeric and monomeric forms only 
(spectrum A). Addition of Si02 results in the dye aggregation 
into H-aggregates that coexist with minor amounts of the 
monomeric and dimeric PC+ forms (spectra B and C). Thus, 
in the presence of colloidal Si02, PC+ (2) is mostly present 
in the H-aggregated assembly adsorbed to the SO2. The 
spectral changes observed with the addition of Si02 colloid 
indicate that the adsorbed H-aggregates are continuously 
formed upon addition of the colloid. Ultimately, we see that 
these H-aggregates are in equilibrium with minor amounts of 
the monomeric and dimeric forms. To account for this 
behaviour we assume the equilibrium outlined in equation (3). 

, PC*, 

'.PC;, 

Saturated aqueous solutions of the dye PC+ show, in 
addition to H-aggregates, the blue-shifted J-mers. Addition of 
Si02 colloid to such a saturated dye solution prevents the 
formation of the J-assemblies, and only H-mers are present. 
Since it is known that the J-assemblies are of a considerably 
ordered ' brickwork ' structure,18 we conclude that the ' rough 
colloidal interface ' prevents the formation of such ordered 
forms. 

It is evident from these results that the Si02 colloid induces 
the effective aggregation of (1) and (2). These processes are 
attributed to electrostatic interactions of the dyes with the 
negatively charged colloidal interface. The colloid is charac- 
terized by a high negative surface potential (- 170 mV) l2 and 
adsorbs the positively charged dyes. Consequently, their 
local concentration in the vicinity of the colloidal interface is 
substantially higher than in the homogeneous phase, and their 
aggregation is favoured. Therefore, we can conclude that the 
colloid provides a unique environment to control the pro- 
cesses of dye aggregation, and simultaneously affect the 
photophysical properties of the dyes. 

De-aggregation of Thionin by Cyc2odextrins.-Thionin (3), 

Figure 3. Absorption spectra of PC+ in water, at different con- 
centrations. A, [PC+] = 8.9 x 10-6~; By [PC+] = 8.9 x 10-5~;  
c, [PC+] = 3.6 x 10-3M 

(A600/A548 = 1.52). At a higher dye concentration of (2), 
(8.9 x IO-'M), the dimeric dye aggregate becomes the major 
component in the spectrum (A600/&48 = 0.51) and a clear 
new absorption band at 500 nm is developed. Further in- 
crease in the dye concentration (3.57 x 1 0 - 5 ~ )  results in 
reduction of the intensity of the dimeric band absorption, 
leaving the absorption band at 500 nm as the major com- 
ponent in the spectrum. This band, absorbing at 500 nm, has 
been assigned to H-aggregates (polyaggregates) of the dye. 
A saturated dye solution shows, in addition to the H-aggre- 
gates, a blue-shifted band absorbing at 646 nm. This low- 
energy absorption band has been assigned to J-aggregates of 
cyanine dyes.6 

Comparison of the aggregation properties of the dye in the 

has been intensively studied in recent years as a sensitizer for 
solar energy conversion fuel  cell^.^*^ Thionin appears in dilute 
aqueous solutions in its monomeric form absorbing at h = 598 
nm. In concentrated solutions it aggregates into a dimeric 
assembly, absorbing at h = 558 nm, which is in equilibrium 
with the monomeric form [equation (4)]. Monomeric thionin 

has a strong fluorescence at h = 623 nm, while the dimeric 
form is non-luminescent due to self quenching of the excited 
aggregate. For effective solar energy conversion, concentrated 
dye solutions are required for efficient light absorbance. These 
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Figure 4. Complexation of thionin to 0-CD in HzO. [TH+] = 
5.69 x 10d~. A, Without addition of PCD; B, with [p-CD] = 3.9 
x 10-4~;  C, with [p-CD] = 5.5 x ~O-'M; D, with [&CD] = 1.9 
x 10-3~ 

dye solutions must also be strongly luminescent, in order to 
allow the utilization of the excited species in electron-transfer 
reactions. Thus, the use of thionin (3) as a sensitizer in photo- 
electrochemical cells confronts a basic limitation where 
concentrated solutions of the monomeric thionin are needed. 

We have examined the effect of added cycloamyloses 
(cyclodextrins, CD) on the monomer-dimer equilibrium of 
thionin (3). Cyclodextrins (CD) are water-soluble cyclic poly- 
sugars capable of binding organic molecules into their hydro- 
phobic cavity. 13-15 The dimensions of cyclohexa-amylose, 
a-CD (diameter 4.5 A, cavity height 6.7 A) and cyclohepta- 
amylose, p-CD (diameter 7.0 A, cavity height 7.0 A) allow 
only one molecule to be associated with the hydrophobic 
cavity. The addition of p-CD to a dilute solution of the 
monomeric thionin dye (5.69 x 10-4~) results in the spectral 
changes displayed in Figure 4. From the changes in the ab- 
sorption spectrum of the dye upon addition of p-CD, the 
association constant (Kass) of monomeric thionin to p-CD was 
estimated [equation (5)],19 where THO and CDO are the 

1 + - ( T H O  + CDO) ( 5 )  
1 - -- THO. CDO 

AA K,,, . A €  A€ 

concentrations of thionin and cyclodextrin introduced into 
the system, AA is the absorbance difference upon addition of 
CD, and AE the difference in the molar extinction coefficient 
of the associated and free dyes. The association constant of 
(3) to p-CD is K,,, = 1.78 x 103~~'. Similarly, we find that 
thionin binds to a-CD (Kass = 6.67 x 102~-'). Binding of 
monomeric thionin to CD receptors is expected to affect the 
monomer-dimer equilibrium. The effect of addition of p-CD 
to an aqueous solution of thionin (8.1 x 10-4~) is shown in 
Figure 5. At this concentration, dimeric thionin predominates 
without added p-CD (A558/A598 = 1.2). Addition of p-CD 
results in a continuous decrease of the dimeric band accom- 
panied by an increase in the monomeric dye form. These 
results are attributed to the association of monomeric thionin 
to the hydrophobic cavity of p-CD. Consequently the con- 
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Figure 5. Effect of p-CD on the aggregation of thionin [TH+] = 
8.1 x 10 -4~ .  A, Without addition of p-CD; B, with [PCD] = 1.2 
x 1 0 - 3 ~ ;  and C, with [p-CD] = 2.7 x 1 0 - 3 ~  
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Figure 6. Effect of p-CD on fluorescence spectra of thionin; h 
excitation 595 nm, [TH+] = 4.5 x ~ W M .  A, Without added p-CD; 
B, with [p-CD] = 1.66 x 1 0 - 4 ~ ;  C, with [p-CD] = 3.1 x 10-4~ ;  
D, with [PCD] = 8.3 x 10-4~ ;  and I?, with [P-CD] = 1.9 x 10% 

centration of free thionin dye in solution decreases and the 
equilibrium is shifted toward the monomeric form [equation 
(6)] .  Namely, association of thionin to P-cyclodextrin allows 

THm+ p-CU ,T THm+ + p-CD THd2+ (6) 

the appearance of the dye in its monomeric form, despite its 
high concentration. Similar results are observed when a-CD 
is added to the thionin solution. However, owing to the lower 
association constant of thionin to a-CD as compared with 
p-CD, higher concentrations of a-CD are required to shift 
the dimer aggregate into the monomeric dye form. The 
fluorescence spectra of thionin are strongly affected by the 
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addition of p-CD (Figure 6). It can be Seen that addition of 
p-CD results in the increase in the fluorescence intensity at 
h = 623 nm. This is attributed to the shift in the monomer- 
dimer equilibrium. As the dimeric thionin is non-fluorescent, 
the increase in the monomeric component upon addition of 
p-CD enhances the luminescence of the system. 

These results demonstrate that the introduction of CD 
receptors to the thionin solution affects the monomer-dimer 
equilibrium. Association of the monomer dye is accompanied 
by de-aggregation of the dimeric form. Thus, the introduction 
of the cyclodextrins allows the protection of the monomer 
form even at high dye concentrations. As a result the pre- 
paration of highly fluorescent dye solutions is feasible. 

Conclusions 
The effects of two additives in controlling dye aggregation 
have been examined. Colloidal SiOz provides a negatively 
charged interface that induces the electrostatic aggregation of 
dyes. In turn, the cyclodextrins provide molecular hydrophobic 
cavities that induce thc de-aggregation of dyes by selective 
association of the monomeric form. The effects of these 
environments in controlling the absorption and fluorescence 
properties of the dyes have been discussed. We believe that 
applications of colloid-aggregated dyes in photographic pro- 
cesses, photographic filter layers, and laser components are 
feasible. Similarly, the increase of photochemical conversion 
quantum yields in thionin-P-CD-sensitid photoelectro- 
chemical cells is anticipated. 
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