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Abstract 

Planar and twisted cyanine dyes with different pK a values are examined concerning their protonation equilibrium in 
sol-gel matrices. In the sol-gel matrix the equilibrium between the cation and the dicationic form shifts to the dication 
pointing to acid-base reactions of sol-gel walls with cyanirie dyes. The colorless dicationic species is not found for 
pseudoisocyanine and in sol-gel bulks prepared with drying control chemical agents (DCCA) indicating the absence of the 
responsible interaction. The fluorescence lifetimes of cyanine molecules are used to compare the pore size and distribution in 
sol-gel matrices prepared with and without DCCA. J-aggregation, examined for one dye, depends strongly on environment 
polarity and pore size. 

1. Introduction 

The sol-gel process has attracted increasing atten- 
tion lately. High-quality glasses for optical applica- 
tions can be obtained using this low-temperature 
technique [1] which prevents thermal damaging of 
the dyes [2]. The immobilization of molecules in 
sol-gel matrices has the possibility of affecting the 
intermolecular interactions and photophysical proper- 
ties of dyes [3]. Embedding organic dyes in such 
matrices increases their photostability as compared 
to solutions or organic polymers. An important pa- 
rameter when incorporating dyes in sol-gel matrices 
is the interaction between the silica cages and trapped 
dyes which is examined by the photochromic [4] and 
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spectral behavior of the dyes [5,6]. A large quantity 
of dyes incorporated in sol-gel matrices have been 
examined [7-10] but experience with cyanine dyes is 
scarce although the immobilization of long chain 
polymethine dyes may be important to their use as a 
laser medium for the near infrared wavelength region 
[11]. Recently, attempts to incorporate a dicarbocya- 
nine dye into a sol-gel matrix failed due to the 
formation of a colorless species [12] probably caused 
by an attack of silanol groups in the pores. 

Cyanine dyes exhibit another important feature: 
their ability to form J-aggregates. J-aggregates are 
ensembles of coupled dye molecules with specific 
photophysical properties such as short radiative life- 
time [13] and an intense narrow absorption and 
emission band red-shifted with respect to the 
monomer transition [14]. They are widely used as 
spectral sensitizers for photographic emulsions and 
are of interest for electro-optical devices due to their 
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high third-order optical susceptibility [15]. For these 
applications physical immobilization of J-aggregates 
is superior to LB layers [16] and polymer matrices 
[17] because of the high mechanical and photophysi- 
cal stability of the glasses. Using the sol-gel matrix 
control of the amount of aggregation is possible 
since the sol-gel process allows a changing of the 
pore size and polarity of the environment. 

We chose different cyanine dyes in order to get 
information on the protonation equilibria of cyanine 
dyes in sol-gel matrices. By comparing the proper- 
ties with those in solution, information about the 
matrix acidity can be likewise obtained. Different 
preparation methods were tested to incorporate cya- 
nine dyes and for one dye, to control J-aggregation 
in the sol-gel matrix. Also, the influence of drying 
control chemical agents (DCCAs) such as for- 
mamide and dimethylsulfoxide commonly used to 
prevent crack formation in glass [18], on protonation 
and pore size were examined. Differences in pore 
size can be detected by the emission lifetimes of 
cyanine dyes since they are sensitive to geometrical 
restrictions [19]. 

2. Experimental 

For the sol-gel preparation, the following reagents 
were used: (1) tetramethoxysilane (TMOS; from 
Fluka), (2) dimethylsulfoxide, (3) formamide, (4) 
ethanol, (5) KOH, (6) HCi, (7) NH4OH, (8) HNO 3 
(all from Aldrich), (9) doubly distilled water. Differ- 
ent concentration ratios of TMOS, ethanol and water 
as well as different catalysts were used for the glass 
preparation. The typical sol-gel preparation was as 
follows (deviations from this procedure are men- 
tioned in the text): 2 mL TMOS, 2.8 mL ethanol, 1 
mL water, 1 ntL KOH (0.1N), 2 mL ethanolic dye 
solution 
(dye concentrations: 10- 3_ 10- a mol/L).  

When DCCAs were used we added another 2 mL 
of formamide or dimethylsulfoxide. The solutions 
were allowed to dry in the dark at room temperature 
for several months (some samples were stored simul- 
taneously at 60°C for 3 months) since high tempera- 
tures may damage the cyanine dyes. The influence of 
polar media on the aggregation behavior and on dye 
protonation was tested exposing samples to ammonia 

atmosphere during gelation. We restricted ourselves 
to the preparation of bulk glasses rather than thin 
films allowing the detection of small amounts of the 
dye because of the larger thickness as compared with 
glassy films. 

The formulae of the cyanine dyes used are shown 
below. 
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Dye 5 
The dyes cover a pK a range of 9.5 units. Dyes 1 

and 2 were synthesized in our laboratory and dyes 
3-5  were a gift from AGFA GEVAERT (Leverku- 
sen). All dyes were used without further purification. 
Absorption and emission spectra were measured with 
a Specord M-400 spectrophotometer and a Perkin 
Elmer LS-50 fluorescence spectrometer, respec- 
tively. Fluorescence lifetimes were determined with 
an argon ion laser pumped and frequency doubled 
titanium-sapphire laser with excitation at 422 nm 
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(the high-energy side of the S0-S ~ transition of the 
dyes). The overall response of the system was 50 ps. 

3. Results 

3.1. Monomeric dyes in sol-gel matrices 

An overview of the spectroscopic data using the 
typical preparation procedure is given in Table l. 
Since the results for both, formamide and dimethyl- 
sulfoxide, are similar, only the data for one DCCA 
are discussed. For 1 only the use of strong acids 
(HNO 3) as catalyst for the sol-gel preparation causes 
a disappearance of the long-wavelength absorption at 
522.6 nm. The sample becomes yellow and in the 
UV-vis spectrum a new band appears at 320 nm 
(Fig. 1). The reaction is reversible because storage of 
the sample in ammonia atmosphere produces recol- 
oration. In contrast, using KOH as catalyst, an ab- 
sorption maximum at 526.6 nm is obtained (Fig. 1). 
Accordingly, a solution of 1 is also reversibly 
bleached in solution at low pH value by concomitant 
formation of an absorption band at 320 nm. 

Also for 2 the disappearance of the long-wave- 
length absorption band is observed when HC1 as 
catalyst was used for glass preparation. The decol- 
oration is reversible storing the sample in ammonia 
atmosphere during gelation (Fig. 2) but, in contrast 
to 1, with increasing gelation time this process be- 
comes irreversible leading to a colorless sample 
without any absorption in the range 350-700 rim. 
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Fig. 1. Lower spectra: absorbance of  dye 1 in sol-gel matrices: 
HNO 3 (bold solid line) catalysed KOH (thin solid line) eatalysed. 
Upper spectra: absorbance of dye 2 in sol-gel matrices: HNO 3 
(dashed line) catalysed, KOH/DMSO (dotted line) catalysed. 
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Fig. 2. Time dependence of the absorbance of dye 2: ( I )  acid- 
catalysed (min), ( × )  base-catalysed (days); dye 4: (O)  base-cata- 
lysed. 

Table 1 
Photophysical properties of the cyanine dye monomer molecules 

Dye ~'o (ns) Sample a xabs cm - - m a x  A r a a x  T f  ~ f  

(e (L mol- i cm-  L)) (nm) (nm) (ps) 

1 3.7 (112000) E 522.6 635.0 < 10 < 0.01 
DCCA 526.6 595.2 19 (64), 315 (22), 2100 (14) 0.1 

2 3.4 (123000) E 520.1 538.8 123 0.04 
DCCA 522.7 584.1 198 (58), 1100 (42) 0.14 

3 6.0 (110000) E 553.3 581.8 38 0.01 
- 555.4 583.2 75 (37), 577 (37), 2600 (26) 0.15 
DCCA 557.5 593.7 30 (63), 343 (29), 1900 (8) 0.05 

4 4.1 (130000) E 498.8 515.5 64 0.02 
DCCA 499.3 522.2 78 (65), 260 (62), 1300 (3) 0.06 

5 b 4.1 (122000) E 504.9 523.2 76 0.02 
DCCA 507.0 528.7 94 (57), 436 (34), 1400 (9) 0.08 

a E: ethanolic solution, - :  sol-gel matrix without DCCA, DCCA: DCCA used for sol-gel preparation. 
b A strong aggregation is observed in the sol-matrix prepared without DCCAs. 
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Looking at the UV-vis spectrum of 2 in aqueous 
solution at low pH values, the colorless species in 
the sol-gel matrix can be identified as the dicationic 
form. When basic catalysts or a pH buffer are used 
the absorbance at 523 nm remains unchanged but 
after a few days the protonated species is formed 
(Fig. 2). 

In contrast to HCI, samples prepared with HNO 3 
as catalyst exhibit a new band at 410 nm whereas the 
long-wavelength transition at 523 nm loses intensity 
(Fig. 1). Similar to 1, this process can be reversed by 
storing the sample in ammonia atmosphere. How- 
ever, the color irreversibly disappears again after a 
few days as already observed when KOH as catalyst 
is used (Fig. 2). Different preparation conditions 
were tested in order to prevent the protonation of the 
dye in sol-gel matrices which could be reached only 
if, according to the sample preparation described in 
the experimental part, DMSO as DCCA is added 
(Fig. 1). 

Incorporating 3 and 5, both possessing a pK a 
value much lower than dye 2, in the sol-gel matrix 
even without DCCA no formation of the dication is 
observed (Fig. 3). In contrast, a sample with 4 
decolorizes after a few days (Fig. 2)  but similar to 
dye 2 the addition of DMSO stabilizes the monoca- 
tionic form in the sol-gel bulks. 

In Table 1, the fluorescence lifetimes in ethanolic 
solution are compared with the lifetimes in the sol- 
gel matrices. In ethanolic solution, the dyes possess a 
lifetime in the range from < l0 up to 123 ps. A 
small second component with lifetime of about 200- 
600 ps was necessary to obtain good fits. In the 
sol-gel matrix the decay is multiexponential and 
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Fig. 3. Absorpt ion and emission spectra o f  dye  3 embedded  in the 
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Fig.  4. Time-resolved emission spectra  o f  1 in the s o l - g e l  matrix.  

phenomenologically fitted by three exponentials. For 
samples without DCCA's the amplitude ratio of the 
shortest component a I and the longest component a 3 

is about a ] : a  3 = 2 whereas this ratio increases 
strongly up to 60 for samples prepared with for- 
mamide or DMSO. In the latter case, the short 
component has a decay time comparable to that in 
ethanolic solution. Also listed in Table 1 are the 
radiative lifetimes which are calculated from the 
absorption coefficient using the Strickler-Berg rela- 
tion [20]. From the integrated decay curve an emis- 
sion quantum yield is determined. In general, there is 
an increase in quantum yield of the dye in the 
sol-gel matrix compared to ethanolic solution, the 
stronger increase is observed for 3 without the addi- 
tion of DCCA. Here the factor of increase is 15 as 
compared with the addition of DCCA which is 5. 

Different geometrical restrictions of the molecules 
incorporated in the sol-gel matrix caused by differ- 
ent pores sizes are already indicated by the multiex- 
ponentiality. This may also cause a spectral shift of 
the emission spectrum which can be detected by 
time-resolved emission spectra. Since the emission 
maximum of 1 strongly depends on the geometrical 
structure in the first excited singlet state time-re- 
solved emission spectra were recorded for this dye 
(Fig. 4). The emission spectra exhibit an increasing 
hypsochromic shift with increasing time. The total 
shift amounts to 5 nm between 200 ps and 2.5 ns. 
After 2.5 ns no further change in the spectral posi- 
tion is observed. 
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Fig. 5. Absorption spectrum of dye 2 in sol-gel matrices using 
KOH/DMSO stored at room temperature (dotted line) and at 
60°C (thin solid line). Deposition of the sample in ammonia 
atmosphere leads to strong aggregation (dashed line) (for compari- 
son also an absorption spectrum in aqueous solution is shown 
(bold solid line)). 

both the decoloration and the aggregate formation is 
due to the decrease in pore size during the stage of 
ageing. The aim to induce aggregation similar to that 
observed in solution is reached when storing a sol- 
gel sample in an ammonia atmosphere. The solution 
prepared according to the above mentioned proce- 
dure with the addition of DMSO exhibits a strong 
aggregation when deposited in an ammonia atmo- 
sphere right after preparation (Fig. 5). Both the 
absorption maximum (centered at 579 nm) and the 
bandwidth (410 cm -~) are similar to J-aggregates in 
solution. 

4. Discussion 

4.1. Protonation equilibria of monomeric dyes 

3.2. J-aggregation in the sol-gel matrix 

The aggregation behavior of the cyanine dyes was 
studied on 2, a dye which is known to easily form 
J-aggregates without the intermediate formation of 
H-aggregates [21]. In a sample stored about 3 months 
at 60°C, aggregation takes place which, however, is 
completely different from the aggregation observed 
in solution (Fig. 5). The final peak centers at about 
550 nm and the bandwidth of the aggregate absorp- 
tion band is much higher than those observed in 
aqueous solution (230 cm-l ) .  

Table 2 shows the parallel course of the spectral 
shift and the decoloration process indicating that 

Table 2 
Ti.me dependence of absorbance and spectral position of the 
longest wavelength absorbance of dye 2 (the sample was prepared 
with KOH as catalyst and stored at 600C) 

t Absorbance Arnax 
(days) (nm) 

6 2.25 518.7 
21 0.075 521.4 
26 0.033 545.2 
29 0.031 550.0 
32 0.028 544.4 
34 0.026 546.8 
40 0.027 545.0 

Since all the samples were stored in the dark, 
light induced reactions such as photooxidation will 
be neglected in our considerations. In media of high 
acidity or basicity the long wavelength absorptivity 
of cyanine dyes is influenced by reactions with 
protons and BH nucleophiles [22,23]: 

Dye + + BH ~:~ DyeB + H ÷ , ( 1 ) 

Dye + + H ÷ # DyeH 2+. (2) 

Both reactions will lead to a disappearance of the 
longest wavelength transition due to interruption of 
the conjugated system. This allows one to follow the 
protonation easily by UV-vis spectroscopy. 

Interactions of molecules with a sol-gel matrix 
can already occur when the reaction mixture is pro- 
duced. In the second stage, if acid catalysts were 
used, the pH value strongly increases due to the 
evaporation of ethanol and the molecule embedded 
in the sol-gel matrix can react with " f r ee"  protons. 
Finally, in the stage of ageing interaction of the 
sol-gel walls with the incorporated molecules will 
start. Now, a protonation within the pores is possible 
because of the Lewis acidity of the Si-OH groups. 
Due to d-orbitals of the silicon atom the electrons of 
the oxygen are more strongly bonded on the silicon 
leading to high acidity of the proton [ 12]: 

Si-OH ~ S i - O - H  ~ Si-  O • - • H . (3) 
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Table 3 
pK a values o f  the dyes used 

Dye pK a value 

1 4 [22] 
2 7.66 [33] 
3 - 0.73 [34] 
4 - 1.83 {34] 

5 - 0.75 [341 

Depending on the TMOS/water  ratio protonation 
can also occur through water molecules adsorbed on 
the surface: 

Si-OH + H20  ~ S i -OH-OH 2 
8 -  8 + 

S i - O H - O H  . ' -  H .  (4) 

Since such protons are not " f ree" ,  for protona- 
tion the approach of the molecules to the reactive 
centers is necessary. The tendency of protonation is 
given by the pK values of the cyanine dyes which 
are listed in Table 3. They increase in the direction 
oxazole < thiazole < quinoline < imidazole. Com- 
paring the spectra of 1 in aqueous solution and in a 
sol-gel matrix the dication with an absorption band 
at 320 nm [23] is formed exclusively in HNO3.-cata- 
lysed samples. In contrast, dye 2 is protonated even 
when basic catalysts are used and results in a disap- 
pearance of the long-wavelength absorption (in aque- 
ous solution with low pH value, only the absorption 
at 310 nm is visible). However, for samples of dye 2 
catalysed with HNO 3 a new absorption band is 
observed at 410 rim. The two different absorption 
bands at 410 and 310 nm may be caused by protona- 
tion at different positions. In every case 2 is still 
colored in the starting solution but with increasing 
gelation time the color disappears independent of the 
catalyst used for the sol-gel preparation. Pre-ag- 
glomerates are, therefore, not responsible for the 
decoloration. Whereas the protonation is reversible 
in the beginning of gelation using HNO 3 as catalyst, 
probably due to an increasing pH value when ethanol 
evaporates, the time-dependent behavior of the ab- 
sorptivity shows that irreversible decoloration pro- 
cesses take place much later (Fig. 2) indicating that 
the protonation is due to interactions between the 
dye and the silanol surface. This may also explain 
the irreversibility of the process since once incorpo- 

rated in the pores the distance between the dye 
molecule and the silanol surface is fixed. Using basic 
catalysts protonation in the free solution is prevented 
but interaction of the dye with the sol-gel walls still 
occurs leading to the formation of the dicationic 
form. Further evidence for this hypothesis can be 
derived from the gas-phase acidity of the sol-gel 
surface which is defined as the Gibbs free energy of 
protonation dominated by the energy of deprotona- 
tion. Using the calculated values from Ref. [24], 
according to pK a = AG/(2.3 R T )  with AG = 1576 
kJ /mol  a pK a value of 0.28 at T = 20°C is obtained 
(this is not a property of the cavities but only the 
acidity of the silanol group). Such an acid matrix 
would lead to the formation of the dicationic form 
for the highly basic dye 2 but for dyes 3 and 5 the 
protonation would be prevented because of the lower 
basicity of the dyes. This is in agreement with the 
results since the long-wavelength absorption of 3 and 
5 shows no decrease in the sol-gel matrix during 
ageing as compared to the starting solution. 

However, the lack of protonation looking at 1 
cannot be explained using the pK a value. Despite its 
high pK a value 1 is more stable than expected by 
the calculated acidity of the silanol groups. To un- 
derstand this behavior not only the basicity but also 
the geometrical structure of the dye must be consid- 
ered. As proven by X-ray analysis the two quinoline 
ring systems of 1 are twisted about 50 ° [25]. As the 
protonation takes place at the methine group in the 
cyanine chain of the dye we assume that the interac- 
tion of the silanol groups with dye molecules is 
prevented due to steric hindrance leading to a higher 
stability of the cationic form. It should be stressed 
that reaction with free protons is possible and only 
protonation according to Eq. (3) and Eq. (4) is 
suppressed. It is evident that this kind of stabilization 
is not possible for 2 which is almost planar as had 
been shown by X-ray analysis for the same chro- 
mophoric system having N,N-ethyl groups instead of 
N,N-sulfobutyl groups [26]. Due to its planarity this 
dye lies flat on the surface allowing optimal interac- 
tion with the silanol groups. The result may be of 
great importance for incorporating highly basic dyes 
in the sol-gel matrix by substituting dyes with bulky 
groups which hinders the approach on the silica 
surface. Thus the protonation of 1 using HNO 3 as 
catalyst is caused by decreasing the pH value when 
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ethanol evaporates. Accordingly, this process is re- 
versible storing the sample in ammonia atmosphere. 

Despite the low pK a value for 4 the color disap- 
pears nearly after the same storage time as for 2 
(Fig. 2). We believe that due to the high acidity of 4 
the nucleophilic attack of a S i -O-Si  unit is possible, 
in analogy to Eq. (1). 

Stabilization of the cyanine dyes in the cationic 
form succeeds in all cases using drying control 
chemical agents which furthermore enhance glass 
quality. The influence of DCCAs on pore size can be 
estimated qualitatively from the fluorescence life- 
times listed in Table 1. In ethanolic solution all 
cyanine dyes show an emission lifetime between 
< 10 and 123 ps. Deviations from monoexponential 
behavior by cyanine dyes are discussed as a fast 
isomerization around the polymethine chain from the 
first excited singlet state. The deactivation channel of 
the excited molecule is, therefore, sensitive to viscos- 
ity and also to geometrical restrictions. The lifetimes 
should increase as the isomerization or torsion around 
the polymethine chain is hindered. The extraordinary 
short lifetime of 1 in ethanolic solution is in agree- 
ment with the measurements of Sibett et al. [19] and 
Tradwell et al. [27] and is explained by deviations 
from planarity of the two quinoline cycles. 

In sol-gel matrices the multiexponentiality of the 
measured decay curves demonstrate that there is an 
inhomogeneous distribution of the trapping cages. 
While the short component corresponds to molecules 
with similar rotational freedom as in solution, the 
appearance of a long component in the sol-gel ma- 
trix is attributed to molecules which are fixed in the 
cages and whose radiationless deactivation of the 
first excited singlet state through rotation around the 
polymethine chain is prevented. This component 
should therefore approach the radiative lifetime 
which, indeed, is the case as compared with the 
radiative lifetimes calculated with the Strickler-Berg 
relation. 

The fluorescence lifetimes reflect the differences 
in  the sol-gel matrix prepared with and without 
DCCA. The differences are obvious from the ratios 
of the amplitudes at:  a 3 (a t amplitude of the short- 
est component, a 3 amplitude of the longest compo- 
nent). For samples prepared without additives the 
ratio at:  a 3 is about 2 for all the dyes showing the 
good reproducibility of the process. The ratio in- 

creases up to 60 for samples prepared with DMSO 
and the short fluorescence lifetime is comparable to 
that in solution. Using DCCAs, the pore size distri- 
bution shifts from smaller pores to pores which are 
large enough to enable molecular motion. Due to the 
higher porosity caused by additives the dye-silanol 
interaction is prevented and even the highly basic 
dye 2 does not react to the dicationic form. Accord- 
ingly, comparing the fluorescence quantum yields, 
which represent an indicator of the average pore size, 
in solution and in the sol-gel matrix for every dye 
an increase of a factor of 3 is obtained when addi- 
tives are used. This is much less than the increase of 
8 for 3 without additives. The maxima in samples 
prepared with DMSO are red-shifted up to 3 nm 
compared with ethanolic solution showing that the 
dye is surrounded by nonpolar molecules instead of 
the polar silica walls. Therefore, both the larger pore 
size and the microenvironment of the dye molecules 
embedded in sol-gel matrices prepared with DCCAs 
may contribute to the stabilization of the cationic 
form preventing the interaction with the sol-gel 
walls. 

An exceptionally strong increase in the fluores- 
cence quantum yield and lifetime in the sol-gel 
matrix prepared with DCCA is obtained for dye 1. In 
ethanolic solution the low emission quantum yield 
and the short emission lifetime is probably due to 
enhanced internal conversion favoured by the twist- 
ing of the chromophores [28]. The increase in the 
sol-gel matrix may indicate, therefore, a more simi- 
lar structure in the first excited singlet state as 
compared to the ground state caused by the geomet- 
rical size of the pores or the adsorption on the silica 
surface. This is supported by the fact that only for 
pseudoisocyanine the Stokes shift considerably de- 
creases from 3390 cm "~ in ethanol to 2190 cm-t  in 
the sol-gel matrix. 

If an increased planarity for 1 is responsible for 
the decreasing Stokes shift, their shift should also 
differ for molecules having different emission life- 
times. A short lifetime and a large Stokes shift 
correspond to large pores with a molecular geometry 
comparable to that in solution. With decreasing pore 
diameter the lifetime increases due to a stronger 
rigidization and, as indicated by steady-state spec- 
troscopy, the Stokes shift decreases as a consequence 
of a less twisted geometry in the first excited singlet 
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state. An increase of the emission lifetime should, 
therefore, be connected with a decreasing Stokes 
shift which is indeed observed in time-resolved 
emission spectra. The emission maximum shifts about 
5 nm from 575 to 570 nm with increasing decay 
time. Above 2.5 ns, a value which almost approaches 
the radiative lifetime, no further shift is observed. 
The molecules attributed to this lifetime fraction are 
already fixed in the pores and a further decrease in 
pore size has no effect on the photophysical proper- 
ties of 1. 

4.2. Aggregation behavior 

Generally, aggregation is supported by a high 
polarity of the environment. A sample of 2 prepared 
with DMSO and stored at 60°C shows a residual 
absorption intensity which remains almost un- 
changed after aggregation takes place (Table 2). This 
confirms the observation from Herz that pK a are 
lowered by aggregation phenomena. Comparing the 
aggregate absorption band in solution and in a sol-gel 
matrix the absorption band in the sol-gel matrix is 
only slightly red-shifted as compared with the 
monomer absorption. Furthermore, the J-band is 
broad which indicates that the molecules cannot 
orientate themselves in an optimal way. The aggre- 
gate structure is disturbed. Although the largest pores 
of the sol-gel matrix were recently determined to be 
15-25 nm and for acid catalysed samples 10-15 nm 
in diameter using atomic force microscopy [29], the 
spectral shift indicates that only two molecules inter- 
act with each other. The red-shift A ~ of the aggre- 
gate transition ~A compared to the monomer transi- 
tion ~M can be approximately described by 

A~-~  ~A -- ~M 

1 2 ( M  2) 
- h ( 5 )  

where e0 is the permittivity in vacuum, h is Planck's 
constant and a is the angle between monomer tran- 
sition dipole moment and aggregate axis. The dis- 
tance between neighboring molecules r is 3.7 .~ [30] 
and (M2) ,  the mean square of the monomer transi- 
tion dipole moment (proportional to the integrated 
absorptivity of the monomer), is obtained from the 
absorption spectrum. The number of coupled 

molecules N in the aggregates was recently deter- 
mined to an average value of 6.8 at room tempera- 
ture [31]. The angle a can be calculated to 24 °. 
Using this angle and the shift observed in the sol-gel 
matrix (1050 cm -1 ) a value of about 2 is obtained 
for N. 

The aggregation behavior strongly changes by 
changing the polarity of the environment or pore 
size. Comparing the aggregation of 2 embedded in a 
sol-gel matrix stored in air and in ammonia atmo- 
sphere we see that the ammonia causes a red-shift of 
the J-band nearly approaching that of an aqueous 
solution. However, one must take into account that 
ammonia also increases the pore size [32], thus not 
only the high polarity of ammonia is responsible for 
the aggregation. 

5. Conclusion 

The pK a values of cyanine dyes give an indica- 
tion of the stability of the monocationic form in 
porous glasses. Acid-base interactions between the 
silanol surface and cyanine dyes cause an attack at 
the cyanine chain leading to the formation of the 
colorless dicationic species. Therefore, only dyes 
with pKa-values of about - 0 . 5  are stable without 
further optimizing glass formation techniques. Using 
DCCAs for the sol-gel preparation, also the cationic 
form can be stabilized in the sol-gel matrix. Steric 
hindrance may suppress the dye-silanol interaction 
opening a new way of stabilizing even highly basic 
dyes in the sol-gel pores. Concerning the J-aggrega- 
tion properties, we show the dependence of the 
J-aggregate formation on pore size and environment 
polarity. 
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