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Spectral and Structural Characteristics of Oxazine
4/Hexadecyltrimethylammonium Montmorillonite Films
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Competitive adsorption from oxazine 4/hexadecylammonium solutions on montmaorillonite films was
used for the preparation of hybrid materials with modified optical properties. The films were characterized
using linearly polarized visible spectroscopy, X-ray diffraction, and fluorescence spectroscopy. The
composition of the reactant solution influenced the amount of the dye adsorbed on the clay mineral
template and secondarily affected the presence of variable dye species (isolated dye cations and dye
molecular aggregates). Polarized spectroscopy revealed an almost perpendicular orientation of large-
sized H-aggregates with a sandwich-type intermolecular association. A more-parallel orientation occurred
for other dye species such as isolated dye cations, H-dimers, and J-aggregates. Coadsorption of the
surfactant did not change the orientation of the chromophores significantly. The variation of the
chromophore/surfactant amounts in the interlayer spaces of the montmorillonite did not lead to significant
changes in the interlayer distance. On the other hand, the presence of the surfactant led to a higher
emission efficiency. The large-sized H-aggregates did not exhibit luminescent properties, in contrast to
the luminescent J-aggregates.

Introduction inactive inorganic substrate and an embedded organié dye.
) o To obtain suitable optical properties of the material, an
Adsorption of cationic dyes on the surfaces of clay gptimal choice of both the dye and inorganic substrate is
minerals is accompanied by the formation of molecular yery importan Formation of the molecular assemblies in
aggregate$.Molecular aggregates are supramolecular as- the" composite film usually alters the properties of chro-
semblies, which are built from two or more molecules (ions) mophores; for example, the formation of the H-aggregates
held together by van der Waals forceShe dye molecular  |aads to the quenching of fluorescence, and therefore, the
aggregates are characterized by a specific structure andormation of the films of fluorescent dye/clay minerals often
exhibit unique optical properti€sTwo main types of the  |eads 1o a loss of fluorescen&eAnother important aspect
dye molecular aggregates include H- and J-aggregates, Withis the orientation of the chromophores. The orientation is
sandv_vich— and head-to—taiI—intermolecular.associations,.re—|ike|y nonrandom, because of anisotropy of the inorganic
spectively. The H- and J-aggregates are just two marginal g pstraté! A preferential orientation can be very important
cases of all possible structural species of variable structures¢s, the material applicatiot? Improvement of the final
The structure of the aggregates depends on the dye'sypiical properties sometimes requires more-complex materi-
molecular structure and secondarily on the reaction condi- 5is, sych as those premodified with organic surfactants. There
tions of their formatiorf. have been some recent reports on the significant improve-
Xanthene dyes are one of the most studied fluorophores,ment of fluorescence properties by modification of the
which are known for their numerous applications, such as montmorillonite template with alkylammonium cations. The
in laser dyes$,probes in biology, and biochemistfyOne of fluorescence of such materials exceeded that of a nonmodi-
the modern trends in nanotechnology is the fabrication of fied dye/montmorillonité314 There is no definite evidence
thin-layer materials with defined optical or photochemical of what is the main effect of the present surfactant. The most
functionality and propertiesOne kind of such materials is  probable answer is based on the hypotheses of a “solvating
a composite film, which is composed of an inert and optically effect” of the surfactant molecules, which breaks or prevents
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the formation of dye molecular aggregatésloreover, the molecules. The orientation angBwas calculated using egs 1 and
dilute state of the dye in the matrix of organically modified 2 introduced elsewherg:

montmorillonite may prevent self-quenching and, therefore,
is favorable for high-emission yields.

The objective of this work was studying the structure and A sin’ y
spectral p.ropertles of the films pr.epared from a xanthene The dichroic ratio R) is defined as the ratio of the absorbance
dye, oxazine 4 (Ox4), together with a cationic surfactant,
hexadecyltrimethylammonium (HDTMA) bromide and Ku- 0=90 -y )
nipia-F montmorillonite. The variation of the dye/clay

mineral ratio has been achieved by the competitive adsorptlonx_polarize d light &). As mentioned above, the anglerepresents

of the Componen.ts. The spectra and Structgral Characteristic§he angle between the light beam and a normal surface and is altered
are compared with the fluorescent properties of the formed p,, rotation of the slides with respect to tiyeaxis. The angles

materials. represents the angle between the vector of the transition moment
and the normal vector of the surface plane and can be calculated
Experimental Section from eq 1 using a regression analysis of the data measured for
) - ~_various anglest. © is the complementary angle of the angle
The host material was a purified sample of montmorillonite 4,4 is the angle between the surface plane and the transition moment
Kunipia-F (Na*-ion exchange form) from Kunimine Industries.  f the dye, along its longest molecular axis. More details about the
Montmorillonite was used as received, without any other modifica- ethod and the determination of the dye orientation have been
tion, special treatment, or purification. The high purity of this published elsewherg:18
material was confirmed by X-ray diffraction (XRD) and infrared The orientation of the dye could not be determined for the films
spectroscopy (not shown). Its cation exchange capacity was 1245 ained in the reactions with solutions with dye molar fractions

meq/100 g of dried sample, which is an average of the values ot < 7504 The fluorescence spectra of the films were measured
determined by the two methods, on the basis of an ion exchangeg, 4 shimazu RE5300PC spectrofluorometer.

with ammonium acetate or barium chloritfeA few drops of the
mineral dispersions (& 10-3 w/w) were deposited on quartz slides
(Nihon Sekiei Glass), which are composed of a special quartz
material transparent to UV light of wavelengths 190 nm. A UV —Vis Spectroscopy.Figure 1 shows the absorption
multiple-step deposition was performed by a spin-coating method spectra of montmorillonite films with adsorbed Ox4 and
at 500 (5 s) and 2000 rpm (20 s), to obtain thin films with a HPTMA cations measured using (a) andY-polarized (b)
preferential orientation of the montmorillonite-layered particles light. The measurements were carried out with the films tilted
parallel to the quartz slide surface. Aqueous solutions containing around thex axis at anglex. = 40°. The spectra not only

Ox4 and HDTMA bromide were prepared by mixing the compo- S . . .
nents to achieve molar fractions of 100, 95, 90, 85, 80, 75, 50, and Provide information on the species formed but the compari-
ot e on of X- and Y-polarized spectra is also useful for the

0% amounts of the dye cations. The sum concentration of the dyeS . ! ! : .
and surfactant cations was 1 mmol/L. An ion exchange was €Stimation of the dye’s molecular orientatitiThe spectra

conducted in about 50 mL dye/surfactant solutions by immersing are grranged iln order of decreasing content of the c!)./e in the
the plates fo3 h at 52°C. After the ion exchange, the concentration starting solutions. Apparently, the spectra significantly
of the dye in the supernatant was not changed significantly becausedepend on the initial dye concentration. Ox4 competes with
of the excess of organic cations with respect to the amount of the surfactant in the adsorption reactions and is adsorbed in
montmorillonite in the films. The films with adsorbed dye were significant amounts in the films. This is in accordance with
washed in deionized water in order to remove the excess dye andanother study which described in detail competitive adsorp-
surfactant. The montmorillonite films with adsorbed dye and tion in the montmorillonite dispersions between the mixed
surfactant were dried at 5@ for 2 h. No irreversible adsorption cationic dye and alkylammonium surfactaftShe spectra
of the dye and the surfactant on the quartz surface (without clay of the Ox4/HDTMA films indicate a higher affinit of the
minerals) was observed. t illonit f for HDTMA (Ei 1 yTh' .
XRD measurements of the films were conducted at a scanning mon mon. onite surface for . ( |ggre . ). IS IS
apparent if one compares the light absorption in dependence

speed of 2 min~t using an RINT 1200 (Rigaku) diffractometer ‘ . .
with Ni-filtered Cu Ka radiation ¢ = 0.15418 nm). UV-vis on the dye amounts in the starting solutions. For example,

absorption spectra of the complexes were recorded at 280 nm the film prepared from the solution with 100% dye (line 1)
by a V-550DS (JASCO) using a JASCO polarizer (RSH-452) at a contains more than double the Ox4 amount compared to the
400 nm mir! scanning spee-polarized light (light having an  film prepared from the solution containing only half the
electric vector polarized horizontally) anéipolarized light (light amount of the dye (Figure 1a, line 7). This is just a rough
having an electric vector vertically polarized) were introduced into estimation, because the determination of exact dye amounts
aspecimen, and the a_bsorption intensities_were _reco_rded. The anglgyould require the identification of all the dye species and
of the film normal with respect to the light directiomx) was the determination of their molar absorption coefficients. Ox4
changed from-40° to +40° for both of the experiments performed forms various species such as monomers, dimers, and

using X- and Y-polarized incident light. The film spectra were molecular agareaates of variable tvoes and sizes: the species
corrected by the subtraction of the host material absorption and 9greg yp ’ P

scattering in order to obtain the absorption intensity due to the dye

R:A_\/ZZSir?a—Bsinza—l)sinzy

@

values, which were recorded usingpolarized light ) and

Results and Discussion
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(a) to dye monomers and H-dimers (Figure 1a, line 1). The
shoulder at a lower wavelength indicates the presence of
large-sized H-aggregates. This band does not seem to be
influenced by the total amount of adsorbed dye; that is, the
relative amount of the H-aggregates versus the amounts of

(1) the monomers and H-dimers increases with decreasing dye

@ adsorption. This is a rather surprising observation, because
one could assume that the presence of the surfactant would

0,1 3) contribute to the decomposition of large-sized H-aggregates
as had been observed for the MB/HDTMA dispersiths.

@) This difference can be explained in terms of different reaction

s systems as well: The study on the MB/HDTMA competitive

adsorptio® was performed for the systems in aqueous

dispersions. Excess water promotes dye aggregation in the

dispersior?! whereby the presence of the surfactant creates
) a hydrophobic phase on the surface of the montmorilldaite.

300 400 500 600 700 800 The presence of water molecules in both the dye and
4 (nm) surfactant cation-exchanged montmorillonite films is sig-

nificantly reduced, as has been observed for similar sys-

(b) o3 tems?324 The surfactant and Ox4 cations are adsorbed or

intercalated into the films in the form of micelles and

molecular aggregates, respectively. In the process of com-
petitive adsorption, individual and isolated cations of either
the dye or the surfactant cannot compete with large molecular
assemblies such as molecular aggregates and micelles,
because the adsorption of the latter forms is enhanced by
attractive van der Waals forcésindeed, this was also true

< 0,1 for the adsorption of MB with HDTMA, although the

( surfactant was preferentially adsorbed on the montmorillonite

surface; once the dye was adsorbed, it was not re-exchanged

by the addition of the surfactatt.

Low absorption ofX-polarized light by the H-aggregates,
as observed in Figure la, can be assigned not only to the
low amount of these species but also to their molecular
orientation. Recently, there were some reports on an almost
perpendicular orientation of the chromophores of Ox4
dye!”2026and also those of other xanthene d§é5%%on the

A (nm) surfaces of clay minerals and related synthetic materials.

Figure 1. Absorption spectra of montmorillonite films with adsorbed Indeed, the band assigned to the H-aggregates of Ox4 is

oxazine 4 and hexadecyltrimethylammonium cations measured sing clearly observable in the spectra recorded udmlarized
(a) andY-polarized light (b). The films were prepared from binary oxazine y P P

4lhexadecyltrimethylammonium solutions with dye molar fractions of 100 119t (Figure 1b). The spectra in Figure 1b confirm the
(1), 95 (2), 90 (3), 85 (4), 80 (5), 75 (6), and 50% (7). The measurements assumption that the amount of the H-aggregates does not

were carried out with the films tilted around tleaxis at anglex = 40°. change with the addition of the surfactant. On the other hand
dsorbed . . d . ¢ diff the bands assigned to dye dimers and monomers, which
are adsorbed at various sites and environments of different, .y, light at about 580 and 630 nm, decrease significantly

i 0
propertle.sz. ) -~ ~with a decreasing initial dye concentration. This can be
There is a difference l:_uetween the competitive adsorption explained in terms of the strong adsorption of competing
of Ox4 with HDTMA cations as observed here and that of large-sized H-aggregates. On the other hand, the competi-

methylene blue (MB) with the same surfactant in dispersions tjyeness efficiency of the surfactant molecular assemblies
reported elsewheré.A large fraction of MB cations were
sqlub|I|zed in the_ HDTMA surf:?lctant _m|celles on the clay 51y vy, c. H.; Newton, S. Q.: Norman, M. A.; Miller, D. M.; Schafer,
mineral surface in the dispersiotfsThis apparently does L.; Teppen, B. JClays Clay Miner.200Q 48, 665.
iotribition (22) Binks, B. P.Curr. Opin. Colloid Interface Sci2002 7, 21.
not seem to oceur for_ Ox4. Qn the other hanq, the distribution (23) Klika. Z.: WeissmanndvaH.. Capkova P.: Posfsil. M. J. Colloid
of the Ox4 species in the films changes with the presence Interface Sci2004 275, 243.
of the surfactant (Figure 1). For example, the film, which (24) Landau, A.; Zaban, A.; Lapides, |.; Yariv, . Therm. Anal. Calorim.
d t contai HDTMA cations, is characterized by (s oone o
oes not contain any A callons, IS characterized DY (25) van Oss, C. J., Giese, R.F Dispersion Sci. Technd003 24, 363.
the spectrum having two dominant bands, which are assigned26) Kaneko, Y.; lyi, N.; Bujd, J.; Sasai, R.; Fujita, T. Colloid Interface
Sci. 2004 269, 22.
(27) Bujds, J.; lyi, N. J. Phys. Chem. R005 109, 4608.
(20) Chen, G. M.; lyi, N.; Sasai, R.; Fujita, T.; Kitamura, K. Mater. (28) Sasai, R.; Fujita, T.; lyi, N.; Itoh, H.; Takagi, Kangmuir2002 18,
Res.2002 17, 1035. 6578.
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Figure 2. Dye molecular orientation angles for oxazine 4/hexadecyltrim- 26 (0)

ethylammonium montmorillonite films. The films were prepared by

adsorption from binary oxazine 4/hexadecyltrimethylammonium solutions L ST ] A ;

with dye molar fractions of 100 (scatter), 90 (solid line), and 75% (dashed montmonllo_nlte films. The _f||ms were pfep?red from the blnary oxazine 4/
' | hexadecyltrimethylammonium solutions with dye molar fractions of 100

I(ll?:g.l';he angles are compared with the spectrum taken from Figure la (1), 95 (2), 90 (3), 85 (4), 80 (5), 75 (6), 50 (7), 25 (8), and 0% (9).

Figure 3. X-ray diffraction patterns of oxazine 4/hexadecylammonium

with respect to the adsorption of dye monomers and dimers
is much higher.

Molecular Orientation. The angles between the longest
axis of the dye and the montmorillonite surface were
calculated for each measured wavelength. For the accuracy
of the method, the absorbances should not be too low. The
measured absorption for the films also includes the compo-
nents related to the light scattering and the reflection from
the montmorillonite film and quartz slide. The light scattering
and reflection may interfere mainly when the light absorption
is very low. Therefore, the spectra of montmorillonite film
deposited on a quartz slide but without adsorbed dye were
measured as well. These spectra were subtracted from those
of the dye/montmorillonite films in order to obtain the light
absorption intrinsic to the dye chromophores. The absorption
values related to the intrinsic dye absorption were used for
the calculation of the dichroic ratiR (eq 1).

The calculated values of the angbeare shown in Figure
2. A representative spectrum helps to identify the position 600 650 700 750 800
of the sp_ecies, which otherwise are not distinguishable from Wavelength (nm)
the Commluous angle change with the spectral Waveler!gth'Figure 4. Emission spectra of the films obtained after excitation at 586
The functions of the angl® versus the wavelength are in nm. The films were prepared from binary oxazine 4/hexadecyltrimethyl-
genera| very similar, regard|ess of the Composition of the ammonium solutions with dye molar fractions of 100 (solid) and 25%
intercalated phase. The orientation angisncrease with (dotted).
decreasing wavelengths of absorbed light. This indicates themonomers and H-dimers with those of the H- aggregates.
existence of a species which is characterized by a light Although the H-aggregates absorb at lower wavelengths, their
absorption of higher energies and which is oriented in a more absorption bands likely overlap those of the other dye forms.
perpendicular fashion. Very similar trends have been ob- For example, the real angle of isolated (nonaggregated) dye
served for similar specimens of oxazine and rhodamine cations absorbing at 620 nm can be slightly lower than that
dyes?6-28 Monomers absorbing at around 625 nm are of the value determined and identified in the Figure 2. The
oriented at low angles, being around 2bhis is in agreement ~ determined value can be overestimated because of the
with the results of another study, where the angle of the Ox4 contribution of traces of H-dimers but is mainly because of
monomers was in the range of 225°.26 With increasing that of the H-aggregates, which are the species characterized
wavelength, the angles decrease (Figure 2). The continuoudy higher inclination angles and whose absorption bands
decrease can be due to the overlap of the bands related witHikely, at least partially, overlap those of the monomers.

Emission
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Figure 5. Normalized emission spectra recorded after excitation at (a) 586 and (b) 630 nm. The films were prepared from the binary oxazine 4/
hexadecyltrimethylammonium solutions with dye molar fractions of 100 (1), 95 (2), 90 (3), 75 (4), 50 (5), and 25% dye (6).

Therefore, one cannot accurately identify the molecular exhibits similar basal spacing (2.1 nm) to that observed for
orientation of all of the species separately but can see theOx4 adsorbed on N110, a reduced charge montmorillonite
resulting orientation angles determined for all of the species, (Nanocor), which has been published elsewlehoreover,

which are in common with the energy of absorbed light.  the spectra, dichroism, and orientation angles determined for

~As mentioned above, the presence of an organic surfactantpe H.aggregates for both of the systems are very sirffilar.
did not much affect the number of the H-aggregates presentrye gimilarity can be assigned to a similar charge distribution

in the fllm. In a similar way, the orientation angle, which is in the Kunipia montmorillonite and the N110 sample.
high mainly for the H-aggregates, was not reduced but

actually increased for the films with the surfactant. The angle  Basal spacings do not reflect the changes in the presence
of molecular orientation for an Ox4/montmorillonite film,  of HDTMA much (Figure 3). The position of the basal
which did not contain the surfactant, and that for a dichroic reflections remained unchanged, but the intensity of X-ray
band of maximal intensity at 475 nm was°64t reached |ignt diffracted at lower angles slightly increased. This is
even higher values (7Dat partially lower wavelengths (460 apparent mainly for the film which contains only HDTMA

nm). The presence of the cationic surfactant led to a slight (without Ox4 dye) or for that with the lowest dye amount
increase in the angle. The angle increase was more pro-

nounced for higher wavelengths up to about 600 nm (Figure (molg_r fraction of 25%). Probably some Qisordered inter-
2). This interesting phenomenon can be interpreted aSstratn‘led phases of larger interlayer spacing were present.

follows: HDTMA cations are relatively large, covering a Enhanced diffraction at the low angles indicates that the
large area on the montmorillonite surface. Thé large surfaceinclusion of the surfactant did lead to a significant increase
area covered by the surfactant could also contribute to thein the average interlayer distance.

lack of space available for the adsorption of dye cations. Fluorescence Spectroscopjthe emission spectra for the
The restricted space between the alkyl chains could cause P PY. P

reorientation of the dye cations in order to occupy less Spacemontmqr|llon|te f|Im§ Wlth. the dye ob.tamed after the
on the montmorillonite surface. Both of the effects could adsorption from solutions with molar fractions of 100% Ox4

lead to the trends observed in the spectra and molecular®"d 25% Ox4t 75% HDTMA are shown in Figure 4. The

orientation determined for Ox4/HDTMA/montmorillonite ~ €Mission was measured for the wavelengths higher than that
films (Figure 2). of the excitation (586 nm). Much smaller amounts of dye

X-ray diffraction patterns of the montmorillonite films  were adsorbed from the solutions with molar fractions<of
containing Ox4 and HDTMA are shown in Figure 3. It is 75% HDTMA, as shown by the light absorption spectra
interesting that the film, which contains the Ox4 dye alone, (Figure 1). This is reflected in much lower light absorption



Characteristics of Montmorillonite Films Chem. Mater., Vol. 18, No. 10, 209623

at almost the whole spectrum range, including the wavelength ata_, =628 nm
used for the excitation. Nevertheless, the film with the lowest 5001
concentration of Ox4 emitted the light in significantly higher

yields (Figure 4). This phenomenon can be explained in terms 4001
of a self-quenching. Self-quenching is a process which can 300
be characterized by the interaction of the excited molecules
with the molecular entities of the same species in the ground 200-
state, that is, with nonexcited Ox4 cations. Self-quenching
due to high local concentrations of the dye is a common 1004
phenomenofIn another study, the films of montmorillonites
saturated with the dye rhodamine 6G did not exhibit 0
luminescent properties at aflin the film containing 100%
oxazine 4, the self-quenching was more efficient and reduced 5001 ata,,, = 667 nm
the emission yield more significantly. Indeed, the reduced
emission in the film with the higher dye concentration is 4001
observed mainly for the emission at lower wavelengths (628 E 300
nm). A broad band at 660 nm and a shoulder nearby at 700 >
nm are not so much influenced by the composition of the 2 200l
films. The whole series of the films was measured; the £
characteristics of both the 660 nm bands and the 700 nm 100+
shoulders were found not to change much with the dye )
loading (not shown). ol
As discussed above, there is no simple method for a 250, 673 |
sufficiently accurate determination of the amounts of ad- atr_,=700nm 5@ il I
sorbed dye and surfactant cations in the films. To compare 2001 629 ’
the fluorescent properties of the prepared films, we calculated
the normalized intensities of emitted light. The normalized 150
emission was calculated by the division of the intensity of J
the emitted light by the values of absorbance at the excitation 100
wavelength. This function relates to the fluorescence quantum /

yield and, therefore, is useful for the comparison and
characterization of the luminescent properties of the prepared
films. The normalized emission spectra recorded after the 0
excitation at 586 nm are shown in Figure 5a. The spectra
are arranged in order of the increasing amount of the dye.
One can see much higher luminescent ef‘ficiency for the films Figure 6. Exc_itation spectra of the films for_emissions at_628, 667,_and
.. ) 700 nm. The films were prepared by adsorption from the binary oxazine 4/
containing less dye and more surfactant ions. On the otherhexadecyltrimethylammonium solutions with dye molar fractions of 100%
hand, the shapes of the spectra are not significantly changed(solid) and 25% (dashed) on montmorillonite film.
All of the spectra contain the band at 628 nm, the lower
intensity band at 666 nm, and the shoulder at about 700 nm.Higher luminescence was always observed for the film
The shoulders are not well-resolved in some spectra becaus€ontaining the lowest amount of the dye, in a fashion similar
of the scale of the plot, but their existence was proved in to the trend described for the emission spectra. The composi-
non-normalized emission spectra, for example, in the spec-tion of the film did not significantly affect the spectral shape.
trum of the 100% Ox4 film in Figure 4. The highest The excitation spectra suggest the presence of two main types
difference between normalized spectra was observed for theof the luminescent species regardless of the film composition.
films with the lowest dye concentrations. In a similar way, There is a significant difference between the excitation
the normalized spectra were recorded and calculated alscspectra recorded after the excitation at 628 nm and those
for the emission measured after the excitation at 630 nm measured after the excitations at higher wavelengths (667
(Figure 5b). In this case, only the band and the shoulder atand 700 nm). The light emitted at 628 nm is mainly related
higher wavelengths could be measured. Similar to the to the species which are excited at 586 nm (Figure 6). These
previous series of the spectra, the largest difference iscan be monomers, whose spectral band overlaps nonlumi-
observed for the specimens with the lowest dye concentra-nescent H-dimers. Indeed, Ox4 monomers significantly
tions. The positions of the bands and the shoulder seem toabsorb at this wavelength because of a10vibronic
be the same as those observed for the spectra obtained aftaefomponent of the electronic transition. The assignment of
excitation at 586 nm. the light emission at 628 nm to the monomers is in
Excitation spectra were measured in order to identify the accordance with a very small Stokes shift (around 10 nm)
chemical origin of the bands observed in the emission spectrafound for a dilute Ox4 solution, as well as dye/clay mineral
(Figure 6). The spectra of all of the films were measured; dispersions (not shown). With an increasing amount of the
only those for two representative samples are shown here.dye, the amount of H-dimers increases. The H-dimers

500 550 600 650
Wavelength (nm)
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significantly quench the luminescence of the dye, which was and the dye, respectively. Isolated cations probably cannot
observed as decreasing emission with increasing dye con-compete with the adsorption of the larger-sized molecular
centration (Figure 5a,b). On the other hand, no well-resolved assemblies.

bands are present in the other excitation spectra at around Variation in the dye/surfactant concentration in the reactant
586 nm (Figure 6). The emission of the light at 667 and 700 solution led to changes in the composition of the films.
nm significantly increases with increasing wavelength of the Whereas increasing proportions of the surfactant reduced the
excitation. The emission at 700 nm exhibits a shoulder at adsorbed amount of dye monomers and possibly smaller-
630 nm in the excitation spectrum and two peaks in the sized aggregates, the adsorption of the large-sized H-
excitation range of 656675 nm. This is in contrast to the  aggregates remained unchanged.

decreasing amount of the dye species, which absorb lightin 1o molecular orientation of the dye chromophores is
this range of wavelengths (Figure 1). The species which rg|ated to the type of the species formed. An almost
absorb light at 650 and 670 nm, respectively, can be nerpendicular orientation was observed for the large-sized
identified as J-dimers or J-aggregates. The J-aggregates argo|ecular aggregates. A slightly tilted orientation was found
luminescent molecular assemblies in contrast to nonlumi- 5 the dye monomers and dimers. The orientation angle is
nescent aggregates of an H-type. One cannot neglect angjatively lowest for the species which absorb light at the
energy ftransfer from monomers to J-dimers, up to J- pighest wavelengths. The presence of the surfactant cations

aggregates, that is, to the species absorbing the light of thejoes not influence the dye molecular orientation significantly.
lowest energies. This would explain the continuous increase Large-sized H-aggregates do not exhibit luminescent

in the light emitted at 770 nm with increasing excitation . properties. Fluorescence spectroscopy indicates the phenom-

vvta\(/jele_r:ﬁt?r.] One shouldbmengl_on tlhar:tnotetr;lslslon 'St assoCl-gnon of quenching for the films with a high dye concentration
ated wi € species absorbing lignt at the Jowest wave- ., 5 higher emission efficiency for the films with low

lengths (around 500 nm) and characterized by an almostfluorophore amounts. An analysis of the emission and

perpendicular orientation at the surface of the montmoril- excitation spectra indicates the presence of the J-aggregates,

lonite. These species were assigned to the Iarge—sizethiCh absorb and emit light at higher wavelengths.
H-aggregates, which are generally nonluminestéent.
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