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ABSTRACT

KOSTUK, MARK  Self-Assembled aggregates of neutral nonlinear optical dyes in
smectite clay films. Department of Chemistry, June 2001.

The field of photonics relies on nonlinear optical (NLO) materials and their
unique light interacting properties to guide and manipulate light for such uses as optical
switches and optical data storage. Hybrid organic-inorganic composites offer excellent
routes to such materials synthesis. We report herein the first study of neutral organic
NLO chromophores adsorbed onto hectorite and laponite clay films. Seven different dyes
(disperse red 1; disperse red 13; disperse red 19; disperse orange 3; disperse orange 13;
disperse orange 25, and DANS, [4-dimethylamino-4’-nitrostilbene]), and two
exchangeable cations (sodium and zinc), are used to create the hybrid films. The nature of
the dye aggregation is characterized using UV/VIS spectroscopy, Xray diffraction, and
second harmonic generation (SHG). Both J and H type aggregates are observed. The type
and extent of aggregation is found to be primarily dependant on the functionalized
structure of the dye molecule. The relative populations of aggregating versus bulk dye is
found to depend on the amount of available clay surface area, which is affected by host
clay particle size and the intergallery cation charge density. J aggregation is maximized
at 0.10 w/w% dye in the zinc-laponite system. We found that the overall maximum dye
loading levels are above 10 w/w% for the laponite system and between 1 and 5 w/w% for
hectorite. Laponite is more ideally suited for optical device applications given its low
background absorption. Currently the composite films do not show any second harmonic

generation even though J aggregates have been shown to exhibit enhanced SHG in

related systems.
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Introduction

Nonlinear optical (NLO) materials are important for the development of advanced
photonic devices'* such as optical switches for computers and holographic data storage
media. These materials have the unique ability to manipulate light through effects such as
second harmonic generation, wave-mixing, and the electro-optic effect’. One approach to
the development of nonlinear optical materials® is through the fabrication of inorganic-
organic hybrids.

Hybrid inorganic-organic composites comprise an amazing class of advanced
materials with specifically tailored inner architecture leading to enhanced device

capabilities.*** The organic component offers a diverse selection of thermal, electrical

and optical properties while the inorganic can serve to increase surface area, template and

stabilize the guests. Control over the host structure, ordering and resultant environment
affect the behavior of the guest and its desired interactions. Careful matching between the
two components is essential for the creation of successful advanced materials.

Layered silicate clays are inorganic hosts that can be used to provide two-dimensional
ordering, thermal, and temporal stability to a composite material. Hectorite is one such
clay that is made of repeating tetrahedral-octahedral-tetrahedral layers (See Figure 1).
Lithium cations doped onto magnesium inside the octahedral sites gives the clay layer an
overall negative charge; in order to balance this negative charge, other cations (typically
sodium) are incorporated into the intergallery region and bind adjacent layers together.
These cations can be replaced through an exchange process allowing for different host

characteristics in terms of redox potential, optical properties,” and film stability.
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Figure 1. Intergallery region of a TOT layered clay such as hectorite or laponite.

Multipte TOT units and intergallery spaces stack on top of one another to form a
microcrystallite, or tactoid, that in turn build like bricks to form macroscopic films.
Laponite®®"“* is a synthetic form of hectorite with a similar chemical structure and TOT
arrangement. It differs from hectorite in that the tactoid size of laponite is much smaller
(3004 x 10A)" and comprised of a single TOT unit. As a result of this smaller particle
size, the laponite platelets have a very high edge charge and tend to form a gel-like
matrix termed the ‘house of cards’ structure'*’ where the platelets are both vertically as
well as horizontally stacked as shown in Figure 2.

Clay films have three distinct regions that the organic guest molecules can reside in:

(1) the intergallery region in between repeat TOT layers; (2) the surface of a clay tactoid;

and (3) the micropore space between adjacent particles arising from defects in the layered
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structure (See Figures 1& 2). The insertion of guest molecules into the intergalleryregion
(1) of the clay is called intercalation. Differences in charge density, water content and the

amount of clay contact affect the size and hydrophobicity of these microenvironmeats.

Laponite Hectorite

/ Region (2) \

':wooA

-1 =12.3A =100A%
44—

-—
=300 A =10000 A

Figure 2. Difference in microcrystallite arrangement between laponite ‘house of
cards’ structure and hectorite. Laponite tactoids are single TOT layers while a
hectorite microcrystallite may contain seven to ten TOT layers.

The types of guest molecules that can be incorporated into the host are virtually
limitless. Complex cations,'™'s surfactants,'™*'* and positively charged dye
molecules™'™ %5 have all been intercalated into similar systems. Combining charged
nonlinear optical dyes into a clay host framework has shown much promise towards the
development of materials with high nonlinearity. 752" The uge of neutral organic
dyes™ allows for added hybrid variation and control through the choice of the intergallery
catic,1. However it can be more difficult to ootain successful incorporation of the guest

while avoiding phase separation between the organic and inorganic components.
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The behavior of the dyes in the composites can be monitored through changes in
electronic absorption spectra. The formation of different types of aggregates' is affected
by the dye structure and the nature of its environment.” Sheibe or J-type

aggregation®**>* refers to the head-to-tail hydrogen bonding between neighboring dyes.

PO
7 o

*ho

NO,

Figure 3. Head-to-tail hydrogen bonding of J aggregates.

J-Aggregation is evidenced by a red-shift in absorption spectrum as well as the presence
of a new absorbance band that is typically associated with the formation of the dimer, or
possibly higher aggregates. H-Type aggregation refers to n-stacking interactions between
dye molecules, usually resulting in 7t-stacked dimerization.”® The absorption spectra of H-
aggregates show a characteristic single blue shifted peak.

The nature of the dye aggregation can have an affect on the photonic response of
nonlinear optical materials. Certain dye arrangements often lead to NLO effects, while
others do not. Second harmonic generation (SHG) is commonly used as a test for
nonlinearity of these new composites. It occurs when incident light of frequency  passes
through a nonlinear medium that then emits light of twice the original frequency 2w.
SHG can be studied on powders,***** colloidal suspensions," and recently has been used
to probe the noncentrosymmetric arrangement of dyes in films 3890l 6.4

The polarization equation below describes a materials interaction with applied electric

fields. A nonlinear material is one that has large tensors that depend on higher order
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terms of the electric field, such as x(Z) (second order effects) or x(:) (third order effects).
Throughout this work we are only concerned with second order nonlinearities (}(‘2’).3

P=y"E + yPE* + xPF® + ...

There are two main requirements for the specific production of materials with ahigh

%™ value; the first is the existence of permanent molecular electric dipoles. Conjugated

organic molecules with electron donating-accepting functional groups?#84647.8.8.5031524

exhibit hyperpolarizability to applied electric fields. The second requirement for high x(z)

materials is that these molecular dipoles are aligned in a noncentrosymmetric
arrangement. If the dipoles are positioned such that they cancel there will be no NLO
response. The host material can confer a high degree of spatial ordering to the organic
guest molecules through layering, charge effects and influences on aggregation behavior.
In this work we report on novel hybrids of neutral NLO dye molecules incorporated
into films of both hectorite and laponite clay host systems. UV/VIS absorption
spectroscopy, X-ray diffraction and second harmonic generation studies are used to probe
the clay structure and microenvironment of the guest in an effort to understand the
influence of host ordering, guest concentration, and guest structure on dye aggregation

and the resultant nonlinear optical response.

Experimental Section
The seven neutral dyes used for the synthesis of the hybrid materials were disperse
red 1 (DSR1), disperse red 13 (DSR13), disperse red 19 (DSR19), disperse orange 3

(DSO3), disperse orange 13 (DSO13), disperse orange 25 (DSO25) and DANS, [4-
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dimethylamino-4’-nitrostilbene]. All obtained from Aldrich & Co. and used as received.
Refer to Figure 4 for the structure of these dyes. Two host clays were used: hectorite
(hect), Nag g [LipssM8s 3515 Oz (OH),], (100 mmol/100 g cation exchange ca;acity
(CEC))® from RHEOX Inc. and laponite (lap), Nay; [Lio;Mg;sSis O (OH),], whichhas a
similar composition, (72 mmol/100 g CEC) ", from Southern Clay Products Inc.

Films are prepared with sodium or zinc as the intergallery cation of either clay host
and with one of the seven dyes. The films will be referred to with their dye concentration,
dye name and host clay; for example a 1% DSO3/ZnLap film contains 1% by weight
disperse orange 3 adsorbed onto zinc exchanged laponite.

Since the clay comes prepared with sodium as the intergallery cation, films of sodium
do not need to be exchanged. To create the sodium clay/dye mixture 400 mg of the clay
and the desired weight percent of dye are ground together and suspended in 10 mL of
water.

For the zinc cation exchanged films, 400 mg of the clay and the desired weight
percent of dye are ground together and mixed in 100 mL 0.5 M Zn(NO;), for 48 hrs. The

mixture is centrifuged and rinsed. The cleaned wet mixture is then re-suspended in 10 mL

of water.
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Figure 4. Structure of various NLO dyes used in this experiment.

To create films out of the suspensions they are thoroughly mixed for 48 hrs before
being pipetted onto quariz microscope slides and allowed to dry slowly in a humidity
controlled environment. The quartz slides are cleaned with acetone and dried prior to the
casting of the films.

UV/VIS Spectra of all films were taken on 2 HP8453 spectrophotometer,
and X-ray d-iffraction measurements were taken on a Philips PW 1840 diffractometer
using 1.788 A Co K, radiation. Second harmonic generation measurements were
obtained using a Q-switched Nd: YAG laser (10 ns, 10 Hz, 1064 nm) and a photodiode

spectrum analyzer. All experimental procedures and data collection were performed at

room temperature.
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Results and Discussion

Adsorption vs. Intercalation . Powder XRD spectra of clay films with and without
dye do riot show a significant difference in the d-spacing of the repeat unit indicating that
the dyes are not intercalating into the intergallery region; region (1) (See Figure 1).
Neutral guest molecules are not as readily intercalated as cationic species, however
intercalation is not necessary for quality film formation. The use of neutral, hydrophobic
dyes affords alternative strategies for composite assemblies through adscrption instead of
intercalation.

The term ‘adsorb’ refers to the homogenous incorporation of a species within the
framework of the clay host. Intercalation necessitates that such a species resides within
the intergallery region (1), but an adsorbed material can be on the surface of a tactoid (2)
or in the micropore space in-between adjacent tactoids (3) (See Figures 1 & 2).

When the clays are mixed with water they disperse into individual microcrystallites.
In hectorite the space between multiple TOT layers swells with water which facilitates
the ion exchange,™ but with laponite the dispersed tactoids consist of only a single TOT
layer; blurring the distinction between the surface and intergallery regions as well as
making it difficult to talk about ‘intercalation’ as separate from adsorption.

When in solution, the hydrophobicity of the dye molecules drives it to aggregate with
other dyes and to interact with the clay particles.”®* The clay-dye mixture is soluble as an
aqueous suspension even though the dyes are all very insoluble in water. The UV/VIS
spectra for the colloidal suspensions are identical to those of the films, thus indicating
that the host and guest have begun interacting in the aqueous phase. Specifically the dye
must be in contact with the surface of the clay tactoids and not simply trapped within

micropore pockets as bulk phase dye because the micropore region is a product of film
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formation and does not yet exist while in suspension. Whether the dyes are attached

parallel or perpendicular to the surface normal of the clay is unclear, but a hydrophobic-
entropic argument presumes that the dyes will try to minimize their exposed surface area
to water and are therefore lying flat on the clay surface. The amount of clay surface area
is therefore important for understanding the maximum possible amount of absorbed dye.

During the film formation process, the clay deposits on a substrate and the micropore
space develops as gaps and defects arise due to tiling of the tactoids. At this point the
laponite does have a tendancy to stack two or three TOT layers high in a parallel
fashion,' creating a more formal intergallery space than what existed in solution.

The hectorite clay with sodium as the intergallery cation only forms powders and not
stable films. The charge density of the alkali metal is not high enough to allow cohesion
of the tactoid layers. If the sodium ion can coat the clay particle without residual positive
charge to bind the next TOT microcrystallite the layering process stops.” Only with a
higher charge cation, such as zinc, is the hectorite able to form films. The small size and
increased edge charge of laponite allows it to form stable films even with sodium as a

cation. This has profound implications for the use of these materials in photonic devices.

Comparison of Hectorite and Laponite. Figure 5 shows a comparison of UV/VIS
spectra between a hybrid film of DSR1 made with hectorite and with laponite. One
obvious difference is the background absorption of the two samples. The 1%
DSR1/ZnLap film is much more optically transparent than the 1% hectorite film,

allowing for the UV/VIS spectra of the dye to be much more resolvable from the clay

matrix. This lower background is also important for the determination of the strength of
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the nonlinear optical properties of the composite material and for the production of

optical components in general.

OB RPOoNmMO T

450 550
Wavelength (nm)

Figure 5. Comparison between films of 1% DSR1/ZnLap (a) and 1%
DSR1/ZnHect (b). Laponite films show a much lower background absorbance.

The lower background absorption of the Iaponite is due to its smaller particle size and

Jack of scattering centers. Natural hectorite sequesters iron, a known optical scattering

center, from the environment and incorporates it within the octahedral layers while the

synthetic laponite is created in the absence of iron. The platelet size of the hectorite is

around 1000 A to 5000 A® which is on the order of the wavelength of opticai light

ng serious scattering. The laponite platelet is much smaller, only about 300 Av,

causi
virtually eliminating this scattering effect.
As a consequence of the house-of-cards stacking, laponite films are not as lamellar as

the hectorite films. This can be clearly seen in Figure 6, an X-ray comparison of the (000)

reflections of a laponite and hectorite film.
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Figure 6. XRD spectra Laponite (a) and Hectorite (b) films.

The large FWHM of the laponite XRD pattern, with a basal spacing of 12.4 A,
indicates the existence of a range in the sizes of diffracting planes and a smaller
crystallite size. While the hectorite pattern shows a narrower distribution centered at 13.5
A, owing to the more consistent layering of TOT layers within a single microcrystallite.

UV/VIS of Clay/Dye Films. There are two important differences in the UV/VIS
spectra of the hybrid films containing DSR1, DSR13, DSR19, and DSO25 as compared
to the spectra of the bulk dye in acetone solution. The first is that the peak absorbance of
these dyes is shifted to the red by 50 to 100 rm when in the composite material relative to
solution. The second is the that the shape of the absorption spectrum of the composite

material shows multiple bands compared to the simple Gaussian peak of the bulk dye.

11
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The shape and red shift of the absorption spectra of DSR1, DSR13, DSR19, and
DS025 in Figure 7 are very characteristic of molecules undergoing J type aggregation®.
The extended nature of the J aggregated dyes lowers the energy of excitation resulting in
a red shift. The extent of red shift is related to the strength of the hydrogen bonding
interactions. The presence of a chlorine ortho to the nitro group in DSR13 pulls electron
density from the hydrogen bonding oxygen and reduces the strength of the hydrogen
bond. This results in a red shift for the DSR13 composite of only 25 nm instead of 100
nm observed in the spectra of DSR1 and others.

The absence of a hydrogen donor on DANS does not allow it to hydrogen bond with
itself; eliminating the possibility for J aggregation to occur. Instead the majority of this
dye exhibits a blue shifted absorbance peak, evidence of H type aggregation (see Figure
8). The DANS spectrum does in fact show a slight peak akin to the J aggregation peaks
observed above which can be attributed to hydrogen bonding through water.

The spectrum of disperse orange 3 exhibits an unusual plateau feature that is most

likely due to the presence of a third band located between the two that are observed for

the majority of the other hydrogen bonding dyes.
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Figure 7. UV/VIS Spectra of DSR1, DSRI3,DSR19, and DSO25 in acetone (a)
andina 1% Zn laponite film (b).
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Figure 8. UV/VIS Spectra of DANS, DSO13 and DSO3 in acetone (a) and in
1% Zn laponite* film (b). *The spectrum of DSO13 in Figure 8 is of a sodium

laponite film, not a zinc film
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Figure 9. UV/VIS spectrum of DSO13 in acetone(a) and in a 1% Zn/Lap film
(b). The dye is nitrated by the NO," counter anion to produce a 200 nm redshifted

absorption peak.
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Disperse orange 13 has a much different structure than the other dyes and doesnot
appear to be aggregating in either way. Stable, homogeneous films of DSO13 are siill
created even without any apparent aggregation. *It must be stated that the spectrum of
DSO13 in Figure 8 is of a sodium laponite film, not a zinc film. It is hypothesized that the
catalytically active clay nitrates the DSO13 dye using the NO; counter anion of the zinc
solution, resulting in a 200nm red-shifted absorption spectrum (see Figure 9). The details

of this are not pursued further in this paper.

Effects of Dye Concentration. In Figure 10 the absorption spectra of DSR1 in low
concentrations (0.01%, (b)) exhibits the characteristic J aggregation peak indicating its
interactions with the clay surface and other dye molecules. As the concentration increases
the environment sampled by the dye becomes more organophilic; likewise the absorption
spectra shows that a larger population exists as bulk dye compared to the population J
aggregating. It takes a higher concentration of chromophore before the dye exhibits bulk
phase character in zinc laponite compared to sodium laponite.

A qualitative measure of the relative populations of dye in the composite films can be
obtained if we ratio the intensities at 540nm, the red-shifted aggregation peak, to 490nm,
the bulk dye absorption peak. Figure 11 shows that the dye in sodium laponite films
reaches a maximum ratio of aggregated dye versus bulk dye at a concentration below
0.1% and drops sharply whereas the zinc laponite films contain a higher fraction at all
concentrations. The zinc laponite film has an appreciable fraction of aggregated

chromophore as high as 5%.
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Figure 10. Absorption spectra with DSR1 (a) as a comparison between sodium

laponite (left) and zinc laponite (right) loaded at 0.01% (b), 0.1% (c), 1% (d), 5%

(e), and 10% (f). Note that the zinc films retain the J-aggregate peak structure at

higher dye concentrations than the sodium films.
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Figure 11. Relative intensities of the aggregated dye (540nm) to the bulk dye peak

(490nm) for NaLap () and ZnLap (@). The NaLap reaches a maximum level of
aggregated dye before 0.1% whereas the ZnLap maintains a much higher relative

amount through 5%.
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The analogous spectrum of dye loaded hectorite is impossible to create owing to the
clay’s high absorbance background. However we can still make some determinations
about its maximum sustainable dye loading levels.

Figure 12 clearly show the loss of hectorite crystallinity as a function of dye
concentration. At low dye concentration (0.01% by wt., (a)) the (001) peak of the
hectorite at 12.6 A is very sharp, as the concentration is increased the crystallinity
decreases owing to an initial disruption of the platelet stacking. As the concentration is
increased between 0.1% and 1% the crystallinity remains constant as the surface of the
platelets is filled with dye. At concentrations above 1% dye the clay peak disappears as
the dye occupies a significant portion of the film, hindering the layered structure. Figure
13 is a schematic depicting this disruption of tactoid stacking that occurs with increased
dye loading.

The hectorite forms powders instead of films at concentrations of 5 and 10 w/w% dye
indicating that the maximum hectorite loading level is between 1% and 5% dye; the

maximum loading level for laponite is between 10% and 15%. As the concentration

approaches these levels, control over the humidity and rate of evaporation becomes very

important for the formation of quality films.

The larger crystallite size and flat layering of the hectorite means that it packs more
densely than the ‘porous’ laponite when forming films. The house-of-cards structure of the
laponite provides more available clay surface area for the dye to bind too. This available
space for dye dictates the maximum allowable loading level before phase separation, which
is much lower for the hectorite system than the laponite system. The higher charged cation

(Zn* vs. Na*) allows the laponite to flocculate more and encourages the edge-surface

17
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interactions that lead to more expression of the house-of-cards formation.”'* The increased
aggregated dye fraction for zinc laponite shows that the clay surface plays an integral role

in determining the amount of dye aggregation.

R N -

Degrees 2-Theta

Figure 12. XRD data showing loss of crystallinity of DSR1/ZnHect films as dye
concentration is increased from 0.01% (a), to 0.1% (b), 1% (c), and 10% (d).

(b)

Figure 13. Schematic showing the loss of crystallinity due to increased amounts
of dye in region 3. Low amounts (a) and higher amounts (b).

18
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Nonlinear Optical Properties. Second harmonic generation was used to probe the
nonlinear characteristics of the hybrid films. The polarized Nd:YAG fundamental of
1064 nm was incident upon the sample mounted on a rotating platform. The fiber optic
spectrum analyzer is directly interfaced with a computer that is then used to determine
whether second harmonic (532 nm) light is emitted. The generation of second harmonic
light is strongly angle dependent and should approach its peak at a glancing angle of 90°
to the film normal. The sample was rotated throughout all angles, 0-90° with respect to
the film normal, but no measurable second harmonic light was observed. The detector
was arranged to test for SHG in both reflection™* and transmission.

A possible explanation for the lack of observed signal is that we are working outside
of the peak dye concentration range for SHG, either with too high a dye concentration or
too thick of a film. At very low dye concentration, there is not enough NLO material to
create second harmonic light. With too high a concentration the NCS arrangement of
molecules can be lost. The combination of these effects results in the existence of a
critical dye level for SHG. The dye level for maximum SHG response of a material is not
nezessarily correlated to the maximum dye loading levels of the host, or to the peak
aggregated dye fraction.

For nonlinear optical effects, J type aggregation is generally favored and H type
aggregation is not.”® The m-stacking typically results in a cancellation of molecular
dipoles, destroying the possibility for a net electric field throughout the material. J-Type
aggregation encourages a head-to-tail arrangement of dye molecules that leads to a non-

centrosymmetric arrangement of dipoles resulting in higher x° values for the composite.

19
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The dyes used all have strong absorption in the second harmonic region (532nm).
This also has competing effects on the NLO response. As a result, the molecules are
easily excited electronically which creates a strong SHG response. Unfortunately at high
dye concentration the SHG produced will not escape the material before being absorbed
by other dye molecules. Maximizing the relative loading level for aggregated versus bulk
populations is an important step in the creation of thin NLO composites. The aggregated
dye has a higher possibility for emission of SHG"® rather than absorption because of its

NCS arrangement, whereas the bulk dye exhibits the opposite effect.

Conclusions

We have successfully created new hybrid inorganic-organic composites using
neutral NLO dye molecules with both hectorite and laponite clays. The neutral dyes do
not intercalate into the intergallery region of the clay. Through observations of the
relative intensities of the aggregated and bulk dye spectra, we have determined that both
sodium and zinc laponite have a peak aggregated dye fraction at around 0.1% dye by
weight. The hectorite fraction is undeterminable due to a high background absorption by
the host framework. Zinc laponite’s aggregated fraction is at a slightly higher
concentration than sodium laponite’s, and maintains a significantly higher aggregated
fraction at dye concentrations as high as 5% by weight.

The maximal loading limit of neutral dyes for zinc hectorite is found to be
between 1% and 5% by weight, while for laponite it is between 10% and 15%. Sodium
hectorite does not form stable films. The differences in loading limits and aggregated
fraction are attributed to the exposed clay surface area to the dye. Exposed surface area is

dependant on the charge density of the intergallery cation through effects on the extent of
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clay tactoid flocculation. The smaller Iaponite particles have a higher tendency to
flocculate and form the house-of-cards structure, resulting in the existence of more
surface area for dye aggregation.

The lack of second harmonic generation imply that we do not have a non-

centrosymmetric arrangement of chromophores, or that we are working outside of the

peak SHG dye concentration. J aggregates have been shown to exhibit a strong SHG

response and it is our belief that future work will locate the maximal dye concentrations

needed for observable second harmonic generation.
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