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Uni-Directional Orientation of Cyanine Dye
Aggregates on a KNbeO17 Single Crystal: Toward
Novel Supramolecular Assemblies with
Three-Dimensional Anisotropy
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Figure 1. (a) The surface structure of4KbsO17 cleaved from interlayer
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. Figure 2. Experimental setup for polarized absorption spectroscopic
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Organized molecular assemblies with defined geometry are of 3 2:0 2%313 E re
great interest from scientific and technological viewpoints. Such § 5509 2c
systems have been constructed by “crystal engineering” through ] ! %% w0 o g “
molecular desighas well as by immobilization of molecular 2 ! § e
components on matrices. Immobilization of an organic molecule 05 I S g s
within low-dimensional inorganic framework is a promising ‘::: R
methodology>™* Among possible inorganic matrices, layered 0 ) . , £ e
materials are advantageous to fabricate multilayered structures, 400 500 600 700 800  :transition dipole
“intercalation compounds”, with expandable interlayer distance. Wavelength / nm

Oriented thin films of layered materials were constructed to exploit Figure 3. Polarized absorption (solid lines) and fluorescence (dotted

the anisotropic nature and to use the intercalation compounds asines) spectra ofdye-1 adsorbed on KNbsO:7. The inset represents

optical and electronic devicés’ However, there remains dif-  normalized variation of oscillator strength at The solid line is the

ficulty to control in-plane orientation of the components. theoretical curve. Orientation of the transition dipole of the dye on
Here we take advantage of the in-plane anisotropy of KaNbeO;7is shown beside the spectra.

K4NbsO;2710 (Figure 1a) to construct supramolecular structures ) )

with three-dimensional anisotropy. Cyanine dyes (Scheme 1) wereScheme 1.Dyes Used in This Study

adsorbed on single crystals of¥bsO,7, and the orientations of 2 =

the dyes were revealed by polarized spectra (Figure 2). Cyanine O PYUPAY |

dyes were used as a probe to examine the orientation and the N+ 5 N

aggregation, since the dyes form low-dimensional aggregates Et Et

whose arrangements, for example J-, H-, and herringbone n=01,2frdyet, 2,3 Ft=ethy

aggregates, and orientations are identified by polarizee-u¥ 1b). The crystals were allowed to react with solutions of the dyes

speptral. (water or 1:1 mixture of water and ethanol) for several days at
Single crystals OJ BNbsO,7 were grown by a flux-method  gg o and were subsequently washed with acetone or ethanol.

reported previousl§® The crystal was cleaved along theplane — Ahough many cracks stemmed on the crystals after the reactions,

a;]nd cut al?nga- antljc-gée%inrt]o prllatilike rec]:[anglélair solidsl,:\_/vith the rectangular shapes of the host crystals were retained so that
the size of several mfrand the thickness of ca. 0.1 mm (Figure ¢y staji0graphic directions were refined by XRD analysis from

(1) Desiraju, G. RChem. Commuri997, 1475. two orthogonal edges.

(2) Ozin, G. A.Adv. Mater. 1992 4, 612. The polarized absorption spectradyle-1adsorbed on NbsO;;

gg Qoawa, \’;{lll;:gléirgr?gélggzezrgéi?t}%6l.ggs 95, 399. are shown in Figure 3, whererepresents the angle between the

(5) Ogawa, M.; Takahashi, M.; Kuroda, IChem. Mater.1994 6, 715. polarization direction and theaxis of the crystal. The absorption

(6) Abe, R.; Hara, M.; Kondo, J. N.; Domen, KChem. Mater1998 10, bands were centered at around 580 nm, which is red-shifted from
16‘(‘77)- Fang, M.: Kim, C. H.; Saupe, G. B.; Kim, H.-\.; Waraksa, C. C.. Mwa, _that of the monomer band at 525 nm observed in a dilute aqueous
T.; Fujishima, A.; Mallouk, T. EChem. Mater1999 11, 1526. Kim, H.-N.; solution ofdye-1 In the fluorescence spectra (Figure 3, dotted
Eﬁ]lqlefH SNW’\-/;IaI\IfglIJIQU$, E JE-gge%hggtegég%g fﬁélgéf;eller, S. W, line), the fluorescence bands were centered at 595 nm. The

(8) Gasperin, M.. Bihan, M. T. L. Solid State Chen982 43, 346. spectroscopic observations indicate ti-1form J-aggregates.

(9) Nassau, K.; Shiever, J. W.: Bernstein, JILElectrochem. S04.969 The monomer bands were absent in the spectra, indicating that
116, 348. most ofdye-1 were present a3-aggregates.

(10) Saupe, G. B.; Waraksa, C. C.; Kim, H.-N.; Han, Y. J.; Kaschk, D. i i ; i
M.: SKinner. D. M.: Mallouk. T. EChem. Mater2000 12 1556, The abgorbance and the fluorescence intensity varleq depending
on a, while the wavelengths of the absorption maxima were

(11) Kobayashi, TJ-aggregatesWorld Scientific Publishing: Singapore, J
1996. almost constant. The oscillator strengthodf,) was calculated
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by integrating the polarized spectrum atover energy after
removing background. Normalized variationfevith o is shown

in the inset of Figure 3. Supposing that the dipoles of the
J-aggregate were preferentially oriented alomg= 90, f, is
expressed by, = (foo — fo) sirfa + fo. The plot in Figure 3
coincided with the theoretical curve (solid line in the figure). The
dipoles of theJ-aggregates is parallel to the long axis of the dye
cations!? Thus, it was revealed that the dipoles of fhaggregates
and the long axis of the dye cations were oriented preferentially,
although not perfectly, along tteeaxis of NxO,*~ sheets (Figure

3). The difference of the fluorescence intensitiestat 0 anda

= 90 was smaller than the difference in the absorbance. This
incompatibility is due to (1) the difference in the experimental

setup and (2) the more complicated process for fluorescence. The

present system with well-defined geometry is preferable for

detailed studies on photophysics of dye aggregates using polarized

light.*3
It seems that the dye aggregates not only on the external

surfaces but also in the interlayer spaces, although no remarkable

change was found in the XRD patterns after the reactions in any
present samples. We have reported the formation of dye ag-
gregates in the interlayer spaces of cléy&dsorption of the dye

aggregate in the interlayer spaces in the present system is plausibl

K4NbsO;7 was reacted with the dyfeand (2) every piece obtained
by slicing the colored samples alorag-plane, was similarly
colored.

The adsorbed amount of dye-1 was roughly estimated from
the absorbance in the UWis spectra A = up to 2), molar
extinction coefficient of thel-aggregated = 2.6 x 10* mol!
m?),*2 the volume per 1 mol of WNbgO;7 (V = 2.5 x 1074 m?
mol~1)1° and the thickness of the sample ca. 1 x 1074 m).

The amount £VA/¢/L) was estimated to be up to 8 104
molecules per the unit cell of /lbsO;7. Because the amount is
so small and the PICBr salt on the surface was washed off, it is
plausible that the dye cations were adsorbed as a monolayer o
the niobate sheet, rather than as PICBr salt. Optical microscopic
observation showed that the dye adsorption proceeded from edge
and cracks so that the adsorption was inhomogeneous.

Anisotropic absorption spectra were also observed vdyer?
and dye-3 were employed. The polarized spectra of thee-2
system are shown in Figure 4a. &t= 0, the absorption bands
were observed at 648 and 604 nm. These bands were red-shifte
relative to the monomer band (600 nm). &&= 90, these bands
were replaced by a new band at 502 nm.

The polarized spectra of tliye-3system are shown in Figure
4b. It is remarkable that the orientation direction in thege-3
system is rotated by 9@ompared to thelye-2 system, although
the spectra resemble to those of thge-2 system. Ata. = 90,
the absorption band was observed at 835 nm, which was red-
shifted from the monomer band of this dye (700 nm). &s

decreases, this band gradually disappeared and a blue-shifted bang),

emerged at 618 nm.

Possible interpretation for the spectra is the formation of
herringbone-type aggregates with the stacking column direction
parallel to thea- and c-axes for dye-2 and dye-3, respectively.
On the basis of extended molecular exciton theory, herringbone-
type aggregates show so-called “Davydov splittitf!” This is
identified by the absorption bands which are red- and blue-shifted
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®igure 4. Polarized absorption spectra of (a) dye-2 and (b) dye-3
since (1) the basal spacing was expanded when microcrystalline g P P (a) dy (b) dy

adsorbed on KNbsO17. Orientations of the transition dipoles of the dyes
on K4NbgO;7 are shown beside the spectra. The spectra (b) were obtained
after smoothing calculation.
relative to a monomer band and are polarized perpendicularly to
each other, as observed in the present dye-2 and dye-3 systems.
The dichroism (red/colorless, blue/red, and green/colorless for
dye-1, dye-2 and dye-3 respectively) of the samples were
observed by naked-eyes under polarized illuminations. Together
with the spectroscopic results, it was evident that the aggregates
of the cyanine dyes were oriented along crystallographic axes of
K4NbgO;7 over the whole crystal domain.
K4NbeO;7 have an anisotropic surface (Figure 1a) with regularly

narranged NbO groups which can act as cation-exchange sites.

The electrostatic interactions between the anionic sites and the

?)ositive charges on the dye cations should be responsible to the

uni-directional orientation of the dye aggregates. Although the
mechanism may be similar to those claimed in the reports on
epitaxial growth of dye aggregates on AgBand mica'® the
urface of KNbgO;7 is 1-fold symmetric and anionic unlike those
ases. It is possible that the periodic distance of the anionic sites
matched (1) with the distance between the localized positive
charges on the odd methin carbon of the dye cati&or (2)

with the distance between adjacent dyes induced by cooperation
of adsorption with aggregation since the microstructures of the
aggregates are strongly directed by ¢gge interaction. Sys-
tematic studies with various guests and hosts and detailed
spectroscopic characterization will clarify the mechanism further.
Optical properties of dye aggregates are of great interest as
odel systems of low-dimensional excitons, which bring about
useful optical properties:?>The present success in uni-directional
control of the dye orientation inside the matrix may lead to future
three-dimensional supramolecular devices.
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