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Four dyes (2-DASPI, 4-DASPI, LDS698, and LDS722) derived from the stilbazolium skeleton have been

intercalated into optically transparent N#uorine mica layers. X-ray diffraction data show that the long axis

of DASPI dyes is aligned parallel to the layer, largely maintaining their solution phase structure. On the other
hand, conformation of LDS dyes appears to be significantly distorted, due to the two-dimensional confinement.
A huge difference in the fluorescence lifetimes between DASPI and LDS dyes in mica was described by the
chromophore molecular structures.

Introduction centrosymmetric, which makes the bulk second nonlinearity
diminish. By employing several processing techniques, non-
centrosymmetric molecular assemblies of the dyes have been
obtained in LB films and in layered inorganic materiafs:3
As a host matrix, Nafluorine mica was chosen in this study

 because it has been known to possess high crystallinity,
controllable composition, and optical transparency in the visible
region? The layered material has the capability of accommodat-

The photophysics and photochemistry of organic compounds
intercalated into layered materials have attracted a lot of recent
attention, owing to their potential application in molecular
electronics or nonlinear optiés? The intercalated compounds
having two-dimensionally confined molecular structures exhibi
many interesting features that do not appear in bulk soldtién.

Large molecules like enzymes or DNA as well as organic dyes

can be accommodated in layered compounds, because of thd"d Positively charged guest compounds by the ion-exchange
large expandability of the interlayer spaca? Among the method. Hemicyanine dyes chosen as the intercalator were

photophysical properties of intercalated compounds, the most2-PASPI (2-[4-(dimethylamino)styryl]-1-methylpyridinium io-
attention has been paid to their steady state absorption, emissiondide), 4-DASPI {rans4-[4-(dimethylamino)styryl]-1-methyl-
yridinium iodide), LDS698 (1-ethyl-2-(4p¢dimethylamino-

and optical nonlinearities. However, studies on the excited stateP / 7O\
dynamics of the intercalated molecules in such a two- phenyl)-l,3-bu_tad|enyl)py_r|d|n|um perchlorate),and LDS72_2_(1'
dimensionally restricted geometry should also be fascinating, €thY!-4-(4-p-dimethylaminophenyl)-1,3-butadienyl)pyridini-
as long as their microstructures are well characterized. um perchlorate). The molecular structures of four dyes are
This work concerns the molecular structure and, if any, shown in Figure 1. 2-DASPI and 4-DASPI are isomers with

internal twisting dynamics of hemicyanine dyes inserted into Tgsn;gtzhylpyrildiniumhgrou_p in diff%renthposritions. LDSGQS;ndbl
the interlayers of Nafluorine mica. Hemicyanine dyes are are also such an isomer, but they have one more double

positively charged molecules, having an amino group in one bond with an ethyl substituent at the pyridinium group, instead

end and alkylpyridinium group in the other end. Photophysical of the methyl. . ) ] ) .
properties of the hemicyanines in homogeneous media are well _ The structure of this paper is organized in the following way.
documented!~15 As an example, it has been reported that the The steady state absorption, emission, and fluorescence lifetimes
fluorescence quantum y|e|d of a hemicyanine dye (4_DASP|) of the dyeS are meaSU.I'ed n ethan0|, and the ex(-.“ted State
is very low in bulk solution, due to the ultrafast twisting process dynamics of four dyes in solution phase are described. The
in the excited staté!12 The molecules possess several internal fluorescence lifetimes of those dyes embedded in PMMA
twisting modes that facilitate the isomerizational reaction upon Polymer and in powder form are also obtained. The X-ray
photoexcitation. Many theoretical and experimental studies Patterns of the intercalated compounds in mica are analyzed in
reveal that the torsion of the aniline moiety is most responsible terms of the molecular structures of the dyes. Finally, the
for the ultrafast nonradiative decay proces<e§.When the fluorescence lifetime data of the dyes in mica are interpreted,
molecules were introduced into various host materials such ason the basis of the host's microstructure and the guest's
amylose, reverse micelle, etc., the fluorescence quantum yie|dsmolecular structure.
of the molecules were increased dramatically, owing to the
slowdown of the internal motio#’ 21 The dyes are also known  Experimental Section
to possess a high value of the molecular hyperpolarizabffity ( ) )
~ 10727 esu), due to the intramolecular charge transfer DASPI dyes were obtained from Aldrich, and LDS dyes were
characte?? Unfortunately, the molecular crystal of the dye is from Exciton. PMMA powders (average molecular weight
120 000) were purchased from Aldrich. N#uorine mica
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Figure 2. Representative decay curves of 4-DASPI in various media
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Flgure 1 Molecular structures of (a) 2-DASPI, (b) 4-DASPI, (c)
LDS698, and (d) LDS722.

spreading monochlorobenzene solutions containing 0.1 g of
hemicyanine dyes and 1.0 g of PMMA onto a glass substrate
using a spin-coater. The films were dried at 2@for a couple
of hours to evaporate solvents. The intercalation compounds
were prepared by the conventional ion-exchange method. Before
the dyes were embedded, mica powder was dried af600
eliminate water contained in the layer. An aqueous suspension
of mica was mixed with an ethanol solution of hemicyanine
dyes, and the mixture was allowed to react at65The amount 0-%00 350 400 450 500 550 600 '650' ~700
of added dyes was 1.5 times of the cation exchange capacity of
mica. After the ion exchange, the products were washed with a
50% ethanol solution. This procedure was repeated three timesFigure 3. Absorption spectra of hemicyanine dyes in ethanol. 2-DASPI
and the product was dried in an oven. 9.1 x 105 M; 4-DASPI 7.1 x 10°® M; LDS698 9.1 x 10°¢ M;
The X-ray powder diffraction (XRD) data of the samples were LDS722 8.2x 10°° M.
collected by using a Phillips PW1830 diffractometer equipped
with Ni-filtered Cu Ko radiation. Diffuse reflectance absorption
spectra were obtained by a Shimadzuth\s—near-IR scan- Photophysics of Hemicyanine Dyes in Solutionln order
ning spectrophotometer (model UV-3101PC). Emission spectrato understand more fully the photophysical properties of the
were recorded by a Photon Technology International fluores- intercalated compounds, studies in solution phase are necessary
cence spectrometer (model 2060A). Fluorescence lifetimes wereas a prerequisite. Figures 3 and 4 show the absorption spectra
measured by the time-correlated single photon counting (TC- and emission spectra of hemicyanine dyes in ethanol, respec-
SPC) method, details of which were described elsewHere. tively. The absorption and emission maxima were shifted to
Briefly, the sample was excited by the second harmonic (523.5 the longer wavelength on the order of 2-DASPHK-DASPI <
nm) from a picosecond Nd:YLF laser. The fluorescence was LDS698 < LDS722. Instead of going into details for steady
collected byf/4 optics and a MCP-PMT (Hamamatsu R3809- state spectroscopic properties, the fluorescence lifetimes for each
07). The instrument response function of the TCSPC system dye were measured because they give direct information on the
was typically 60 ps. The fluorescence signal was detected atexcited state dynamics. Table 1 shows the measured lifetime
the maximum of the emission spectra. Figure 2 shows the data of four dyes in ethanol. Although the decay data of all
fluorescence decay curves of 4-DASPI in various media. Those hemicyanine dyes were arbitrarily fit to a double-exponential
of other dyes were also measured in various media and theform, the fluorescence decay of hemicyanine dyes may be
fluorescence lifetimes were obtained by exponential fitting and nonexponential, as already known for 4-DASPIn this case,
from deconvolution analysis. the average lifetime[z[] is more meaningful, and it is also
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TABLE 2: Fluorescence Decay Data of Hemicyanine Dyes

(a) 2-DASPI in PMMA, Obtained by the Double-Exponential Fit2
---- (b) 4-DASPI EMP(nm) A; 7i(ns) As 12(ns) @E(nS) x2
2 @ (c) LDS698 2-DASPI 577 056 030 044 187 099 218
= N (d) LDS722 4-DASPI 576 051 026 049 203 112 204
3 SN LDS698 605 043 029 057 173 112 177
g Il' \ LDS722 615 0.51 028 048 1.72 0.95 2.05
S ' ,-i “\, a2 The goodness of the fit is indicated by the value of the redgéed
B i 4 b Emission maximum¢ F0= Aty + Agto; Ay + Ay = 1.
S s A
% P A TABLE 3: Fluorescence Decay Data of Hemicyanine Dyes
pe F 'l_‘ in Powder Form, Obtained by the Double-Exponential Fi¢
. ] . \
-% P oy EMP(nm) Ay n(ns) Ay 12(ns) EE(ns) x?
7] Co R |
E i EAY 2-DASPI 651 032 023 068 044 037 155
w S Y 4-DASPI 667 0.88 0.26 0.12 0.44 0.28 2.66
LoD N LDS698 725 0.46 037 054 191 120 1.67
R )\\ RN LDS722 676 049 046 051 1.46 0.97 190
- a s T \.‘- .y . .
'1.—‘—'.';'"1 ) T L e aThe goodness of the fit is indicated by the value of the redyéed
550 600 650 700 750 800 850 b Emission maximum¢ @0= Aqz; + Agto; Ar + Az = 1.
Wavelength(nm)

motion of 4-DASPI in AOT reverse micelles. The rate constant

Figure 4. Emiffi%” spectra of h_emicya”iﬂe dyes in etr?ano!, excited f the internal twisting motion of 4-DASPI increases nonmono-
at 523.5 nm. The dye concentrations are the same as those in Figure 3tonica||y with increasing the micelle size. Although it is

TABLE 1: Fluorescence Decay Data of Hemicyanine Dyes somewhat flexible, the reverse micellar system provides a three-
in Ethanol, Obtained by the Double-Exponential Fif dimensional confinement for molecules in motion.
EME(nm) Ar w(ns) Ar  12(ns) FE(S) 2 We can expect that the large-amplitude motion might be
completely blocked when hemicyanine dyes were embedded

2-DASPI 585 0.68 0.01 0.32 0.06 0.03 201 . - : o .
4-DASPI 606 1.00 0.05 0.05 190 Ina more rigid matrix. In Table 2, the emission maxima of

LDS698 666 030 0.06 070 0.36 027 213 hemicyanine dyes doped in PMMA polymer were shown.
LDS722 689 0.22 0.03 0.78 0.54 0.42 155 Interestingly, they are all blue-shifted from the data in ethanol.
aThe goodness of the fit is indicated by the value of the redyéed This means th_at PMMA ”_"at“x does not allow the photoex_c!te_d
b Emission maximume F0= Aty + Avts: Ay + Ap = 1. molecules emit photons in the relaxed state, due to the rigidity
of the environment. Table 2 also shows the fluorescence lifetime
shown in the table. The lifetime of 4-DASPI in ethanol, being data of four hemicyanine dyes in PMMA matrix. The average
50 ps, was about 5 times slower than that in water. The lifetime lifetimes for each dye were obtained after fitting to a double-
gets 60% longer when the alkyl substituent at the pyridinium exponential form; they all lie in the couple of nanoseconds range.
group is located at the 4- rather than at the 2-position. The dataSince these values approach the radiative lifetimes, there is a
also show that the fluorescence lifetimes of LDS dyes having strong indication that the conformational change does not occur
one more double bond than DASPI are about 1 order longer. in the excited state.

The fluorescence lifetimes of DASPI dyes varied from tens  The fluorescence lifetimes of four dyes were also measured
to 700-800 ps with changing the solvent from ethanol to in powder form. As seen in Table 3, the average lifetimes are
cyclohexanol. This results largely from the solvent viscosity longer than those in ethanol, but shorter than those in PMMA.
change because the viscosity of cyclohexanol is ca. 50 timesThe dye powders may exist as polycrystals or some types of
higher than that of ethanol. For hemicyanine dyes, the major molecular aggregates. In any case, the lifetime data indicate
deactivation of the excited state population is caused by forming that its environmental rigidity is softer than PMMA polymer.
the TICT state, which is nonfluorescing. The internal twisting It is interesting that, in contrast to the solution data, the lifetimes
motion of the aniline moiety leads to the formation of the TICT of 2-DASPI and LDS698 are longer than those of 4-DASPI
state. Therefore, in addition to solvent viscosity, the excited stateand LDS722 in powder form, respectively.
lifetimes of hemicyanine dyes might be influenced by the solvent  X-ray Data of Dye-Intercalated Mica. X-ray diffraction
polarity that alters the excited state potential surface. For patterns of pristine and intercalated compounds were measured
4-DASPI, the influence of solvent polarity on the excited state using the conventional powder method. The diffraction data of
potential surface has been thoroughly investigated by McHale the anhydrous mica, not containing dyes, are shown in Figure
and co-workers, employing computer simulation and spectro- 5a. The X-ray diffraction pattern of N&luorine mica shows
scopic measurement$24 Their results can be generalized to the (00) peak, which arises from two tetrahedral $i€heets
other hemicyanine dyes, in terms of the fluorescence lifetime between which cations are octahedrally coordinatedayered
data: 2-DASPI seems to behave like 4-DASPI, and LDS dyes compounds, the basal spacing, the distance between two layers,
have larger activation energy than DASPI for the TICT state is the most important parameter determining their structures.
formation process. Using Scherrer’s formula, the basal spacing value of 9.6 A was

Excited State Dynamics in PMMA and in Powder.As a obtained for the pristine mica. Figure 5 also shows the mica
series of researches on the internal twisting dynamics of samples intercalated with dye molecules (2-DASPI, 4-DASPI,
hemicyanine dyes, we have previously studied the excited stateLDS698, and LDS722). They all exhibit the sharp diffraction
dynamics of 4-DASPI in reverse micelle systethg-DASPI peaks, ensuring that the intercalation compounds are homoge-
had the longer lifetime when it was solvated by nanometer- neous in structure with good crystallinity. Accommodation of
sized water pools formed in AOT reverse micelles. This has guest molecules into interlayers of mica is accomplished at the
been attributed to the slowdown of the internal twisting expense of the expansion of the basal spacing. The diffraction
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peaks of the intercalated compounds were significantly shifted
from that of the pristine mica. The calculated basal spacing
values of 4-DASPI and LDS722 intercalated compounds are
the exactly same (15.0 A), but 2-DASPI and LDS698 have
different values, being 15.3 and 15.5 A, respectively.

The X-ray diffraction studies give information on the orienta-
tion of the intercalated species as well as the interlayer distance.
The X-ray structure of MPM = Cd, Mn) layered compounds
intercalated by 4-DASPI has been studied by the Clement
group34 An increase b6 A for the basal spacing was observed
after intercalation. They suggested that the long axis of molecule
is aligned parallel to the layer, but two aromatic rings of DASPI
dyes stand nearly perpendicular to the layer. 4-DASPI in mica
is expected to have a similar conformation because our obtained . L . P L . L
value of 5.4 A is in reasonable agreement with their results. 300 400 500 600 700
Compared with 4-DASPI, the basal spacing of 2-DASPI- Wavelength(nm)
intercalated compounds is 0.3 A longer. This can be understoodFigure 7. Absorption spectra of hemicyanine dyes intercalated into
considering the substitution position of the methyl group. The mica.

schematic diagram for DASPI intercalation compounds are shown in Figure 7. As known previously, absorption spectra of
drawn in Figure 6. hemicyanine dyes critically depend on the environment. The
Itis unusual that the basal spacing of LDS722 is exactly the four hemicyanine dyes used in this study are all pyshill type
same as that of 4-DASPI because LDS722 has one more doublénolecules, having the electron donerN(CHz),, on one end,
bond. If all-trans LDS722 dyes maintain the solution phase and the electron acceptorNR,t (R = methyl, ethyl), on the
structure in mica, the length of the short axis of all-trans LDS other end. Because of their strong charge transfer character, the
dyes should be longer by 1.4 A, compared to DASPI. Since absorption spectra are influenced by medium polarity, as seen
the basal spacing of LDS722 intercalation compounds is similar in the solution phase. When they are intercalated inte- Na
to that of DASPI, the conformation should be different from fluorine mica, deformation of the charge transfer band was
the stable equilibrium structure in the solution phase. One observed. The absorption peaks of four dyes are located in the
interpretation is that LDS722 should be distorted as intercalatedrange of 406-450 nm. These peaks are significantly blue-
into the mica layer. The same notion can be applied to the caseshifted, as compared to ethanol solution data. The peak positions
of LDS698. The reason why the basal spacing value of LDS698 are rather similar to those in aqueous solution. In addition,
is 0.5 A longer than that of LDS722 is that the ethyl substituent hemicyanine dyes in mica present a new broad band ir-500
is located at the ortho position rather than para. 650 nm with respect to the bulk solution. In solution, the peaks
Photophysics of Hemicyanine Dyes in MicaAbsorptions of the absorption spectra of LDS dyes occur at the longer
of four hemicyanine dyes intercalated in Ndguorine mica are wavelength, compared with DASPI. The similarity of absorption

Absorbance (arb.units)
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Figure 8. Emission spectra of hemicyanine dyes intercalated into mica.
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TABLE 4: Fluorescence Decay Data of Hemicyanine Dyes
in Mica, Obtained by the Double-Exponential Fit

EMP(nm) A 7i(ns) Ay 12(ns) @OE(ns) 2
2-DASPI 681 0.33 0.33 0.67 2.99 211 245
4-DASPI 706 046 045 054 1.75 1.15 2.00
LDS698 707 0.79 0.05 0.21 0.20 0.08 1.41
LDS722 727 0.88 0.02 0.12 0.13 0.03 1.57

2 The goodness of the fit is indicated by the value of the redyéed
b Emission maximum¢ @0= Air1 + Aotz A + Ax = 1.

spectra between DASPI and LDS dyes indicates that LDS dyes

are distorted in mica, causing the effectizeconjugation to

decrease. The broad absorption band occurring at the longe

r
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lifetimes are even shorter than those in ethanol. It cannot be
explained by aggregate formation because LDS dye powder
shows a long (ca. 1 ns) lifetime. In principle, the eiymica
interaction should contribute to the lifetime reduction to some
extent, but, as seen in DASPI, it appeared to be negligible. We
think that the lifetime shortening arises from the significant
distortion of LDS dyes in mica layers. In comparison with
DASPI, the geometrical change of LDS dyes in mica has been
verified by X-ray diffraction data. Twisting of the aniline moiety
cannot occur in mica, owing to the geometrical constraint.
Therefore, it is possible that LDS dyes may exist as a cis-like
structure that fluoresces weakly, due to a fast nonradiative decay
process. However, to explain our observations precisely, further
spectroscopic information is necessary. Probably, as already
performed by McHale and co-workers in the case of solution
phase hemicyanine dy&sa resonance Raman study for the
intercalation compounds may identify the molecular structures
of the dye molecules in mica.

Conclusion

Picosecond lifetime measurements showed that four hemi-
cyanine dyes (2-DASPI, 4-DASPI, LDS698, and LDS722) in
solution undergo fast twisting motion in the excited state. When
DASPI dyes were intercalated into N8uorine mica, their
fluorescence lifetimes were increased, owing to the slowdown
of the twisting motion of DASPI dyes in the restricted geometry.
In contrast, it was observed that the fluorescence lifetimes of
LDS dyes were shortened to a large extent by intercalation. It
can be concluded that DASPI dyes in mica maintain their
solution phase structures, while conformations of LDS dyes are
significantly distorted from the stable forms, as intercalated into
the mica layers.
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