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Abstract: Silicalite-1 films (thickness = 400 nm) supported on both sides of glass plates (SL/G) were
prepared, and hemicyanine dyes (HC-n) with different alkyl chain lengths (n, n = 3, 6, 9, 12, 15, 18, 22,
and 24) were included into the silicalite-1 films by dipping SL/Gs into each methanol solution of HC-n (1
mM) for 1 d. The included numbers of HC-n per channel (Nc) generally decreased with increasing n; that
is, they were 6.4, 23.1, 15.4, 8.2, 5.7, 3.5, 0.9, and 1.2 molecules per channel, respectively. The ds; value
gradually increased with increasing n but decreased when n > 18; that is, they were 1.12, 0.50, 2.25, 3.59,
4.99, 5.30, 1.71, and 2.57 pm V1, respectively. However, dss/Nc progressively increased with increasing
n. The ds; values were ~100 times smaller than the corresponding ds; values, and the average dss/ds;
ratio was 109, which is higher than those of Langmuir—Blodgett (LB) films and poled polymers of nonlinear
optical (NLO) dyes, by ~2—5 and ~30—50 times, respectively. The estimated average tilted angle of the
dyes with respect to the channel direction was 7.7°, and the calculated average order parameter was 0.97,
which is ~480 times higher than the values observed from poled polymers. The degree of uniform alignment
(DUA) generally increased with increasing n. The progressive increase of both DUA and dss/Nc with n is
attributed to the increase in the tendency of HC-n to enter hydrophobic silicalite-1 channels with the
hydrophobic alkyl chain first. A more than 134-fold increase in DUA was observed upon increasing n from
6 to 24. The DUA of HC-24 in the silicalite-1 film reached close to 1. Although the observed ds; values
were lower than those of the LB films of NLO dyes due to very small dye densities of the silicalite films, this
methodology bears a great potential to be developed into the methods for preparing practically viable NLO
films.

Introduction supported on optically transparent substrates. However, the
disadvantages associated with the organic thin films of NLO

dyes? have triggered scientists to search for other novel

conceptual approaches in the use of the dipolar NLO dyes.

Although there are a large variety of dipolar organic nonlinear
optical (NLO) dyes with high second-order hyperpolarizability
constantsf values), most of their crystals are inactive for optical
second harmonic generation (SHG) due to the strong tendency -
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Along this line, zeolites and the related nanoporous materials to be SHG active, however, aging of the composite under humid
have been examined as the hosts for aligned inclusion of organicair for several weeks was necessary, indicating the requirement

dipolar NLO dyes to explore novel organimorganic composite

of the water-assisted secondary reorganization of the included

SHG materiald4-22 Thus, Stucky and co-workers first reported PNA molecules to give rise to a net bulk dipole moment.

that para-nitroaniline (PNA), 2-methyl-4-nitroaniline (MNA),

Thus, the previous pioneering works have demonstrated the

2-amino-4-nitropyridine, and the analogous compounds readily potential of zeolites and the related nanoporous materials to be

enter the straight channels of AIRG [a noncentrosymmetric

developed into versatile inorganic hosts for preparation of

(P6cc) zeolite analogue having one-dimensional channels with practically viable organieinorganic composite SHG materials.

a diameter of 0.8 nm], and the dye-incorporating AP

However, despite the fact that there are a large variety of dipolar

powders generate second harmonic (SH) with the intensity far organic NLO dyes with much highét values ¢500 x 10730

exceeding that of quartz powdérst>

esu), the previous studies have been limited to PNA and the

Subsequent studies by Marlow, Caro, and their co-workers analogous NLO dyes with relatively lofwvalues Gpna = (34.5

revealed that the SHG activity of the PNA-including AlIR®

+ 4) x 1073 esu$3?4 and with two distinctively different

crystals arose as a result of the spontaneous inclusion of PNAterminals, to one of which the aforementioned AP Sb-

into the channels of AIP$5 with the nitro group first caused
by the intrinsically higher affinity of the AIP@5 channels to

the nitro than to the amino grodp.Because the sizes of the
crystals far exceeded (such as 18@) the wavelength of the
incident laser beam (1.064m), the polarization reversal that

SL, and ZSM-5 channels happened to show a higher intrinsic
preference. Furthermore, the examined zeolite forms have been
limited to powders and very small single crystals that bear no
practical applicability. It is therefore necessary to develop
methods for including dipolar NLO dyes with highgvalues

occurred at the center of each crystal did not affect the overall into the zeolites in uniform orientations so that the previous

SHG activities of the dye-loaded AIRG crystals. They also
found that the AIP@5 crystals loaded with 4-nitrbkN-dimethyl-
aniline!” or (dimethylamino)benzonitrifé are active for SHG.
The MFI-type structures such as ZSNR&And Sb-incorporat-
ing silicalite-1 (Sh-SL3° [centrosymmetric Pnmg zeolites

pioneering efforts can bear fruit. Also, for practical viability,
efforts should be directed at utilizing uniformly aligned zeolite
films as hosts for the aligned inclusion of NLO dyes rather than
small crystals and powders.

We now report a method for incorporating hemicyanine (HC)

having a three-dimensional channel system consisting of straight(8 = 770 x 10-%° esu) with theN-alkyl pyridinium side first
0.54 x 0.56 nm channels in one direction and sinusoidal 0.51 into the channels of uniformly aligned silicalite-1 films and that
x 0.54 nm channels in the other direction perpendicular to the the HC-loaded silicalite-1 films show high SHG activities.

straight channels] have also been shown to be SHG active upo
PNA loading. However, in the case of Sb-SL loaded with PNA,

r.'Experimental Section

the SHG activity disappeared after several exposures to incident \We prepared silicalite-1 films supported on both sides of glass plates
laser beams. Unlike ZSM-5 and Sb-SL which contain Al and (SL/G) and a series of HCs with different alkyl chain lengths (RC-

Sh, respectively, in the framework, the closely related pure silica "

ZSM-12 [a centrosymmetricQ2/c) silica zeolite having one-
dimensional channels with a diameter of 0.66).59 nm] did
not show any SHG activity even after inclusion of PRIRNA-

loaded MCM-41 (an amorphous silica having a hexagonal array

of channels with a diameter o8 nm) also showed a SHG

activity that was comparable to that of potassium dihydrogen

phosphate (KDP) powders whoslg; (a tensor component of
the quadratic nonlinear susceptibility)i8 pm V-1.22 For them

(13) (a) Saadeh, H.; Yu, D.; Wang, L. M.; Yu, L. P. Mater. Chem1999 9,
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(16) Marlow, F.; Wibbenhorst, M.; Caro, J. Phys. Cheml994 98, 12315~
12319.

(17) Caro, J.; Marlow, F.; Hoffmann, K.; Striebel, C.; Kornatowski, J.; Girnus,

I.; Noack, M.; Kdsch, P.Prog. Zeolite Microporous Materl997, 105,
2171-2178.

(18) Marlow, F.; Caro, J.; Werner, L.; Kornatowski, J:;live, SJ. Phys. Chem
1993 97, 11286-11290.

(19) Werner, L.; Caro, J.; Finger, G.; KornatowskiZ&olites1992 12, 658—
663.

(20) Reck, G.; Marlow, F.; Kornatowski, J.; Hill, W.; Caro,J.Phys. Chem.
1996 100, 1698-1704.

(21) Kinski, I.; Daniels, P.; Deroche, C.; Marler, B.; Gies, Microporous
Mesoporous Mater2002 56, 11—25.
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=3,6,9,12, 15, 18, 22, and 24), on the basis of the hypothesis that
slim, dipolar NLO dyes having a long hydrophobic tail will enter
hydrophobic zeolite channels with the tail part first, leading to aligned
inclusion of the NLO dyes into the channels.

AN
N

Br'
HC-n
n=3,6,9,12,15, 18, 22, and 24

Subsequently, we incorporated the HCdyes into SL/Gs and
investigated the effects @fon the included amounts of HE each
channel of SL/G, on the optical SH intensity,f) of the resulting HC-
n-including SL/G (HCn-SL/G), and on the two tensor components of
the quadratic nonlinear susceptibilitys; and ds3, which were deter-
mined by Maker’s fringe metho#.The reason for choosing silicalite-1
films despite the fact that pure silica zeolites have never been employed
as the hosts for aligned inclusion of NLO dyes is because they readily
grow on glass with the straight channdisais) orienting perpendicular
to the glass plane and the channels are very hydrophobic. The measured
ds3 values were then compared with the maximum theoretical values.
For the above, we also independently measured the absorption
maximums £may), the molar extinction coefficients), andf values
of HC-n dyes Buc-n)-

(23) Clays, K.; Persoons, A&hys. Re. Lett 1991 66, 2980-2983.

(24) Stdelin, M.; Burland, D. M.; Rice, J. EChem. Phys. Lettl992 191,
245-250.

(25) (a) Maker, P. D.; Terhune, R. W.; Nisenoff, M.; Savage, CPHys. Re.
Lett. 1962 8, 21—22. (b) Herman, W. N.; Hayden, L. M. Opt. Soc. Am.
B 1995 12, 416—-427.
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Materials. A series ofn-alkyl bromides (GHzn+1Br) were purchased
from TCI (n= 3, 6, 9, 12, 15, and 18) and Aldrich & 22) and were 0.
used as received. 1-Tetracosyl bromideCgHadBr) was prepared from
the corresponding alcohol (Aldrich) according to the following
procedure. Triphenylphosphine (95 mg, 0.36 mmol) and carbontetra-
bromide (120 mg, 0.36 mmol) were sequentially introduced into a
dichloromethane solution (50 mL) dissolved with 1-tetracosanol (60 0.1
mg, 0.17 mmol), and the mixture was stirred at room temperature for
12 h. The solvent_ was the_n removed by evacua_tion, _and the produced 00 oo p Po000000%°
1-tetracosyl bromide was isolated from the reaction mixture by column ) ) . . .
chromatography. 4-[4-(Dimethylamino)styryl]pyridin (Aldrich), tetra- 528 530 532 534 536 538
ethyl orthosilicate (TEOS, Acros), sodium aluminate (NaAlRanto),
and tetrapropylammonium hydroxide (TPAOH, Aldrich) were pur-
chased and used as receivedOctadecane and-heptadecane were
purchased from PolyScience Corp. and used as such. 4-Nitroaniline
was purchased from Aldrich and used as such.

Preparation of 4-{4-(Dimethylamino)styryl]-1-n-alkylpyridinium
Bromide (HC-n). The HCn dyes were prepared by refluxing the
acetonitrile solution (25 mL) of 4-[4-(dimethylamino)styryl]pyridin (1
mmol) and the corresponding 1-bromoalkane (1 mmol) for varying
periods of time until the initially colorless solution turned dark red ) .
(for instance, it required 6 days for HC-18). The solvent from each 300 400 500 600
reaction mixture was removed under vacuum. Ethyl acetate (100 mL)
was introduced into the reaction flask containing the crude products, 6r C.HC-22
and the heterogeneous mixture was poured on top of a silica gel column. &
To remove nonreacted starting compounds, copious amounts of ethyl
acetate were passed through the column until pure ethyl acetate was
collected from the column. The residual red salt was separated from
silica gel by passing copious amounts of methanol through the column,
and by collecting the red methanol solution. The red product was
isolated by evaporation of methanol. The product was redissolved into
a minimum amount of methanol, and ether was added into the solution 2 . ) . . .
until the solution became cloudy. Upon keeping the cloudy solution at 528 530 532 534 536 538
—20°C overnight, microcrystals of H@-precipitated at the bottom of Wavelength (nm)
the glass container, and they were collected by filtration. The yie]ds igure 1. The HRS signal of the methanol solution of PNA (0.9 mM)
were generally over 60%. Results of elemental analyses, matrix-assisteqa) ‘the photoluminescence spectrum of the methanol solution of HC-18
laser desorption ionization time-of-flight (MALDI-TOF) mass spectral (), and the HRS signal of the methanol solution of HC-22 (0.3 mM)
data,'H and**C NMR spectra, and Fourier transform infrared (FT-IR)  overlapping with the upper edge of the intense photoluminescence envelope

(95)

- A.PNA
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spectra are listed in the Supporting Information (Tables -S#hnd (C), arising from irradiation of each sample with 1064-nm laser pulses.
Figure SI-1). The above analytical results unambiguously confirmed o o
the identities of HOa dyes synthesized in this report. SH radiation and subsequently led to a photomultiplier tube (PMT).

Figure 1A shows the HRS signal of PNA. The HiGdyes produced
very intense photoluminescence with the maximum-800 nm due
spectra of HOA solutions were recorded using a matched pair of quartz to r_nultlph0t0n a_bso_rptlon of the incident beam by the iGyes as

. . typically shown in Figure 1B for the case of HC-18. As a result, the
cuvettes with optical path lengths of 1 cm. The absorbance values of : .

- . HRS signals from HGt dyes overlapped with the upper edge of an
the 0.02-mM solutions fell between 0.8 and 1. For eachrHlution, . . S
intense photoluminescence envelope as shown in Figure 1C. Accord-

the above measurement was repeated three times to deduce an avera egly, only the SH signals were extracted from the backgrounds by
value of lmax @ande, respectively.

. ) deconvolution.

Measurement offiic—n by Hyper Rayleigh Scatter_lng (HR$).The Preparation of Silicalite-1 Films. The growth of ZSM-5 and
Pric-n vglues fprn = 6, 12, and 22_Were determined ';d'reCtly by silicalite-1 films on porous substrates such as porous stainless steel,
comparison with that of PNAfena = (34.5+ 4) x 107 esu, in porous alumina, and porous Vycor glass disk and on nonporous
methanol at 1064 nm), which has been measured most refiaily.

. ; " ) o substrates such as Teflon, silver, and silicon is well documefitdt
For this, the intensities of the incoherent SH radlat_ldgLs) (f HC-n _ therefore grew silicalite-1 and ZSM-5 films on flat glass by modification
(n=6, 12, and 22) and PNA were measured at various concentrations

of the procedures and compositions of the synthesis gels described in
between 0.1 and 0.5 mM for HB-and between 0.1 and 30 mM for

. . the literature. For comparison, we also grew ZSM-5 films with several
PNA. The experimental setup is as follows. A rectangular quartz cuvette yittarent Si/Al ratios on glass plates

(path length= 1 cm) containing a methanol solution of a NLO dye
was placed along the beam path of a mode-locked Nd:YAG laser beam(26) (a) Auerbach, S. M., Carrado, K. A., Dutta, P. K., Bdandbook of Zeolite

Measurements ofimax and € of the Visible Band of HC-n. A series
of 0.1 mM methanol solutions of H@-were prepared. The UWis

(1064 nm, 10-Hz repetition rate, 40-ps pulse width with the intensity Sg_lffzjcg and,TZCh_rFolomflarC?\}I EES)H;ET: weVBquk,MZOé)&GChaFteré7R
) : . edite y Nalr, S., Isapatsis, . an, Y.; Davis, M. E.; Gavalas, G. R.
of lin) 40 cm away from a focusing lens with the focal length of 50 Ind. Eng. Chem. Re€995 34 1652-1661. (c) Hedlund, J.: Mintova, S..
cm. The cuvette was carefully positioned so that the beam can pass  Sterte, J.Microporous Mesoporous Materl999 28, 185-194. (d)
i i e ; Tsikoyiannis, J. G.; Hagg, W. Qeolites1992 12, 126-130. (e) den Exter,
through the rightmost end of its front face to minimize absoer_on of M. 3.0 van Bekkum. H. V.. Riin. C. J. M- Kapteijn, F.. Moulijn, J. A.:
the generated SH wave (532 nm) by the H@yes whose absorption Schellevis, H.; Beenakker, C. |. Neolites1997, 19, 13—20. (f) Wang,

tails exceed 532 nm. The scattered incoherent SH radiation was % Yatn,. Y. MCgﬁm. Mw?t?r 2?8&9113,1 181705_1*817157(-h§g')4 XOIE”IerLiIakiS\,( (3

. . . . sapatsis, MChem. Mater , . a, K.; Lee, Y.-J.;
collected with a lens facing the right-hand side of the cuvette, and the Chun, Y. S.; Park, Y. S.; Lee, G. S.; Yoon, K. Bdv. Mater. 2001, 13,
collected beam was passed through a monochromator to select only ~ 594-596.
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The growth of continuous silicalite-1 films on the glass plates was deionized water) were sequentially introduced into a 100-mL plastic

carried out by immersing five glass plates (2570 x 1 mn¥) into the beaker. After the beaker was swirled for 5 min, the solution was
synthesis gel consisting of TEOS, TPAOH, and water in the mole ratio neutralized by adding agueous NaOH solution (10 mL, 5 M). Methanol
of 0.8:0.1:50, followed by heating at 14C for 5 h in aTeflon-lined (80 mL) was subsequently added to the solution, and the clean

autoclave. The synthesis gel was prepared by introducing TEOS (28.3supernatant solution was collected by centrifugation. Independently, a
g) into a plastic beaker containing a TPAOH solution (150 mL, 0.11 stock solution of HGa in methanol was prepared by dissolving a known
M) with vigorous stirring. The gel was aged at room temperature for amount of HCa (20—100 «g) in methanol (10 mL). An aliquot (1

12 h with vigorous stirring and was transferred to a Teflon-lined mL) of the stock solution of HGrwas added into 100 mL of the above
autoclave before immersion of glass plates. The obtained SL/Gs weresimulated solution, and the absorbance of the mixed solution was
thoroughly washed with copious amounts of water and dried in the recorded. More aliquots were added into the simulated solution until
atmosphere at room temperature. The resulting SL/Gs were cut into the absorbance of the final solution became close to the one obtained
four pieces with the size 625 x 18 x 1 mn®, and they were calcined ~ from the HC# solution extracted from H@-SL/G. We also extracted

at 450°C for 12 h to remove TPA template prior to inclusion of NLO ~ HC-22 from five HC-22-SL/Gs to increase the absorbance of the
dyes. The thickness of each silicalite-1 film was monitored by taking extracted solution as a means to increase accuracy in the quantitative
the scanning electron microscope (SEM) images of the cross sections.analysis.

Films with higher thickness>(~1 um) were also prepared either by In estimating the degree of coverage of silicalite-1 film, the areas
increasing the immersion time in the synthesis gel or by re-immersing occupied by the empty spots and those covered-byiented twined

the glass plates coated with zeolite films into a fresh gel for a desired crystals (the twined crystals whoseaxis are oriented perpendicular
length of time. to the underlying basal crystal faces) were deducted from the total area.

ZSM-5 films with several different Si/Al ratios (50, 25, and 17) were 110S€ areas covered by second layers of silicalite-1 crystals were
also grown on glass plates by modification of the gel compositions. regarded as a single layer on the basis of the assum_ptlon that the
The gel compositions were TEOS:NaADPAOH:H,0 = 7:0.14:1: channels in the upper and the bottom crystals are not aligned, and, as
300, 7:0.28:1:300, and 7:0.42:1:300, respectively. The aging period and® result, inclusion of HGy molecules is limited to the channels in the
reaction temperature were fixed te 15 h and 180°C, respectively, upper layers. For the above, a SEM image with a size ok 22 um?
and the reaction periods were 4, 4.3, and 5 h, respectively. The Si/Al taken at a magnification of 4000 was photocopied onto a piece of paper

ratios of the ZSM-5 films were determined with energy-dispersive X-ray so that the area of the SEM if“age begamex321 cn, and the area
analysis (EDX) of the films. covered by empty spots amebriented twined crystals was cut off using

. . . . a sharp knife. By comparing the initial and final weights of the paper,
Zéncltsmn of'HC-n |nt9 _SL/G anthSl\/Il-S ||:|Ir_ns. Irf]tg_f(feach VII:IC the percentage of the area occupied bylihwiented silicalite-1 film
(1 mL iapﬁ:'ty) con?cljnlgg a mLe/t ano ZO#UOD IO ! kerent " (the film whoseb-axis is oriented perpendicular to the glass substrate)
(10 mL, 1 mM) were added two SL/Gs, and the vial was kept at room ¢ geqyced. The average percentage was deduced by repeating the
temperature for a desired period of time such as 1 day, 1 week, or 3

- : . above procedure for three different spots in a silicalite-1 film.
weeks. After equilibration, the SL-Gs were removed from the solution, Subsequently, given that the unit cell dimension of (010) plane is 2.007

washed with copious amounts of fresh methanol, and dried in the air. | 1.342 nnd and each unit cell contains two straight chanfiékie
For comparison of the SHG activities, SL/Gs from the same batch were ||\ mper of straight channels in each SL/G was deduced by dividing

used so that the characteristic factors oflthe fi.lm,.suc.h as the t.hickn.ess,the area of each SL/G-@5 x 18 mn?) by 2.007 x 1.342 nmd and

the degree of the coverage of the glass with silicalite film, the orientation taking into account the fact that a SL/G has two films.

of the film, and the morphology of the film, were as similar as possible. Measurement of SH Intensity of HCN-SL/G (I2,) Relative to
o

Furthermore, we took out a small portion from each SL/G and analyzed 11 .+ of Quartz (I2. (quartz)). As an index matching fluid, a drop of
the characteristic factors of the films with SEM to ensure that the above dimethylsulfoxide (DMSO) was dropped onto each side of afHC-

factors are ind.eed _simi_lar from_ one sample to another and to discard SL/G, respectively, and each side of the HGL/G was covered with
any SL/Gs having significantly different factors from the average values. a clean bare glass plate (2518 x 1 mn¥). This was necessary to
Similarly, HC-18 was included into ZSM-5 films with Si/Al ratios  avoid scattering of the incident laser beam caused by the irregular
of 50 and 25, respectively. Because of the poor film condition of ZSM-5  thickness of the silicalite-1 films. A reference channel consisting of a
films with a Si/Al ratio of 17, inclusion of HC-18 into the films was  beam splitter and a photodiode was used to compensate for the intensity
not carried out. fluctuations of the fundamental beam (1064 nm). The polarity of the
Quantitative Analysis of the Included Amounts of HC+ in HC- fundamental laser beam was adjusted using a half-wave plate before it
n-SL/G. The HCn dyes incorporated in SL/Gs were quantitatively hit the sample. The electric field vector of the incident beam was either
analyzed according to the following procedure. A dilute aqueous parallel (p-polarization) or perpendicular (s-polarization) to the plane
solution of hydrofluoric acid (1 mL, a mixture of 0.2 mL of 49% HF  of incidence. Only the p-polarized SH beam was made to enter a PMT
and 0.8 mL of distilled deionized water) was introduced into a 50-mL by using a prism, a SH pass filter, and a polarizer. A HSL/G was
plastic beaker containing a HESL/G. After gentle swirling of the =~ mounted on the rotator coupled to a step motor. The output signals
mixture for 5 min at room temperature, the solution was neutralized from the photodiode and PMT were detected as a function of an incident
by adding aqueous NaOH solution (1 mL, 5 M). Methanol (8 mL) was angle. A 3-mm-thick Y-cut quartz crystal (a piece of quartz plate whose
subsequently added into the neutral solution to ensure dissolution of Plane is perpendicular to the crystallipexis and the thickness of the
all of the dye into the solution. After removal of the clean glass substrate Plate is 3 mm; see Figure SI-2 in the Supporting Informatfonjas
from the solution, the solution was centrifuged to precipitate silica Used as a reference for determining the relative intensities of the SH
particles. The clean supernatant solution was decanted into one of thesignals (z./l2, (quartz)) generated from the samples. The SH signals
matched pair of quartz cells for a spectroscopic measurement. ToWere collected from three different spots of a HGL/G, and the
increase accuracy in the quantitative analysis, we independently average intensity was taken.
determined the molar extinction coefficient of each HGCat a
concentration similar to that of the extracted solution. For this, a mixed (27) Baerlocher, Ch., Meier, W. M., Olson, D. H., Eéglas of zeolite framework

. " L X es 5th revised ed.; Elsevier: New York, 2001; p 184.
solvent with a composition similar to that of the extracted solution was (2g) %ﬁa?tz crystals generate SH along thaxis. Theref%re’ a Y-cut quartz

prepared according to the following procedure. Freshly calcined silicalite crystal is OtfteSn use(d)aé aéragsn\&ssi?n SHS rteferzendce éork/laléer’s fringe

. . experiment. see: (a) boyd, R. onlinear Optics Znd ed.; Academic:
(2(_)ug), 10 pieces c_>f (_:Iean glass plates &5 mn?), and hydI’OﬂL.JOI"IC London, 2003; p 48. (b) Shen, Y. Rhe Principles of Nonlinear Optics
acid (10 mL consisting of 2 mL of 49% HF and 8 mL of distilled Wiley: New York, 1988; p 101.
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Comparison of the Affinities of Silicalite-1 Channels to n-

Octadecane and HC-3A methanol solution of-octadecane (molec- A

ular weight = 254.5) was prepared by dissolving 12.73 mg of oo :‘:{fﬁ:lw‘“ﬂkr
n-octadecane in 25 mL of methanol (2 mM). Freshly calcined silicalite-1 >

powder (50 mg) was introduced into 5 mL of the above solution. After 'z

the heterogeneous solution was allowed to equilibrat&flo atroom 2 | m
temperature, the solution was filtered through a cotton-packed pipet. = J,'u R A

A known amount ofn-heptadecane was added into the clear solution R
of n-octadecane as the internal standard, and the remaining amount of (040) 060 080y 100)

n-octadecane in the solution was determined by gas chromatography. :
10 20 30 40 50

20 (deg)

The quantitative analysis of the included amount of HC-3 into
silicalite-1 powder was similarly carried out by equilibrating 50 mg of
freshly calcined silicalite-1 powder in a methanol solution of HC-3 (2
mM, 5 mL) for 3 h followed by measuring the absorbance of the
supernatant solution on a UWis spectrophotometer.

Instrumentation. SEM images of zeolites and the zeolite-coated
glass plates were obtained from a FE-SEM (Hitachi S-4300) at an
acceleration voltage of 20 kV. A platinum/palladium alloy (in the ratio
of 8 to 2) was deposited with a thickness of about 15 nm on top of the
samples. The EDX analysis of the samples was carried out on a Horiba
EX-220 Energy Dispersive X-ray Micro Analyzer (model: 6853-H)
attached to the above FE-SEM. The X-ray diffraction patterns for the
identification of the zeolite films were obtained from a Rigaku
diffractometer (D/MAX-1C) with the monochromatic beam of Ca K
The UV-vis spectra of the samples were recorded on a Shimadzu UV-
3101PC. FT-IR spectra were recorded on a Jasco FT/IR‘%2&nd
13C NMR spectra of the H@+dyes were obtained from a Varian Jemini
500 NMR spectrometer. Elemental analyses of the H@res were
performed on a Carlo-Erba EA1108. Mass spectral data were obtained .
from an Applied Biosystem MALDI TOF mass spectrometer (Pro- Figure 2. A typical X-ray diffraction pattern (A) and the SEM images (B,
teomics Solution | Voyager-DE STR). Quantitative analysis of the cross section; C, top view) of SL/G showing the alignment ofttfxis of
included amount of-octadecane into silicalite-1 was performed on a  the silicalite-1 film perpendicular to the glass plane. The inset in panel A

Hewlett-Packard 6890 series gas chromatograph equipped with a ﬂameshows the X-ray powder diffraction pattern of the silicalite-1 powder, which

ionization detector. The fundamental laser pulses (1064 nm, 40-ps puIsetvl\:‘zssol_k;g‘ned by finely grinding the film that was collected by scrapping
width, and 10-Hz repetition rate) were generated from a Continuum

PY61 mode-locked Nd:YAG laser.

the total area of the glass plate) decreased with an increase in
the Al content; that is, they were 93%, 81%, and 57% for the
films with Si/Al ratios of o, 50, and 25, respectively. Under

Characteristics of SL/Gs and ZSM-5 Films. Silicalite-1 the experimental conditions described in the Experimental
films readily grew on both sides of glass plates with thedxes Section, the film thicknesses of the ZSM-5 films were aigt)0
(straight channels) orienting perpendicular to the glass planes.nm.

Thus, as shown in Figure 2A, the diffraction lines appeared at .. and e of the HC-n Visible Band. The HCn dyes were

a regular interval (2 = 8.85, 17.8, 26.85, 34.85, and 45255  readily soluble in methanol, and the methanol solution showed
corresponding to the (02 0), (04 0), (06 0), (080), and (0 10 g strong visible absorption band-a479 nm as shown in Figure

0) planes of the crystals. To make sure that the above regularly3za for HC-18. The determined values at~479 nm ranged
spaced X-ray diffraction pattern arises not due to the formation from 39 515 to 45 160 (M! cm™%) as listed in Table 1. As

of an unknown zeolite film but due to the orientation of the poticed, the tail length had almost no effect on gy ande,
silicalite-1 film with theb-axis perpendicular to the glass plane, jth a slight exception of HC-3, whose corresponding values
the films were scraped off the glass plates and ground into fine are slightly smaller than those of the longer-tail homologues. It
powders to analyze the nature of the film. The X-ray diffraction s therefore concluded that the hemicyanine head, 4-[4-(dimeth-

pattern of the powders revealed that the film is indeed comprised yjamino)styrylJpyridinium, is the part that determines theux
of pure silicalite-1, as shown in the inset of Figure 2A. The gnde¢ values of the visible transition.

SEM images shown in Figure 2B,C further confirmed that the
silicalite-1 films are oriented witlb-axes perpendicular to the
substrate planes. The film thickness significantly varied depend-
ing on the batch. Although slightly, the thickness also varied
within a film depending on the spot. The typical thicknesses
were 406-500 nm, and the film thickness of the SL/G used in
this report was~400 nm.

The quality of the film became inferior with an increase in
the Al content in the gel (see Figure SI-3 in the Supporting 2 2 2
Information). Consequently, the degree of the area of the glassl"“‘/Iin = Ol(Bsonend Csonventt (Bayd Cayd
plate covered by thb-oriented MFI-type film (with respect to exp[=(20inlin + Toudou) Cayd (1)

Results and Discussion

Prc—n for n =6, 12, and 22The plots of the ratio between
the SH intensity Ioy) and the square of the incident beam
intensity (in?), that is,louflin?, With respect to the concentration
was made for PNA and H@+(n = 6, 12, and 22), respectively
(Figure 4). In such a situation where a NLO dye is dissolved in
a solvent, it is well established thaf,/lin> can be expressed
with the following:
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[ A. HC-18 in MeOH

| B. HC-18-SL/G
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C. Extracted solution
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Figure 3. The UV-—vis spectra of 0.02 mM HC-18 in methanol (A), HC-
18-SL/G coated with DMSO as the refractive index matching fluid (B),
and the aqueous methanol solution of HC-18 extracted from HC-18-SL/G

(©).

whereg denotes the geometric fact@soventand Caye denote

the concentration of the solvent and the NLO dye, respectively,
Bsolventand Baye denote thel of the solvent and the NLO dye,
respectively oi, and oo, denote the absorption cross sections
for incident beam and the SH, respectively, §ndndl.,: denote

nm/} although the reported values in fact vary from 30003
to 2300x 10730 esu at 1064 n?-31

Length of HC-n and Included Numbers of HC+ per
Channel (N¢) of Silicalite-1 and ZSM-5 Films. The estimated
maximum lengths of the H@-dyes listed in Table 1 were
estimated using the Chem Draw program. The increment was
about 0.12 nm per methylene (@Hunit. The included number
of each HCn molecule per channeNg) after dipping a SL/G
in a 1 mMsolution of each HGx for 1 d isalso listed in Table
1. As noticed Nc increased upon increasimgfrom 3 to 6 but
rapidly decreased upon further increasimgWhen the film
thickness 400 nm) was taken into account, even the oc-
cupancy of silicalite-1 channels by HC-6 with the larghist
was only~12% by length, which corresponds to 2 wt %. By
the same analogy, the channel occupancies by HC-18, HC-22,
and HC-24 were as small as 3%, 1%, and 1%, respectively, by
length, which corresponds to 0.3%, 0.1%, and 0.1%, respec-
tively, by weight. This indicates that only very small portions
of silicalite-1 channels are occupied by the included RC-
molecules.

Interestingly,Nc of HC-18 into Na-ZSM-5 films increased
with an increase in the Al content. For instance, whereas the
Nc of HC-18 into an SL/G was 3.5 (Table 1), the corresponding
numbers into Na-ZSM-5 films (Si/AF= 50 and 25) were 3.9
and 4.4, respectively. We attribute the above phenomenon to
the ion exchange-aided incorporation of the positively charged
HC-18 dye into the negatively charged channels by ion exchange
of Na'.

Irreversible Inclusion of HC- n into Silicalite-1 Channels.

The colorless SL/Gs slowly picked up a pink hue upon
immersion into methanol solutions of HEC-The ready inclusion
of HC-n into SL/Gs was confirmed by the UWis spectra of
the DMSO-coated H@-SL/Gs, which were identical to the
spectrum of HQA in methanol, as typically shown in Figure

the path lengths of the incident beam and the generated SH3B for HC-18. In the case of HC-6 with the largdsg, we

within the solution, respectively. Based on eq 1, and the fact

monitored the amount of inclusion of the dye into a SL/G with

that the solvent does not absorb the incident beam, eachtime (Figure 5). The result showed that the rate of inclusion

relationship betweeh,/li»2 and concentration shown in Figure
4 can be expressed with the following general formula:

)

wherey andx denoteloulw? and Cyye, respectively, and, B,
andC represent the parameters to be determined by curve fitting.

y = (A+ BX) exp(—Cx

was high befoe 4 h but decreased significantly afteh despite

the fact that there are still enough roorr88%) in the channels.
Interestingly, if the dyes had once entered the silicalite

channels, they never came out of the channels into solution.

For instance, the intensities of the visible bands of HC-3-SL/G

and HC-18-SL/G at 479 nm did not decrease even after keeping

The obtained parameters for each curve are listed in the insetthem in fresh methanol for 3 days, and the tWs spectra of

of each panel of Figure 4. As noticed from the parameter values,
the obtained values fok are essentially zero, consistent with
the fact that the solvent used in this study (methanol) has a
negligible SHG activity Bsovent= (0.694= 0.07) x 10730 esu)?®
Therefore, by assigning the parameteas zero, we determined
that the Suc—n/frpna ratios were expressed in terms of the
parameteB as Buc-n/Bpna)Y2 which were 22.3, 22.2, and 22.1
for n =6, 12, and 22, respectively. The fact that the obtained
ratios are very similar to each other indicates that ghe
values are essentially identical regardlesa.d@y applying the
reported value offpna ((34.5 & 4) x 10730 esu)?324 we
determined thgc—n values to be (765 89) x 10730 esu at
1064 nm. The abovgyc-n values are similar to the one reported
by Ashwell et al., which is (836t 358) x 1073 esu at 1064

(29) Duan, X.-M.; Okada, S.; Oikawa, H.; Matsuda, H.; NakanishiMél.
Cryst. Lig. Cryst 1995 267, 89—94.
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the supernatant solutions also did not show any indication of
leaching of HC-3 and HC-18 from silicalite-1 to methanol. The
above result shows that the silicalite-1 channel has a very strong
affinity toward HCH dyes regardless of the chain length,
indicating that inclusion of HGrinto the silicalite-1 channel is

a nonequilibrium, irreversible process in methanol.

Although silicalite-1 does not have an ion-exchange capacity,
it can be suspected that the HGdyes were included into the
silicalite-1 channels as a result of ion exchange of the cations
that might be present in the channels due to the presence of
inadvertently introduced aluminum sites. To test such a pos-
sibility, we dispersed HC-6-SL/Gs imia 1 Maqueous solution
of NaCl as a means to back exchange HC-6 with Neecause

(30) Marowsky, G.; Chi, L. F.; Mbius, D.; Steinhoff, R.; Shen, Y. R.; Dorsch,
D.; Rieger, B.Chem. Phys. Lettl988 147, 420-424.

(31) Bubeck, C.; Laschewsky, A.; Lupo, D.; Neher, D.; Ottenbreit, P.; Paulus,
W.; Prass, W.; Ringsdorf, H.; Wegner, &dv. Mater. 1991, 3, 54—59.
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Table 1. Effect of Alkyl Chain Length (n) on the Optical Properties of HC-n and the Amount of Inclusion into Silicalite-1 Film of 400-nm

Thickness

n Amad b B lengthd N (x10%4)e Nc [ lgp (x1074)9 3" dah sa/ds; daa/Ne s DUA

3 475.5 39515 1.7 4.64 6.4 0.3 1.12 0.18 6.08
6 479.0 43 355 769489) 2.1 15.56 23.1 0.1 0.50 0.02 001

9 479.0 43775 2.4 10.37 154 1.6 0.5 2.25 0.02 113 0.15 0.97 0.09
12 480.0 42 460 766489) 2.8 5.70 8.2 3.8 2.2 3.59 0.04 90 0.63 0.97 0.20
15 479.5 45 160 3.1 4.30 5.7 7.0 1.7 4.99 0.04 125 0.88 0.98 0.38
18 479.5 44 340 3.5 2.59 3.5 7.9 3.0 5.30 0.05 106 1.51 0.98 0.66
22 479.0 43180 761488) 4.0 0.61 0.9 0.9 0.4 1.71 0.02 86 1.90 0.97 0.91
24 479.0 42 320 4.2 0.88 1.2 1.9 0.9 2.57 0.03 86 2.14 0.97 0.95

2In nm. ® Molar extinction coefficient in MeOH, M* cm™. ¢ x307%° esu at 1064 nm in methandlln nm. ¢ The total number of HGin a SL/G.
fNumber of HCh in each 400-nm long channel of silicalite-1 filfln % with respect to that of a Y-cut 3-mm-thick quartz crystdh pm V-1, | The order
parameteri The degree of uniform alignment of HG-defined by the experimental-to-theoretical ratialgf values,ds3(E)/ds3(T). k The average orientational

angle ¢ = 7.7°) was taken to derive the theoretiahg values.
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Figure 4. The plots of the intensities of the incoherent SH radiatides) (of PNA (A) and HC-6 (B), HC-12 (C), and HC-22 (D) with respect to the

concentrations of the dye.
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Figure 5. Change of the absorbance of HC-6-SL/G at 479 nm with time
upon immersion of a SL/G into the methanol solution of HC-6 (1 mM).

the cationic dye has some solubility in water. However, the
UV —vis analysis of the supernatant solution confirmed that
HC-6 never came out of the silicalite film into the solution even
after stirring the solution for 24 h at room temperature. Similarly,
the HCn-SL/Gs f = 6, 18, and 22) were also immersed in a
1 M methanol solution of NaClgfor 24 h with an intention to
back exchange H@-with Na* in methanol in which the dyes
are quite soluble. In this case again, the s analyses of

the supernatant solutions showed that Nan does not induce
extraction of HCh (n = 6, 18, and 22) from the silicalite matrix
to the solution.

In contrast to the case of HESL/Gs, 29% of the included
HC-18 was extracted from the ZSM-5 film (Si/At 50) to the
solution upon immersion intl M NaCIQ, in methanol solution
for 24 h. The result shows that most of the H@ations are
included into ZSM-5 channels via ion exchange.

I 20/l 26, (Quartz), dss, and ds; of HC-n-SL/G. The relative
SH intensities (expressed in % with respect to a Y-cut 3-mm-
thick quartz) are more specifically expressedlgsand lsp,
depending on the polarization direction of the incident beam,
where the former and the latter denote the intensities of p-
polarized SH beams generated from the p- and s-polarized
fundamental laser beam, respectively. The typical plot,pf
andlsp of HC-18-SL/G versus the angle of the incident beam
(with respect to the surface normal) is shown in Figure 6A. All
of the other HCA-SL/Gs showed nearly identical profiles. The
completely destructive interferences in the profiles indicate that
the two silicalite-1 films on the opposite sides of glass plates
are nearly identical. The average angles at which the maximum
values ofl ,, andls, appeared were 67.4nd 55.9, respectively.
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Figure 6. The plots ofly, and s (inset) of HC-18-SL/G (in %, with respect to the corresponding value of Y-cut 3-mm quartz) versus the angle of the

incident beam (A) and the plots ofs (B), dz3g/Nc (C), anddss(E)/dz(T) (D) ve

Thelpp values ranged from 0.1% to 7.9%, while thosd f
ranged from 0.4« 107%% to 3.0 x 107%% (Table 1). The fact
that the observet}, values are~10* times larger than thé,
values indicates that most of the dyes are positioned vertically
with the long axis perpendicular to the glass plane, consistent
with the aforementioned fact that most of the straight channels
are oriented vertically with respect to the glass plane (Figure
2).

In general, thelp, values of HCh-SL/Gs were relatively
smaller whem < 6 than whem = 9. In close relation to our
work, Laeri and the co-workers reported that they observed SH
signals from HC-2-loaded ALP£5 crystals during their study
of dye-incorporating zeolites as microlasétAlthough they
did not report the quantitative SHG intensity, we expect that
the SH intensity of the HC-2-loaded ALR@ crystals will be
similar to the value of HC-3-SL/G. Although the difference was
small, I, tended to decrease from 0.3 to 0.1 upon an increase
in n from 3 to 6 despite the fact th&t. increased by-4-fold.
This result suggests that HC-6 enters silicalite-1 channels with
a more random orientation than HC-3. HoweMgp, progres-
sively increased from 0.1% to 7.9% with an increasa from
6 to 18, despite the progressive decreasBldninterestingly,
consistent with the sharp decreaseNef |I,, sharply decreased
from 7.9% to 0.9% and 1.9% upon a further increase from
18 to 22 and to 24. Although small, thg, value also showed
a trend similar to that ofy, with increasingn.

The two tensor components of quadratic nonlinear suscep-
tibility, dssz and d3; of HC-n-SL/Gs, were determined with
Maker's fringe metho#® by comparing the experimentally
observed relativé,, andlsp values with the intensity of a 3-mm-
thick Y-cut quartz whosel; is 0.3 pm VL For this, 1.48 was
used as the refractive index of silicalite-1 film based on the

(32) (a) Vietze, U.; Krauss, O.; Laeri, F.; lhlein, G.; StdhuF.; Limburg, B.;
Abraham, M.Phys. Re. Lett 1998 81, 4628-4631. (b) Braun, I.; lhlein,
G.; Laeri, F.; Nakel, J. U.; Schulz-Ekloff, G.; Scltl, F.; Vietze, U.; Weiss,
O.; Wohrle, D. Appl. Phys. B200Q 70, 335-343.
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fact that DMSO can serve as a good index matching fluid, whose
refractive index is 1.48 at 2TC. The values are listed in Table

1 and graphically displayed in Figure 6B. Likg, thedss value
initially decreased with an increase finfrom 3 to 6, progres-
sively increased with an increaseririrom 6 to 18, but sharply
decreased upon a further increase rin However, dss/Nc
progressively increased with an increasa {Table 1 and Figure
6C). The above results are highly reproducible even with other
batches of SL/Gs. We propose that the above phenomenon arises
as a result of the increase in the tendency of therHfielecule

to enter the hydrophobic silicalite-1 channels with the hydro-
phobic tail first as the tail length increases.

The Iy, values observed from HC-18-loaded ZSM-5 films
were 1.7% and 0.5%, respectively. Obviously, thevalues
are much smaller than that of HC-18-SL/G (7.9%) despite the
fact thatN¢ values are higher (3.9 and 4.4, respectively) in the
ZSM-5 films than in SL/G (3.5) (vide supra). One obvious factor
that caused thi,, values to be lower than that of HC-18-SL/G
is poorer coverage of glass plates witloriented ZSM-5 films.
However, even after the lower coverage of ZSM-5 films (Si/Al
= 50) on glass plates (81%) is taken into consideration, the
resultant p, value is much lower than the expected value. This
phenomenon is attributed to the increase in the degree of
randomly oriented incorporation of HC-18 into the channels of
ZSM-5 due to the increase in the hydrophilicity of the channels
as a result of introduction of anionic centers in the framework
and the charge-balancing cations. On the basis of the above
observation, we rather concentrated on the aligned incorporation
of HC-n dyes into SL/Gs.

Remarkably High Order Parameters of HC-n Dyes in SL/
Gs. The calculatedlszs/ds; ratios were always higher than 85,
and the average was 109, which~£2—5 times higher than
those of LangmuirBlodget (LB) films of nonlinear optical
(NLO) dyes, which are~30—50 times higher than those of
poled polymers imbedded or grafted with NLO dyes, which are
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usually less than~3.! The estimated average tilted angle of hydrophobic silicalite-1 channels with the hydrophobic tail first
HC-n (0) in the silicalite-1 channel based on the above very as the tail length increases. The same proposal was made to
high averagedsa/ds; ratio was 7.7,%8 indicating that the long account for the progressive increasedgfNc (vide supra). In
axes of the hemicyanine heads are tilted by the angle from thesupport of our proposal, it has been well established that
direction of the straight channels of silicalite-1 film (surface silicalite-1 channels are hydrophobic and hence prefer alkanes
normal). The value is smaller than that of PNA in the straight to the relatively polar molecules such as alcoléls.
channels of Sh-SL (%),%° and that of HC-18 in an LB film To be more certain, we also compared the included amounts
(18—40°).# The reason thé value of the hemicyanine head is of HC-3 andn-octadecane, respectively, into silicalite-1 powders
smaller than that of PNA in silicalite-1 channels is conceivable after stirring fo 3 h in each methanol solution under the
from the fact that the length of the former is much larger than consideration that HC-3 anatoctadecane represent the hemi-
the length of the latter. cyanine head and hydrophobic alkyl tail, respectively. Analyses
The degree of orientational order of nonlinear chromophores revealed that the included amounts of HC-3 awoctadecane

can be quantified by the order parametavhich is expressed
by eq 3.

s= [3[¢o< O 1]/2 ©)
From the derived averagé of 7.7°,3% the average order
parameter §) of HC-n in SL/Gs becomes 0.97, which is
markedly higher than those of NLO dyes in poled polymers
whose typical values are0.212We believe thas of HC-n in
SL/Gs is the highest ever found among the SHG materials
comprised of organic NLO dyes.

Marked Increase in the Degree of Uniform Alignment
(DUA) of HC-n with Increasing n. We calculated the
maximum theoreticadls3 values of HCh-SL/Gs based on eq 3
by taking N of HCn in each HCh-SL/G, the average value of
Brc-n (765 x 1073 esu, or 3216« 10749 m* V1), the average
tilted angle of HCh dyes with respect to the surface norm@l (
= 7.7°), and the microscopic local field correctidr= 1.40
into account, and assuming that all of the included m@yes
were aligned with the alkyl tail part pointing to the glass
substrate.

The calculated theoretical maximulgs values fiz3(T)] were
14.40 (3), 70.71 (6), 24.48 (9), 18.13 (12), 13.31 (15), 8.03 (18),
1.88 (22), and 2.71 pm* (24), respectively, for eaalmshown
in the parentheses. The experimental-to-theoretical ratt0f
[ds3(E)/ds3(T)] is defined as DUA. The DUA values are listed
in Table 1 (last entry), and they are plotted agamst Figure
6D. As noticed, DUA generally increased with increasimg

were 0.01 mg (0.&mol) and 3.64 mg (14g2mol) per gram of
silicalite-1, respectively, showing that the included number of
n-octadecane was as much as 476 times larger than that of HC-3
within the period of 3 h, despite the fact that the estimated length
of n-octadecane (2.4 nm) is longer than that of HC-3 (1.7 nm).

In close relation to the above, we also found that the initial
rate of inclusion of HGa into silicalite-1 powders from each
dilute methanol solution of H®-progressively increased with
increasingn although the number of H@-eventually included
into SL/G after 15 h progressively decreased with increasing
as mentioned earlier. For example, when 20 mg of silicalite-1
powder (instead of SL/G) was immersed into each 10 mL aliquot
of a dilute methanol solution of H@-(0.02 mM) fa 1 h at
room temperature, the amounts of each Ri@icluded into
silicalite-1 powders were 52, 45, 75, 98, 105, 143, 162, and
165 nmol per gram of silicalite-1 fon = 3, 6, 9, 12, 15, 18,
22, and 24, respectively.

The reversal of the order of included numbers of H@ith
time suggests that the intrachannel migration of RiBecomes
difficult as the alkyl chain length increases, unlikectadecane,
presumably due to the increase in the effective width of HC-
asnincreases. Coupled with the fact that thevalues of HC-
22 and 24 are close to 1, the increase in the difficulty of
intrachannel diffusion of HG» with increasingn made us
suspect the possibility of HC-22 and HC-24 existing on the
surface of the silicalite-1 films as monolayers by sticking their
hydrophobic chains into the hydrophobic channels.

The comparison of the smallest and the largest DUA values,

We propose that such a phenomenon arises as a result of théhat is, 0.01 forn = 6 and 0.95 forn = 24, revealed the

increase in the tendency of the HCmolecule to enter the

(33) To obtain the average tilted angle of Hi@yes in the silicalite-1 channels,

we assumed that the long axes of the hemicyanine heads are tilted with an

average specific angiefrom the channel direction after inclusion into the
straight channels running perpendicular to the glass ptaendds; can
then be expressed in terms Bfic-n as egs 4 and 5, respectively, by
assuming thagbuc-n has only one dominant componght= 3z along the
long-axis directioné (the direction of linear dipole moment), and the
microscopic local field correctiohis independent of direction and frequency
(sample is isotropic and dispersionless),

sz = Nfe_[€0S OIF/2
4
dy; = NByc_[[BosHL [GoS ALI%4 (5)
whereN is the number density of H@-(total number of HOa within a

unit volume, which is 1 cmx 1 cm x 400 nm in our case, see Table 1)
and| is given by (2 + 2)/3, wheren is the refractive index of zeolite

which was estimated to be 1.48 (see text). The angle bracket indicates the

orientational average of the molecules. BecauserHiyes should have a
very narrow distributiorf(0) of orientation, likef(9) = so(6 — 6,), as a
result of confinement within the narrow straight channels of silicalite-1,
we have the following relationship (eq 6).

d,/dy, = 2/tarf 6 = 109

From the above equatio®, is derived to be 7.7.

(6)

remarkable fact that the increaserineads to as much as 95-
fold increases in DUA. As noticed, the estimated DUA value
for HC-24 came out close to 1. The value may be reduced to
~60% if the largest reported averggig.—, value (2300x 1030
esuf®3lis used for the estimation of3(T). Despite the above
uncertainty in obtaining the exact value of DUA, we believe
that thedss(T) value of HC-24 matches very closely with the
experimentally observed value, considering the extreme dif-
ficulties in obtaining the absolutg values of NLO dyes and
the exact number densities of the HiG@lyes in silicalite-1 films.
Although the uncertainty has yet to be resolved, the fact that
the increment in DUA becomes very small upon increasing
from 22 to 24 strongly supports that the DUA of HC-24 has
reached close to the maximum, that is, 1.

In an independent series of experiment, we also found that
lpp Oof HC-18-SL/G increases as the loaded amount of HC-18

(34) (a) Piccione, P. M.; Laberty, C.; Yang, S.; Camblor, M. A.; Navrotsky,
A.; Davis, M. E.J. Phys. Chem. B00OQ 104, 1000%-10011. (b) Eroshenko,
V.; Regis, R.-C.; Soulard, M.; Patarin, J. Am. Chem. So2001, 123
8129-8230.
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sk incorporating much larger numbers of HC-22 and HC-24 into
the channels, perhaps by employing thicker silica zeolites with
6k wider channels and uniform orientation. Furthermore, we found
that HCn-SL/Gs have long-term and high thermal and me-
4k chanical stabilities, which most of the LB and poled polymer
NLO films are lacking'? For instance, we found that HfG-

5| SL/Gs retained their initial SHG activities even after keeping
/‘ them in the atmosphere for 1 year or in an oven at d2@or
oler""" 24 h, and even after rubbing the surface with fingers many times.

010 015 110 115 210 2t5 3i0 3t5 4.0 Unlike A|PO4-5, ZSM-5, and Sb-SL powders loaded with
N PNA, the SL/Gs loaded with PNA by vapor phase inclusion
C (8%) did not exhibit SH activity, indicating the silicalite-1
Figure 7. The parabolic relationship betwe# and the SHG intensity  channels have nearly the same affinities toward the nitro and
(Ipp) Of HC-18-SL/G. the amino groups as was the case to pure silica ZSNK-TRis

increases. Thus, the observggvalues were 0.7%, 1.6%, 2.6%, result therefore represents the first example that shows the
4.7%, and 7.5% foNc values of 1.2, 1.7, 2.2, 3.0, and 38,  Symmetry breaking of a pure silica zeolite (free of Al or Sb) by
respectively. The result is also graphically shown in Figure 7. aligned inclusion of a dipolar NLO dye.
As noticed | pp increases parabolically & increases. Knowing It is also important to note that, in the case of the dye-loaded
the fact that SHG intensity is proportional to the square of the AIPO4-5 crystals, the loading of the dyes into AlR6 should
number density of the NLO dye, the above result indicates that exceed certain thresholds such as 3% for PNA and 13% for
HC-18 molecules enter the silicalite-1 channels with the same MNA (by weight) for the composites to be SHG active. The
DUA regardless of the degree of loading. requirement of concentration thresholds indicates that the NLO
The d33 value of HC-18-SL/G (5.3 pm W) is more than 10 dyes have to undergo reorganization at high concentrations for
times larger than thd,; value of quartz (0.3 pm WA), or the them to produce a net bulk dipole moméht>In this respect,
d33 value of KDP 3 pm V1), despite the fact that there are  the fact that HOs-SL/Gs 1 = 22 and 24) exhibit SHG activities
only 3.5 molecules in each channel. However, the obsellyed  even with 0.1% loading (by weight) reveals the fact that the
values are much smaller than those observed from LB films, alignment of the dyes in the silcalite-1 channels is not a
which are in the range of 35 and 750 pm3424-8 The reason secondary phenomenon but is determined right from the
for the d33 values of HCh-SL/Gs being smaller than those of beginning at the time of inclusion.

self-assembled molecular films is rather obvious considering  Qverall, this report describes a method for the incorporation
the fact that the density of H@dyes in 400-nm thick silicalite-1  of a dipolar NLO dye (hemicyanine) with a highvalue into
films is very small, in particular, for those of long chain HC- 3 puyre silica zeolite (silicalite-1) in high DUA by modification
dyes with high DUA values. For instance, in the case of HC- of the NLO dye. The successful demonstration of the use of
24-SLIG,Nc is essentially one. The comparison of the ratio of zeglite films (rather than powders) as the inorganic hosts for
the volumes occupied by HC-24 in HC-24-SL/G and HC-18in the aligned inclusion of hemicyanine dyes verifies the great

a LB film, that is, (1.35 nrf x 400 nm)/(0.42 ntix 3.5NM)  potential of the NLO-dye-including zeolites to be developed
= 367, with the ratio of the correspondinlgs values, 2.6/750  jnto practically viable SHG materials.

= 1/300, reveals that the lowadss value of HC-24-SL/G

originates from very lowN. However, because the volume of Acknowledgment. We thank the Ministry of Science and
each silicalite-1 channel does not change even after inclusionTechnology (MOST) for supporting this work through the
of larger numbers of HC-24 within each channel, we believe Creative Research Initiatives (CRI) program.

that our methodology bears a great potential to be developed
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(35) The fact that thi$\; value is higher than that shown in Table 1 is because
SL/Gs were produced from a different batch. JA037772Q
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