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Abstract

We have prepared ultrathin multilayer nanostructural films by a layer-by-layer spin self-assembly method usifig- poly
phenylene vinylene(PPV)/layered silicate and characterized them by contact angle measurement, surface dying technique, UV
Vis spectroscopy, photoluminescditL) spectroscopy, X-ray reflectivitYXRR), and model-fitting. The hybrid ultrathin multilayer
film was stepwisely deposited using the electrostatic forces between the cationic PPV precursor and the negatively charged surface
of layered silicate, and finally thermally converted(#®PV/Laponite RD, film. The surface coverage of the PPV precursor onto
layered silicate and vice versa could be clearly observed using the contact angle measurement and surface dying technique. The
continuous increase of UWis absorbance and PL intensity of the films with each bilayer demonstrated the regular and
reproducible deposition of this system, and the Kiessig fringes and Bragg peaks in XRR spectra indicated the well-ordered internal
structure.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction oppositely charged materials because the charged mate-
rials adsorb onto the oppositely charged surface only by
There is presently increasing interest in polymeric diffusion. Therefore, although depending on various

ultrathin muItiIayer films due to their potential applica- experimental parameters, it takes at least 10 min to
tions to advanced optical and electronic coatlig], deposit one layer.

and rather recently, to optoelectronic devi¢gs7]. The Recently, researchers have introduced and adopted the
&Ogr:?ye[)l; ?Azaﬁzl:gr%ﬂ;[r"fé?gggg(sﬂ_ E‘ﬁg&%ﬁ{g?&med alternative spin SA methof20], consisting of six steps:
. (1) dropping of charged materials on the substré®;
and the self-assembKSA) method[12-19. In partic- spin-coating:(3) spin-washing:(4) dropping of oppo-
ular, the SA method can be applied to various charged itelv ch d material€5) spin-coating: and6) spin-
materials such as charged colloidal particles and poly- stiely charged materia ») spin-coating; an spin
electrolytes. Moreover, the SA procedure is very simple washing. In the spin SA method,.the adsorption and
and no special apparatus is required. However, therearrangem_en_t of. adsorbed materials onto thg surface
general dipping SA technique requires a long dipping and the. elimination of vyeakly bound ma}ter}als are
retention time to sufficiently cover the surface with a@lmostsimultaneously achieved at a high spinning speed
for a short time[20]. By the spin SA method, the
*Corresponding author. Faxt 82-54-470-7814. multilayer films with highly well-ordered internal struc-
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Fig. 1. Chemical structures ¢f) PPV precursor and PP¥h) meth-

diameter. A colloidal dispersion of Laponite RD into
each exfoliated shedi0.1 g in 100 ml HPLC water
was achieved by stirring and sonication. The glass
substrates for the deposition of cationic PPV precursor
were initially sonicated with chloroform, acetone, and
methanol(all HPLC grade, and hydrophilized with 1%
Chem-solv solution(aqueous alkaline alcohoto gen-
erate negative charges on the surface. The overall
process of the layer-by-layer spin 9&0] consists of a
cyclic repetition of the following steps at a spinning
speed of 2000 refmin: (1) dropping of positive
charged PPV precursor solution on the substré®®;
spin-coatingy(3) spin-washing(4) dropping of colloid-
ally dispersed Laponite RD with negative surfa€b)
spin-coating; and6) spin-washing. The overall proce-
dure of the spin SA is sketched in Fig. 2. The ultrathin
film deposition in the spin SA process is very fast as
shown in Fig. 2 and might be explained by considering
the fluid rheology, solvent evaporation, and electrostatic
attraction between the materials in the dropped solution
and the oppositely charged surface. The materials in the
highly diluted solution are pulled toward the oppositely
charged surface by electrostatic force, and in the spin-
ning process, the solution is spread out thinly with the

ylene blue(c) SPS(d) single Laponite RD crystal. solvent evaporating. As the solvent evaporates at the

high spinning speed, the materials are concentrated and

In this research, the fabrication and characterization immobilized. Furthermore, additional electrostatic attrac-
of nanostructural ultrathin multilayer films of pol§p- tion helps the materials to be deposited more rapidly
phenylene vinylene(PPV)/layered silicate via the spin and strongly. The following spin-washing process
SA method are the focus of interest. The PRyered removes the weakly bound materials, keeping the surface
silicate hybrid system can combine the functionality of smoother.
PPV as a semiconducting fluorescent polymer with that In our system, the positive material is cationic PPV
of layered silicate as a gas barrier against oxygen andprecursor and the negative material is layered silicate,
moisture[23], so that PPYlayered silicate hybrid mul-  Laponite RD, with the negative surface charge. The
tilayer ultrathin film is very attractive for optoelectronic stepwise deposition of alternate PPV precursor and
devices such as light-emitting diodes. Two-dimensional Laponite RD was carried out using the electrostatic
layered silicate with a large aspect ratio can effectively attraction, and finalPPV/Laponite RD,, hybrid films
block the gas penetratiofi23] such as oxygen and were obtained by thermally converting the abd®PV
moisture due to the torturous zigzag diffusion and hence precursofLaponite RD,, film at 230 °C in vacuo for
can markedly improve the environmental stability of 3 h.
conjugated polymef23—-25. From this viewpoint, our An Erma model G-I type for static contact angle
group has been interested in hybrid materials of conju- measurement, a surface dying technique for investigating
gated polymefinorganic layered material. the degree of surface coverage, a JASCO V-530/UV
Vis spectrophotometer for UWis spectra, a Perkin—
Elmer luminescence spectrometer LS 50 for spectra
photoluminescen{PL) spectra, and a high resolution

We synthesized the PPV precursor, according to the X-ray diffractometer(Rigaku RINT 2000, 18 kW for
procedure described elsewhef23], and one-tenths X-ray reflectivity (XRR) measurement were employed.
methanol-diluted PPV precursor was used for the spin
SA. SPS was purchased from Aldrich Co. and used as3. Results and discussion
received(10 mM in HPLC wate). The concentrations
of all the polymer solution are quoted with respect to  The contact angle is directly related to the surface
the monomer repeat unit. The chemical structures usedenergy, and the surface energy is largely affected by the
in this study are shown in Fig. 1. The layered silicate surface composition. Therefore, in the alternating mul-
used is a mica-type synthetic hectorite, Laponite RD, tilayer film of PPV precursor and Laponite RD, the
which has a 0.96 nm thickness and about a 30 nmregular and observable changes in the contact angle

2. Experimental section
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Fig. 2. The overall procedure of spin SA in this experiment.

indicate that the surface is stepwisely deposited with Fig. 4 illustrates the UYVis absorbance change of
PPV precursor and Laponite RD. Fig. 3 clearly shows the hybrid multilayer films with the number of build-up
the distinct oscillations of the contact angles as the cycles while the inset exhibits the continuous increase
outermost layer is alternating between PPV precursorof UV /Vis absorbance at maximum peak. The continu-
and Laponite RD, revealing that the surface coverage ofous increase of the optical density of the films with
PPV precursor by Laponite RD and vice versa is enough each bilayer demonstrates the stepwise growth of mul-
to change the surface wettability sharply. Moreover, the tilayer film with the sequential spin SA.

fact that the difference of the right and left contact By surface dying technique, the degree of surface
angles of the droplet was negligible and that the contactcoverage could be investigated. When the outermost
angles measured at three different locations were nearlylayer was negative Laponite RD, positive methylene

the same demonstrates that the surface is uniformlyblue dye (Ay.=660 nm might adsorb onto the all
deposited. negative site on the surface except the positive sites

where Laponite RD did not cover and PPV precursor
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Fig. 3. Water contact angles measured from PPV prec{lraponite Wavelength (nm)

RD hybrid multilayer film via spin SA, where P means PPV precursor

outermost layer and L means Laponite RD outermost layer. Inset Fig. 4. UV/Vis absorbance change of the hybrid multilayer films with
shows the actural water drops on the PPV precursor and Laponite RDthe number of build-up cycles. Inset exhibits the continuous increase
and the contact angles. of UV/Vis absorbance at the maximum peak.
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was exposed to the surface. Additionally, when the
outermost layer was covered with positive PPV precur-
sor, positive methylene blue dye might be repelled, only
adsorbed onto the sites where PPV precursor did not
cover and Laponite RD was exposed to the outer surface.
Although, we cannot calculate the degree of surface
coverage by each other quantatively, PPV precursor
takes up most of the negative sites on Laponite RD as
shown in the UV Vis spectra of Fig. 5. If the plate-like
sheets of Laponite RD completely cover the PPV pre-
cusor pre-deposited surface, it can be estimated that
PPV precursor cover roughly 11 negative site of 12 sites __*olbilaye
by simply comparing the methylene blue absorbances at 1234887
660 nm. For more detailed information on the degree of 300 400 500 600
surface coverage, a more careful and quantative experi- Wavelength (nm)
ment is currently being conducted.

Furthermore, to investigate the degree of interpenetra-Fig. 6. The normalized UyVis absorption spectra and PL spectra
tion between the adjacent lay€d®6,27, three samples  with bilayers 2, 4, and 6. Inset shows the linear increase of\G&/
with bilayers 2, 4, and 6 were prepared. In addition, we aPsorbance at 400 nm of above samples.
measured their UWis absorption spectra, PL spectra
excited at 400 nm, and relative PL quantum efficiency the PL spectra and relative PLQE of the above three
(PLQE) obtained by normalizing the PL spectra of each samples, where the inset shows the gradual increase in
multilayer film by the absorbance at the PL excitation PL intensity and the sequential decrease in relative
wavelength of 400 nm. Fig. 6 shows the WWis PLQE with the number of bilayers. The above overall
absorption spectrénorm) and PL intensity(norm, of features of red shift, increase at long wavelengths of
the hybrid multilayer films with bilayers 2, 4, and 6. As UV /Vis and PL spectra, and gradual decrease of relative
the thickness increases linearly with the number of PLQE with the number of bilayers could be explained
bilayers, two characteristic features appear€b: the by interlayer interaction due to interpenetration as shown
overall red shift of the spectra was observable in both in the inset of Fig. 7, as already reported by Baur et al.
UV /Vis absorption spectra and PL spectra; &8¢l the [26] and Wang et al[27]. When the interpenetration
spectra at long wavelengths increased stepwisely in bothbetween the adjacent layers occurs, PPV can communi-
UV /Vis absorption spectra and PL spectra. Fig. 7 shows cate with other PPV, resulting in the additional interlayer
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Fig. 5. UV/Vis absorption spectra comparing the amount of methylene blue adsorbed onto the outermost surfaces of PPV precursor and Laponite
RD. Inset shows the surface coverage and deposition of methylene blue onto the outer surfaces of PPV precursor and Laponite RD.
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Fig. 7. The PL intensity and relative PLQE spectra with bilayers 2, 4, and 6. Inset shows the gradual increase of PL intensity and sequential
decrease of relative PLQE.

interaction. Therefore, the red-shifted, long-wavelength 2000, and the solid lines are from theoretical fit lines.
enhanced feature in both UVis and PL spectra could In the sample of (PPV/SPS.,(PPV/Laponite RD,],,
be possible. Moreover, the enhanced interchain interac-the model fitting was performed in the range frof=2
tion due to interpenetration might increase the PL self- 0.2 to 1.2 because no further Kiessig fringes were
quenching due to the more frequent formation of detected over 2=1.1°. All XRR spectra clearly showed
non-emissive interchain excited states, resulting in the the Kiessig oscillations due to the interference of beams
gradual decrease in relative PLQE with the number of reflected from the upper and the lower interfaces as
bilayers. shown in the inset of Fig. 8b, indicating that the
Fig. 8a exhibits the typical XRR spectra of spin self- respective layers have distinct interfaces and rather
assembled films with 2, 5, 8 and 10 bilayers on general smooth surface roughness. To confirm the internal struc-
microscope slide glass, where the inset shows the linearture, we prepared [(PPV/SPSs/(PPV/Laponite
ity between the total film thickness and the number of RD),]; and [(PPV/SPS,/(PPV/Laponite RD,], on
bilayers with the slope of 3.8 nm. In Fig. 8b, the open silicon wafer. In this case, X-ray recognizes these
circles are the actual data obtained from Rigaku RINT samples agpolymer I/Laponite RD; and (polymer II/
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Fig. 8. X-Ray reflectivity of multilayer films ofa) (PPV/Laponite RDn with 2, 5, 8, 10 bilayers on glass afio) [(PPV/SPS./(PPV/Laponite

RD),]5 and [(PPV/SPS,/(PPV/Laponite RD,], on silicon wafer(open circles-actual data, solid line theoretical fi). Inset shows the linear
increase of thickness with the number of bilayers estimated from Kiessig fringes and the arrows in Fig. 8b indicate the Bragg peaks for the
internal structure.
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Laponite RD, due to the fact that the X-ray technique
is sensitive only to electron density variati¢2g] and
that the polymers have little electron density difference.
As clearly shown in Fig. 8b, Bragg peaks could be
detectable, corresponding to a periodic building-block,
(polymer I/Laponite RD (17.1 nm and (polymer 1/
Laponite RD (10.6 nm. These thicknesses calculated
from the Bragg peaks tolerably agreed to those estimated
from the model-fitting(16.9 and 10.4 nm eaghThe
thicknesses of each bilayetPPV/Laponite RD and
(PPV/SP9, were somewhat variable, roughly 3.8 nm
(PPV/Laponite RD and 2.0 nm(PPV/SPS. These
means that the thicknesses of each bilayer is very

[2] F. Saremi, G. Lang, B. Tieke, Adv. Mater.(8996) 923.

[3] J. Cho, K. Char, S.Y. Kim, J.D. Hong, S.K. Lee, D.Y. Kim,
Thin Solid Films 379(2000 188.

[4] S. Lee, Y. Kang, C. Lee, Synth. Met. 112001 257.

[5] R. Neumann, D. Davidov, Acta Polym. 42998 642.

[6] H. Hong, M. Tarabia, H. Chayet, D. Davidov, E.Z. Faraggi, Y.
Avny, R. Neumann, S.J. Kirstein, J. Appl. Phys. 78996
3082.

[7] J.D. Hong, D. Kim, K. Cha, J.I. Jin, Synth. Met. 84997)
815.

[8] Y.H. Kim, D.B. Wurm, M.W. Kim, Y.T. Kim, Thin Solid Films
352(1999 138.

[9] Y. Kim, E. Lee, D.Y. Jung, Chem. Mater. 12001 2684.

[10] L.H. Wang, W. Wang, W.G. Zhang, E.T. Kang, W. Huang,
Chem. Mater. 122000 2212.

dependent on the surface states such as the amount off11] K. Clays, N.J. Armstrong, M.C. Ezenyilimba, T.L. Penner,

counter charge, coverage, interdiffusion and so on. In
our system, the thickness GPPV/Laponite RD bilayer
was thicker than that ofPPV/SP9 bilayer, implying
that the plate-like Laponite RD covers the previous
surface more effectively, with blocking the interdiffusion
between the multilayers.

4. Conclusion

Ultrathin well-ordered multilayer films with PPV
precursor and Laponite RD could be fabricated easily
and rapidly via the spin SA method. The multilayer
films showed(i) Bragg peaks in XRR spectra; afiil)
structural regularity, meaning that the film thickness
would stepwisely increase per bilyer and the hybrid
multilayer films were characterized by contact angle
measurement, surface dying technique, Wis spectra,
XRR spectra, and model fitting.
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