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Metal-Bisphosphonate Multilayer Thin Films
with Nonlinear Optical Activity

GRACE ANN NEFF, MARCUS R. HELFRICH and
CATHERINE J. PAGE

Department of Chemistry and the Materials Science Institute, University of
Oregon, Eugene, OR 97403

Multilayer thin films based on metal-bisphosphonate chemistry which possess nonlinear opti-
cal (NLO) activity are discussed. Films are prepared in a step-wise fashion using a chromo-
phore-containing asymmetric O,0-bisphosphonate molecule. Second harmonic generation
from these films is reported as a function of number of layers on glass and silicon substrates.
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INTRODUCTION

Molecule-based thin film materials with large second-order nonlinear optical (NLO)
properties are of great interest currently, due to their potential application in electrooptic,
photorefractive, and second harmonic generation devices.l!2] To incorporate such
properties into molecular materials, a polarizable charge situated in an anharmonic
potential is required, such as a molecule containing conjugated & systems situated
between electron donor and electron acceptor groups. Second-order NLO processes are
forbidden in centrosymmetric media under the dipole approximation, and so these
molecules must be oriented within the film such that the bulk structure is
noncentrosymmetric. Several clever approaches have been examined to align molecules
in this manner, including incorporation into poled-polymer and Langmuir-Blodgett
films.3] An altemnative technique ‘that has also been shown by several groups to be
effective at producing such thin film materials is molecular self-assembly.[1:4-81

Li er al. were the first to make use of the technique of molecular self-assembly to
produce acentric films with second-order NLO properties, with their study of siloxane-
based multilayers with a high degree of structural regularity and a resulting large NLO
response.12:4.5.9] Kaiz et al. have made use of the technique with a zirconium
phosphate/phosphonate system to produce films of acentric multilayers with high second-
order optical nonlincarity.(1.10] Recently, Hanken er al. have reported the use of similar
chemistry to produce noncentrosymmetric multilayers with electro-optical properties.[6]

Our approach to incorporating NLO properties into noncentrosymmetric multilayers
involves the layer-by-layer growth of acentric metal-bisphosphonate films,[7:8. 11,121 and is
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unique in that it involves only phosphonate linkages, which are less susceptible to
hydrolytic cleavage than arc phosphates. With this approach, the chromophore-containing
bisphosphonate molecule has onc of its terminal phosphonate groups protected so that it
can bind to a metal-functionalized surface in only one orientation. Following deposition
of the molecule, acid hydrolysis is used to convert the ester groups to phosphonic acid
moieties in order to enable multilayer growth, as shown in Figure 1. This report describes
results using this approach with the chromophore bis(I-ethyl)3-(N-methyl-((4-((4-phenyl-
phosphonic acid)azo)phenyl)amino)decyl)phosphonate, or azobenzene molecule I.
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FIGURE 1. Layer-by-layer growth of thin film multilayers of oriented metal
bis(phosphonates), illustrated here with use of azobenzene molecule I and Zr.

Multilayers of I and Zr were grown on silicon and glass substrates and characterized
with ellipsometry, UV-Vis spectroscopy and second harmonic generation (SHG). The
chromophore within molecule I should have quite a large molecular second-onder hyper-
polarizability.[3] Multilayers of Zr and I on both Si and glass substrates were examined by
SHG as a function of number of layers. The results are reported herein,

EXPERIMENTAL

Details of the synthesis of I and the multilayer deposition are reporicd elsewhere.[8]
Substrate preparation and ellipsometry measurements were done as described in reference
[13). Second harmonic generation (SHG) measurements were performed using the 800
nm output of a regeneratively amplified Ti:Sapphire laser operating at 1 kHz.[8)

RESULTS

The Si samples studicd were prepared on the same Hf-primed substrate, with successive
pieces cut from the larger whole after deposition of a certain number of layers. Five
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samples, with 2, 4, 6, 7 and 8 layers respectively, were individually characterized with
ellipsometry and SHG. The former technique qualitatively verified regular film growth,
while the latter enabled us to characterize the NLO properties of the films.[8] The
macroscopic sccond-order NLO response of the bulk film, represented by x® in the
expression below, is dependent on both the orientational average of the microscopic
molcular (B) and the number of molecules or layers present in the film (N).

1B o« N <p>

Accordingly, we expect the SH response to increase (quadratically) with increasing number
of layers deposited. The square root of the SH response from multilayer samples on Si is
plotted in Figure 2, and shows the expected response.
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Four different picces of glass slides served as substrates for four multilayer samples
that were grown simultancously, and each was characterized individually with both UV-Vis
Spectroscopy and SHG. UV-Vis spectroscopy was used to verify that roughly the same
amount of chromophore was deposited in each azobenzene deposition step. The
absorbance increased linearly with each successive layer deposited. The SH response from
these multilayers also confirms regular film growth, as shown in Figure 3.
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The expected linear increase in square root of the SH response with each subsequent layer
is observed for these multilayers also. The data in Figures 2 and 3 indicate that films of
roughly the same quality with similar propenties can be prepared on either Si or glass
substrates, and illustrates that our method of layer-by-layer assembly of metal
bis(phosphonates) is a viable route to second-order nonlinear optical materials.

CONCLUSIONS

Our method of preparing multilayers of metal-bis(phosphonates) via layer-by-layer
growth involves the use of acentric bis(phosphonates) which are “protected” at one
terminus and “functional” at the other. The functional terminus binds 1o Hf-primed SiO,
surfaces, orienting the NLO chromophores. Gentle acid hydrolysis of the ester protection
groups using 0.5 M HCI allows for subsequent metal deposition and the production of
multilayers. This method was used to to produce regular multilayers on both Si and glass
substrates with the azobenzene molecule I and Zr as the metal component. SHG results
presented herein illustrate the expected increase in SH response with increasing number of
layers on both Si and glass substrates, and thus show our method to be viable for
producing thin film materials with sccond-order NLO properties.
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