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Single-layer and multilayer films of zirconium octadecylphosphonate have been prepared on 
silicon oxide surfaces and characterized by Langmuir-Blodgett (LB) transfer data, contact 
angle, ATR-FTIR, XPS, ellipsometry and X-ray diffraction. The deposition method uses a 
preformed, organized organic template for assembling the inorganic lattice by combining LB 
and self-assembly (SA) techniques. First, an LB template of octadecylphosphonic acid is formed 
on an octadecyltrichlorosilane-covered substrate, then Z++ ions are "self-assembled" from solution. 
A capping octadecylphosphonic acid LB monolayer is added to  complete the bilayer. Transfer 
of the phosphonic acid is continuous with transfer ratios ranging between 1.1 and 1.2. Contact 
angle measurements on a completed bilayer give an advancing contact angle of 112 f lo. The 
asymmetric methylene (v,(CHz)) band of the template layer appears a t  2918 cm-l and possesses 
a fwhm of 20 cm-1 indicating that an all-trans, close-packed template is formed. The frequency 
and shape of the v,(CHZ) band remain unchanged in the progression from the template layer 
to bilayer to multilayers. XPS analysis of the zirconated LB template shows a 1:l ratio of Zr:P, 
while bilayer and multilayer films possess a Zr:P ratio of 1:2 consistent with the stoichiometry 
observed in solid zirconium phosphonate. Ellipsometry shows a layer-by-layer increase in film 
thickness corresponding to a bilayer thickness of 51 A, while X-ray diffraction reveals a d 
spacing of 52A and thus demonstrates the layered nature of the films. The zirconium phosphonate 
films are quite insoluble in both water and organic solvents. 

Introduction 

Current interest in layered inorganic materials ranges 
from applications in intercalation chemistry,' catalysis,2 
and separations3 to the study of superconductivity and 
magnetism'sP6 where the quasi- two-dimensional structure 
of layered solids makes them attractive experimental 
models for investigating chemistry and physics in the limit 
of two-dimensions. A potentially better model for two- 
dimensions is a true monolayer, and recent advances in 
synthesis and characterization at surfaces have led to 
studies of single layers of atoms7 or compounds,a10 
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prepared on surfaces by molecular beam epitaxy or 
chemical vapor deposition methods. Frequently, however, 
these monolayer films suffer as two-dimensional model 
systems because interactions with the substrate often 
dominate the physical properties of interest." Another 
approach to inorganic monolayers is to incorporate two- 
dimensional arrays of inorganic ions or complexes into 
organic monolayers that have been formed by Langmuir- 
B10dgetP-l~ (LB) or organic self-assemb1yl5J6 (SA) tech- 
niques. This approach was first investigated by Pomer- 
antz17 in studies of magnetic ordering in LB bilayers of 
manganese stearate. 

In this paper, we report the use of transferred LB films 
to form single layers, as well as multilayers, of layered 
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Scheme I. Assembly of an  Inorganic Monolayer at 
an Organic Template 
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zirconium phosphonates. The method developed here 
demonstrates the idea of assembling an inorganic mono- 
layer a t  a preformed, organized organic template (Scheme 
I) and should be useful when applied to other layered 
systems5 including those that can be models for twc- 
dimensional magnetism. A feature of these structures is 
that the inorganic lattice is isolated from the substrate by 
the organic template layer. When choosing inorganic 
systems for these studies, we draw on what is known 
about the structure of the three-dimensional solid-state 
analogs.1azo Our hypothesis is that the best chance to 
prepare a monolayer of an inorganic extended lattice is to 
investigate systems, such as the metal phosphonates,'"Zz 
that form layered structures in the bulk, crystalline phase. 

Transition-metal alkylphosphonates belongs to the class 
of organie-inorganic layer compounds5 in which layers of 
inorganic ions are separated by organized organic layers. 
Examples have been synthesized with divalent,2l triva- 

and tetradentlam metal ions. In the tetravalent 
Zr systems, Zr(03PR)z, it is thought that the metal- 
phosphonate binding19~20~z3 is similar to the binding's 
observed in a-Zr(HPO&HzO where the metal ions are 
octahedrally coordinated by oxygen atoms, with the three 
oxygens of each phosphonate bound to three different 

(17) (a) Pomermtz, M.; Dacol, F. H.; Segmuller, A. Phys. Rev. Lett .  
1978,40,246. (b) Pomerantz,M.InNATOASISeries'PhaseTransitions 
in Surface Films". Dash. J. G., Rudds ,  J., Eds.; Plenum: New York, 
1980: p 317. (e) Aviram. A,; Pomerantz, M. Solid State Comr". 1982, 
41, 297. (d) Pomerantz, M. Surf. Sei. 1984,142, 556. 

(18) Clearfield, A,; Smith, G. D. Inorg. Chem. 1969,8,431-436. 
(19) Alberti, G.; Constantino, U.: Allulli, S.; Tomassini, N. J.  Inorg. 

Nuel. Chem. 1978.40, 1113-1117. 
(20) Dines. M. B.: Dieiacomo. P. M. Inore. Chem. 1981.20. 92-97. 
(21) (a) Cao. G.; Lee, H.; Lynch, V. M.; idllouk, T. E. I&: Chem. 

1988,27,2781-2785. (b) Cao, G.; Lee, H.; Lynch, V. M.; Mallouk, T. E. 
Solid State Ionic8 1988,26,6349. (c) Ortiz-Avila, C. Y.: Rudolf, P. R.; 
Clearfield. A. Inore. Chem. 1989.28.2137-2141. 

(22) (ai Cso, G i  Lynch, V. MI; SAnnes, J. S.; Mallouk, T. E. Inorg. 
Chem. 1990,29,2112-2117. (b)Bujoli,B.;Pal"adeau,P.;Ro~el, J. Chem. 
Mater. 1990.2.582-589. 

(23) Burwell, D. A.;Thompson,M.E. Chem.Moter. 1991,3,73&737. 

Figure 1. Schematic representation of a zirconium alkylphos- 
phonate layered solid emphasizing the layered nature of the 
structure. The two-dimensional arrays of Zr'+ ions are linked 
together by layers of the organophosphonate above and helow 
the zirconium ion plane. 

zirconium ions.'ss21 Each layer consists of a plane of metal 
atoms linked together hy layers of phosphonate groups 
above and below the metal ion plane (Figure l).'"" The 
zirconium phosphonates are extremely insoluble, and 
Mallouk and c o - w ~ r k e r s ~ ~ . ~ ~  have shown that thin films 
can be deposited onto surfaces by first anchoring a layer 
of molecules bearing the phosphonate functionality fol- 
lowed by alternately adsorbing Z++ ions and a,o-al- 
kanediyldiphosphonic acid layers from solution. Other 
groupsz5 have used this method to prepare oriented 
assemblies of functionalized molecules one layer at a time 
for applications such as second harmonic g e n e r a t i ~ n . ~ ~  To 
form an organized inorganic monolayer, we propose that 
the key is the first step where the array of phosphonate 
sites that form the template (Scheme I) must be close- 
packed. None of the published methodsZ4sz5 or other SA 
schemes that we have attemptedz6 have resulted in a close- 
packed template layer required to form an organized 
inorganic monolayer. We have, therefore, investigated 
the LB technique as a method to form suitable organic 
template systems for preparing inorganic monolayers. 

Octadecylphosphonic acid forms a stable film at the 
air/water interface.27.28 The surface pressure vs area (m- 
A) isotherms of octadecylphosphonic acid yields an 
extrapolated cross-sectional area of 24 AZ/molecule, with 
collapse of the film occurring at a surface pressure of 60 
mN/m.a Uponaddition ofZ++ ionstothe water subphase, 
the octadecylphosphonic acid Langmuir monolayer be- 
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comes extremely rigid,28 and conventional vertical LB 
deposition is not possible. Therefore, we have developed 
a new stepwise deposition procedure that involves a 
combination of LB and “inorganic self-assembly” methods 
to prepare monolayer and multilayer films of zirconium 
octadecylphosphonate. Characterization of bilayer and 
multilayer films shows that the structure of these films is 
similar to that observed for the bulk zirconium phospho- 
nate solids.18-20 In addition, the insolubility of the films 
suggests that the procedure might also be useful for forming 
stable films of oriented organic molecules. 

Experimental Section 
Materials. Octadecylphosphonic acid (C18H3903P) was syn- 

thesized from commercial octadecyl bromide (Aldrich Chemical 
Co.) by the Michaelis-Arbuz~v~~ reaction, followed by acid 
hydrolysis. The acid was recrystallized from methanol and dried 
under vacuum. Zirconyl chloride, 98%, was used as purchased 
from Aldrich. 

Substrate  Preparation. Single-crystal (100) face silicon 
wafers, purchased from Semiconductor Processing Co. (Boston), 
were used as deposition substrates. Silicon attenuated total 
reflectance (ATR) crystals, 50 mm X 10 mm X 3 mm purchased 
from Wilmad Glass, were used as substrates for all infrared 
experiments. Silicon ATR crystals were parallelograms, with a 
45’ angle of incidence with respect to the parallel faces. The 
silicon substrates were cleaned using the RCA cleaning proce- 
dure30 then dried under NP. Octadecyltrichlorosilane (0TS)- 
coated surfaces were prepared by placing the cleaned substrates 
in a 2 76 solution of OTS in hexadecane for 30 min. Substrates 
were then rinsed in a chloroform Soxhlet extractor for 30 min. 
Upon removal from the Soxhlet, the substrates were hydrophobic. 

Instrumentation. The Langmuir-Blodgett experiments were 
performed using KSV Instruments (Stratford, CT) Teflon-coated 
LB troughs with hydrophobic barriers. The surface pressure 
was measured by a platinum Wilhelmy plate. A Barnstead 
Nanopure purification system produced water with a resistivity 
of 18 MQ cm for all experiments. Single-barrier pressure versus 
area ( P A )  isotherms were recorded using a KSV 3000 Langmuir- 
Blodgett instrument, and all depositions were carried out using 
the KSV 3000system. In all cases, films were compressed linearly 
a t  a rate of 5 mN/(m min) at room temperature. For the 
depositions, a target pressure of 20 mN/m was maintained with 
deposition speeds of 10 mm/min. 

Advancing contact angle measurements were measured with 
a Ramb-Hart (Mountain Lakes, New Jersey) NRL Model 100-00 
contact angle goniometer. A 250-wL syringe was used to dispense 
a fixed-volume water drop to the surface. 

Infrared spectra were recorded with a Mattson Instruments 
(Madison, Wisconsin) Research Series-1 Fourier transform 
infrared (FTIR) spectrometer using a narrow-band mercury 
cadmium telluride detector. A Harrick (Ossining, NY) TMP 
stage was used for the ATR experiments. All spectra consist of 
1000 scans a t  4.0-cm-l resolution and are ratioed to the OTS- 
covered substrates. 

Film thickness was measured with a Gaertner (Chicago) Model 
L117 ellipsometer employing a 70° angle of incidence with a 
HeNe laser, X = 632.8 nm, as the source. The refractive index 
and thickness of the films were calculated from \k and A using 
an in-house computer program. 

Grazing-angle X-ray diffraction was performed on the films 
with a Rigaku 18-kW rotating anode diffractometer. The X-ray 
source was the Cu Ka line, X = 1.54 A, which was first passed 
through a graphite monochromator. The diffracted X-ray beam 
was passed through a graphite analyzer before hitting the detector 
to ensure monochromatic radiation. 

Modeling of the zirconium octadecylphosphonate structure 
was performed using SYBYL (Tripos Associates) molecular 
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Scheme 11. Deposition Procedure for the 
Preparation of Zirconium Octadecylphosphonate 
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modeling program. In SYBYL, the CRYSIN mode was used to 
import crystallographic coordinates1s for a-Zr(HPO&H20. An 
octadecyl hydrocarbon chain, using the BUILD mode, was grafted 
onto the structure to simulate the zirconium octadecylphospho- 
nate structure. 

X-ray photoelectron spectra were obtained using a Perkin- 
Elmer PHI 5000 Series spectrometer. All spectra were taken 
using the Mg Ka line source at 1253.6 eV. The spectrometer has 
a typical resolution of 2.0 eV, with anode voltage and power 
settings of 15 kV and 300 W, respectively. Typical operating 
pressure was 5 X atm. Survey scans were performed at a 45O 
takeoff angle with a pass energy of 89.45 eV. Multiplex scans, 
140 scans at each peak, were run over a 20-40-eV range with a 
pass energy of 17.90 eV. 

Results and Discussion 
Deposition Procedure. The procedure developed for 

depositing zirconium phosphonate films is outlined in 
Scheme 11. The method combines both LB and SA 
deposition techniques. The first step is to create an LB 
template of octadecylphosphonic acid suitable for binding 
Zr4+ ions. This is achieved by transferring a single LB 
layer of octadecylphosphonic acid from a pure water 
subphase onto an OTS-covered substrate. The substrate 
is dipped down through the film into a vial sitting in the 
subphase. The Langmuir monolayer is then decom- 
pressed, and the vial containing the octadecylphosphonic 
acid-coated slide, now immersed in the subphase, is 
removed from the trough. The second step is to “self- 
assemble” the Zr4+ ions at  the organic template by adding 
enough ZrOClz to the vial to produce a 5 mM zirconium 
solution. After 30 min, the substrate with the zirconated 
template layer is removed from the Z++ solution and placed 
into another vial containing pure water. The final step is 
to bind the capping layer to complete the bilayer assembly. 
The substrate, in pure water, is placed back into the LB 
trough, where a new octadecylphosphonic acid film is 



712 Chem. Mater., Vol. 5, No. 5, 1993 

1.21 I 

h 

Byrd et al. 

Layer Number 

Figure 2. Transfer ratios for the transfer of six octadecylphos- 
phonic acid layers during the formation of zirconium phosphonate 
bilayers. Odd layers are tail-to-tail depositions and even layers 
are deposited onto zirconated surfaces. The first layer is 
transferred onto an OTS-covered silicon substrate. Transfer 
ratios have not been corrected for creep of the Langmuir 
monolayer. 

compressed over the vial, and is then transferred to the 
substrate creating a Y-type zirconium octadecylphospho- 
nate bilayer. When the substrate is removed from the 
Zr4+ solution it is completely wetted, while after deposition 
of the capping layer the sample is dry. Contact angle 
measurements on bilayer and multilayer films result in an 
advancing contact angle of 112 f lo. Multilayers can be 
produced by repeating this three-step deposition procedure 
on the resulting hydrophobic surface. 

Octadecylphosphonic acid was transferred at  a constant 
surface pressure of 20 mN/m. The transfer ratios of the 
tail-to-tail (odd layers) and head-to-head (even layers) 
depositions are shown in Figure 2. Transfer ratios range 
between 1.1 and 1.2 and are high because they have not 
been corrected for slow creep of the phosphonic acid film 
on the subphase. We have determined by creep test3' 
that the barrier moves forward at  an average rate of 0.5 
mm/min in order to maintain a surface pressure of 20 
mN/m. 

Infrared Spectroscopy. IR spectroscopy is useful to 
monitor and characterize transferred films.15c,32,33 Figure 
3 compares the FTIR spectrum, from 2600 to 3200 cm-', 
of the deposited LB monolayer template after binding of 
Zr4+ ions (after step 2 in Scheme 11) to the spectrum of 
a zirconium phosphonate bilayer (after step 3 in Scheme 
11). Also shown in Figure 3 is the spectrum of a multilayer 
film (three bilayers) formed by repeating the deposition 
process. In each spectrum three bands are r e s o l ~ e d : ~ ~ ~ ~ ~ ~  
the asymmetric CH3 stretch (u,(CH3)) at  2960 cm-l, the 
asymmetric CH2 stretch (va(CH2)) at  2918 cm-', and the 
symmetric CH2 stretch (v,(CHz)) at  2852 cm-l. The v,- 
(CHz) band has been shown to be useful in understanding 
the order and packing of the aliphatic chains in mono- 
layers.32 The band frequency is indicative of the confor- 
mational and ranges from 2918 cm-' in an all- 
trans conformation to 2924 cm-' in a "liquidlike" alkane 
that contains a large percentage of gauche bonds. The 
full width at  half-maximum (fwhm) is a measure of the 
orientational ~ r d e r . ' ~ ? ~ ~  For example, the fwhm of an OTS 
monolayer is 17 cm-', whereas a randomly oriented filmz8 
can result in a fwhm of greater than 35 cm-l. For 

(31) Biddle, M. B.; Rickert, S. E.; Lando, J. B. Thin Solid Films 1985, 
134. 121. ~~ 
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Am. Chem. SOC. 1987,109, 3559-3568. 
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Wavenumbers 
Figure 3. ATR-FTIR spectra monitoring the deposition of 
zirconium octadecylphosphonate: (a) a single octadecylphos- 
phonic acid template layer after binding Zr4+; (b) a single bilayer 
of zirconium octadecylphosphonate; (c) three bilayers of zirco- 
nium octadecylphosphonate. In each spectrum three bands are 
resolved: v,(CH~) at 2960 cm-l, v,(CHz) at 2918 em-', and VS- 
(CH2) at 2852 cm-l. The full width a t  half maximum for each 
va(CHs) band is 20 cm-l. All spectra are referenced to the OTS- 
covered silicon ATR crystal. 

0.2 I 

u.u- 
0 2 4 6 

Bilayers of Zirconium Phosphonate 
Figure 4. Plot of the intensity, measured as the absorbance, of 
the v,(CH2) band at  2918 cm-l versus the number of zirconium 
octadecylphosphonate bilayers. The fwhm is 20 cm-1 for each 
point. The solid line is a linear regression fit of the data. 

octadecylphosphonic acid, the va(CH2) band frequency 
ranges from 2918 cm-l with a fwhm of 21 cm-' in the 
crystalline solid to 2924 cm-1 with a fwhm of 35 cm-1 in 
solution.z8 In all three spectra presented in Figure 3, the 
frequency of the v,(CH2) band is 2918 cm-', and the fwhm 
is 20 cm-' indicating that the aliphatic chains are close- 
packed and possess an all-trans conformation. Progressing 
from template layer to bilayer, the intensities of the C-H 
bands double, but the position and appearance of the bands 
remain unchanged indicating that the structure of the film 
does not change during the deposition process. Figure 4 
plots the intensity of the va(CH2) band versus the number 
of bilayers for multilayer films. The linear correlation is 
consistent with a layer-by-layer deposition as suggested 
by the transfer ratio data. 



Inorganic Monolayers Formed a t  a n  Organic Template 

Zr (3d) 

200 180 160 140 120 

Binding Energy (eV) 
Figure 5. XPS spectra monitoring the deposition of zirconium 
octadecylphosphonate: (a) a single octadecylphosphonic acid 
template layer after binding Zr4+; (b) a single bilayer of zirconium 
octadecylphosphonate; (c) three bilayers of zirconium octade- 
cylphosphonate. The peaks are attributed to Zr (3d3p a t  183.6 
eV; 3d5,2 at 185.9 eV) and P (2s at 191.5 eV; 2p a t  134 eV). 
Elemental ratios are obtained from integrated signal intensities 
of the Zr 3d and P 2p peaks that have been corrected for 
instrument and atomic sensitivity f a ~ t o r s . ~ ~ , ~ ~  The zirconium 
phosphorus ratios are 1:l in (a), 1:2 in (b), and 1:2 in (c). 

X-ray Photoelectron Spectroscopy. XPS analysis 
shows that C, Si, 0, P, and Zr are the only elements present 
in the deposited films. Figure 5 shows XPS multiplex 
spectra of the Zr 3d and P 2p peaks for a template film 
capped with zirconium, a zirconium phosphonate bilayer, 
and three zirconium phosphonate bilayers all on OTS- 
covered silicon. Using the appropriate instrument and 
atomic sensitivity fa~tors,3~~35 the ratio of the integrated 
signal intensities gives relative atomic concentrations 
accurate to within 10 % .36 According to the first spectrum 
in Figure 5, after zirconium ions bind to the octade- 
cylphosphonic acid template layer, the P:Zr ratio is 1:l. 
This indicates that the molecules in the octadecylphos- 
phonic acid film are spaced to allow one zirconium ion per 
phosphonate group q d  that the film is close-packed so 
that the molecules cannot rearrange to bind two phos- 
phonates to a single zirconium ion. After capping the 
template with a second octadecylphosphonic acid LB layer 
(middle spectrum of Figure 5), the P:Zr ratio is 2:l which 
is consistent with the stoichiometry observed in the bulk 
layered zirconium phosphonates.1s-20 Finally, the lower 
spectrum in Figure 5 shows a 2:l P:Zr ratio in the film 
containing three bilayers, indicating that the chemical 
content of the film remains the same as multilayered films 
are deposited. 

(34) Perkin-Elmer, PHI ESCA Operator's Manual. 
(35) Scofield, J. H. J.  Electron. Spectrosc. 1976,8, 129-137. 
(36) Seah, M. P. Practical Surface Analysis, 2nded.; Briggs, D., Seah, 

M. P., Eds.; Auger and X-Ray Photoelectron Spectroscopy; John Wiley 
and Sons: Chichester, 1990; Vol. 2, p 240. 
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Figure 6. Ellipsometrically determined film thickness versus 
the number of bilayers of zirconium octadecylphosphonate 
deposited onto OTS-covered Si. The data are fit for a film 
refractive index of 1.49. The solid line is a linear regression fit 
of the data. 
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Figure 7. Grazing angle X-ray diffraction from 12 bilayers of 
zirconium octadecylphosphonate on OTS-covered Si. Three 
orders of the (001) reflection are present and correspond to an 
interlayer spacing of 52 A. 

Ellipsometry and X-ray Diffraction. Reflection 
ellipsometry was used to determine the thickness of 
deposited films and to monitor the layer-to-layer depo- 
sition. Ellipsometric data (Figure 6) show a linear increase 
in film thickness with each successive bilayer. The data 
are fit using an index of refraction of 3.84 for the Si 
substrates and 1.49 for the zirconium alkylphosphonate 
films. From the slope of the regression line, a thickness 
of 51 f 5 A per bilayer is calculated. The fact that the 
regression line does not pass through the ori@ is expected. 
The template films are transferred onto an OTS-covered 
silicon wafer with an unknown oxide thickness. The 
combination of the oxide layer and OTS produces an initial 
film thickness which is constant throughout the experi- 
ment. 

While ellipsometric results are consistent with layer- 
by-layer deposition, it should be remembered that ellip- 
sometry yields an average film thickness,S7 but does not 
prove that the films indeed possess a layered structure. 
Ellipsometry should be used in conjunction with other 
experimental data, and here the ellipsometric results are 
confirmed by grazing angle X-ray diffraction. Figure 7 
shows X-ray diffraction from 12 bilayers of zirconium 
octadecylphosphonate on a silicon substrate. Three orders 
of the (001) reflection including the (001) reflection can be 
identified. The data correspond to a d spacing of 52 A for 
the zirconium octadecylphosphonate films in excellent 
agreement with the ellipsometric data. More importantly, 

(37) Azzam, R. M. A.; Bashara, N. M. Ellipsometry and Polarized 
Light; North-Holland Publishing Co.: Amsterdam, 1977. 
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however, is that diffraction proves the layered nature of 
the films. 

Structure  of Monolayer and Multilayer Films. 
Steps 1 and 2 of the deposition method outlined in Scheme 
I1 represent an example of “inorganic self-assembly” at  an 
organic template. The LB method is first used to arrange 
the octadecylphosphonic acid molecules into an 
organized assembly that is similar to the packing the 
alkylphosphonates assume in the three-dimensional solid- 
state structure. From structural datals of solid a-Zr- 
(HP04)yH20, the intermolecular distance between phos- 
phonic acid molecules corresponds to a mean molecular 
area of 24.7 A2/molecule in the zirconium ion plane, while 
the mean molecular area of the octadecylphosphonic acid 
LB film is 24 A2/molecule.28 This arrangement provides 
a surface that allows the binding from solution of one 
zirconium ion per phosphonate group at  the surface as 
confirmed by the XPS data in Figure 5 and prohibits the 
phosphonate molecules from folding over to bind more 
than one phosphonate group per zirconium ion. 

Addition of the capping phosphonic acid layer completes 
the metal phosphonate bilayer. The bilayer films, as well 
as the multilayer films, have structures similar to those 
observed for solid zirconium phosphonates. XPS shows 
that the films have the Zr(03PR)z stoichiometry, and X-ray 
diffraction proves that the films possess a layered structure. 
The complete analysis is in accord with a structure that 
consists of layers of zirconium ions bonded by phosphonate 
groups that extend above and below the plane, forming a 
layer of close-packed alkyl chains. We attempted to model 
the zirconium octadecylphosphonate bilayers with the 
SYBYL molecular modeling program. Using crystallo- 
graphic coordinates for ~ - Z I - ( H P O ~ ) ~ . H ~ O ~ ~  to model Zr- 
OSP binding, a bilayer was generated by grafting on a 
(CH2)1,CH3 chain in place of the phosphate OH. In the 
generated structure, the all-trans hydrocarbon chain lies 
at a tilt angle of 31.3’ with respect to the zirconium ion 
plane which is a consequence of the phosphonate P-C 
bond orienting nearly perpendicular to the plane of metal 
ions, just as the P-OH bond is oriented in the a-Zr- 
(HP04)yH20 structure.18 The resulting Zr-Zr interplane 
spacing is 42.8 A. If the alkyl chains are rotated such that 
the chain axes are oriented perpendicular to the zirconium 
ion plane, the maximum expected interlayer spacing is 
53.7 A. The experimentally determined interlayer spacing 
of 52 A for the zirconium octadecylphosphonate films lies 
within the 42.8-53.7 A range determined from modelling. 
The 52 8, spacing, however, requires the phosphonate alkyl 
chain to orient nearly perpendicular to the plane of metal 
ions, which would force the Zr-OsP binding to differ from 
that observed for a-Zr(HPOdyH2O. 

In a-Zr(HPO4)yHzO the phosphate group sits above an 
equilateral triangle of Zr4+ ions with phosphate oxygens 
binding three different metal ions in the triangle.ls The 
phosphate groups are bridged by zirconium ions such that 
the oxygen atoms that form the octahedral coordination 
come from six different phosphates, three in the plane 
above and three in the plane below the zirconium ion 
plane.ls In the zirconium octadecylphosphonate bilayers, 
the phosphonate alkyl chains can only orient perpendicular 
to the metal ion plane if the tetrahedral RP03 groups are 
tilted such that the three phosphonate oxygens no longer 
have equivalent orientations relative to the plane of 
zirconium ions. Such an arrangement has been observed 
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Figure 8. ATR-FTIR spectra monitoring film loss from 10 
bilayers of zirconium octadecylphosphonate after soaking in 
chloroform: (a) before placing in chloroform; (b) after 60 min in 
chloroform; (c) after 120 min in chloroform. After initial washing 
20 % of the film is lost, however, the frequency and shape of the 
v,(CH*) band remains unchanged. Additional washings with 
chloroform do not affect the film. 

in some y-phase layered zirconium  phosphate^.^^ In the 
series y-Zr(HPO4) (n-CnH2n+lP04).yH20,38b,c the interlayer 
spacing increases with the alkyl chain length, and the slope 
of this increase is consistent with the phosphate groups 
orienting with their alkyl chain axes perpendicular to the 
zirconium ion plane. Because only every other phosphate 
is alkylated in the y-phase materials, the alkyl chains fold 
over in the longer chain derivatives in order to maximize 
the van der Waals contact between the hydrocarbon 
chains.38blc Upon intercalation with n-alcohols, however, 
the alkyl groups reorient themselves perpendicular to the 
zirconium plane, as the alcohol molecules fill the voids in 
the organic layer.38b Yamanaka and c o - ~ o r k e r s ~ ~ ~ ~ ~  have 
prepared a number of intercalated derivatives, including 
the octadecyl where X-ray diffraction shows the 
interlayer spacing to be 52 A, which is exactly the thickness 
observed for the zirconium octadecylphosphonate films. 
It seems plausible that the zirconium phosphonate orga- 
nization resulting from the layer-by-layer deposition 
developed here, most closely resembles the y-phase 
materials. The assembly of the alkylphosphonate template 
by the Langmuir-Blodgett technique aligns the alkyl 
chains perpendicular to the substrate. This arrangement 
of the alkylphosphonate template is preserved by the 
zirconium bonding step, which suggests that the preformed 
LB template directs the bonding in the self-assembled 
inorganic layer.39 

Solid zirconium phosphonates are highly insoluble in 
both water and organic solvents, and the zirconium 
phosphonate films described here are similarly insoluble. 
Figure 8 compares IR spectra of a 10-bilayer film before 
and after soaking in chloroform for 60 and 120 min. After 
60 min, the v,(CH2) is still a t  2918 cm-l with a fwhm of 
20 cm-l, but approximately 20% of the film has been lost. 
After this spectrum was taken, the film was placed back 
into chloroform for another 60 min and the spectrum 
recorded again. That the frequency and shape of the IR 
band remain constant after the first soaking in chloroform 

(38) (a) Yamanaka, S.; Tanaka, M. J. Inorg. Nucl. Chem. 1979,41, 
45-48. (b) Yamanaka, S.; Mataunaga, M.; Hattori, M. Ibid. 1981, 43, 
1343-1346. (c) Yamanaka, S.; Sakamoto, K.; Hattori, M. J. Phys. Chem. 
1981,85, 193C-1933. 

(39) We wish to acknowledge helpful reviewers comments on this point. 
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indicates that the remaining film is still close-packed and 
does not rearrange. We hypothesize that the original 
soaking washes away defect areas of the film and that 
what remains is the insoluble zirconium phosphonate. 

The approach of using an organic monolayer to organize 
the inorganic monolayer is similar to the concept of using 
Langmuir monolayers to influence nucleation and crystal 
growth of inorganic solids from an LB s u b p h a ~ e . ~ ~ ~  
Heywood and c o - w o r k e r ~ ~ ~  have shown that crystals of 
the inorganic salts CaC03u2 and BaS0443,44 can be grown 
from saturated solutions a t  Langmuir monolayers of 
surfactant molecules and that the choice of surfactant can 
influence the orientation and growth of specific faces or 
even regulate the selectivity of crystal polymorphs. Studies 
by Landau et al.45146 have demonstrated similar control on 
the growth of glycine crystals at  Langmuir monolayers of 
resolved amino acids. In these studies, the Langmuir 
monolayer serves as a template for nucleation, where the 
intermolecular spacing of the template, as well as the 
stereochemical and electrostatic nature of the interface, 
can be controlled by choice of surfactant molecule. The 
work we present here is similar in that the organic layer 
is first organized in order to control the molecular spacing 
of the inorganic material, while in contrast, we restrict the 
growth of the inorganic lattice to asingle layer. In addition, 
the template layer used here is not a floating monolayer, 
rather the template is placed onto a solid support. 

The stability of these films in both aqueous and organic 
solvents suggests that zirconium phosphonate films could 
be useful in preparing materials that require organized 
assemblies of organic molecules analogous to other LB49 
and SA25350951 work on preparing films with second-order 
nonlinear optical properties. While the LB method is 
ideally suited to orienting organic molecules, thin films 

(40) Mann, S.; Heywood, B. R.;Rajam, S.; Birchall, J. D. Nature 1988, 
334,692-695. 

(41) Rajam, S.; Heywood, B. R.; Walker, J. B. A.; Mann, S.; Davey, 
R. J.: Birchall. J. D. J. Chem. SOC.. Faraday Trans. 1991.87 (5). 727-734. 

(42) Heywood, B. R.; Rajam, S.; Mann,-S. Oriented Crysdization of 

(43) Heywood, B. R.; Mann, S. Langmuir 1992,8, 1492-1498. 
(44) Heywood, B. R.; Mann, S. J.  Am. Chem. SOC. 1992,114,4681- 

(45) Landau, E. M.; Grayer-Wolf, S.; Levanon, M.; Leiserowitz, L.; 

(46) Landau, E. M.; Popovitz-Bior, R.; Levanon, M.; Leiserowitz, L.; 

(47) Zaho, X. K.; Xu, S.; Fendler, J. H. Langmuir 1991, 7, 520-523. 
(48) Gavish, M.; Popovitz-Bior, R.; Lahav, M.; Leiserowitz, L. Science 

(49) (a) Bosshard, C.; Kupfer, M.; Gunter, P.; Pasquier, C.; Zahir, S.; 
Siefert, M. Appl. Phys. Lett. 1990,56,1204-1206 and references therein. 
(b) Popovitz-Biro, R.; Hill, K.; Landau, E. M.; Lahav, M.; Leiserowitz, 
L.; Sagio, J.; Hsiung, H.; Meredith, G. R.; Vanherzeele, H. J .  Am. Chem. 
SOC. 1988,110,2672-2674. (c) Cross, G. H.; Peterson, I. R.; Girling, I. R.; 
Cade, N. A.; Goodwin, M. J.; Carr, N.; Sethi, R. S.; Marsden, R.; Gray, 
G. W.; Lacey, D.; McRoberts, A. M.; Scrowston, R. M.; T o p e ,  K. J. Thin 
Solid Films 1988,156, 39-52. 

(50) Li, D.; Ratner, M. A,; Marks, T. J.; Zhang, C.; Yang, J.; Wong, 
G. K. J .  Am. Chem. SOC. 1990,112,7389-7390. 

(51) Ulman, A. J .  Phys. Chem. 1988,92, 2385. 
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are generally metastable and the desired physical effects 
decay with time. The films described here are modeled 
after a known layered solid-state structure, and the 
thermodynamic stability of the zirconium phosphonate 
structure greatly enhances the durability of these films, 
suggesting that the preparation procedure described herein 
should be considered for preparing materials that require 
organized organic assemblies. Other groupsz5 have taken 
advantage of strong zirconium phosphonate binding in 
forming self-assembling multilayer films for nonlinear 
opticalz5 applications. A feature of the LB deposition 
process, however, is that a close-packed phosphonic acid 
template is ensured, generating the optimum density of 
sites for binding zirconium ions. This should lead to a 
higher density of active organic molecules in the mixed 
organic/inorganic assembly as well as a higher degree of 
orientation. I t  is also possiblez8 to use the LB method for 
depositing just the first template layer and then build up 
multilayer films using the alternate Zr4+ ion, a,o-diphos- 
phonic acid SA procedure developed by Mallouk and co- 
w o r k e r ~ ~ ~ ~ ~ ~  and used by other groups.25 We are currently 
investigating how the order of the initial LB template film 
is transferred to successive SA layers. 

Conclusions 
In conclusion, we have demonstrated that an organized 

organic monolayer can be used as a template for assembling 
an extended lattice inorganic monolayer. A stepwise 
procedure has been developed for forming monolayer and 
multilayer films of zirconium octadecylphosphonate that 
uses an LB film of octadecylphosphonic acid to provide 
an organized surface for binding Zr4+ ions from solution. 
The zirconium phosphonate structure is completed by 
capping the surface with a second octadecylphosphonic 
acid LB film. Analysis of bilayer and multilayer films is 
consistent with forming layers on the surface whose 
structure is analogous to that of solid layered zirconium 
phosphonates. The approach of using organized mono- 
layers for preparing inorganic monolayer films should be 
applicable to other layered organic/inorganic systems 
including systems that have been used to model two- 
dimensional conductors and magnets. 
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