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c. Purpose

The design and synthesis of new materials that utilize organization, confinement, and proximity effects at the nanoscale level is leading to the discovery of novel phenomenon that are important for future technological advances. The Molecular Materials program is using self- and directed-assembly techniques to explore the frontiers of nanoscale materials. The research encompasses three related thrusts: (1) nanoparticle composites based on hard and soft matter that exploit the novel properties of organized arrays of nanoparticles for electronic, magnetic, or photonic applications (2) nanoporous materials for use as catalysts, hosts for clusters, and templates for nanowires, nanotubes, nanodots, etc. and (3) patterned surfaces and thin films from soft matter such as diblock copolymers and organic metals for molecular and/or hybrid electronics. This program uses a strong interplay of synthesis, characterization, and theory to study these materials and understand their unique properties. Advanced techniques are used for the characterization of the new materials and state-of-the-art electronic structure theory for theoretical support. This program involves multi-investigator and multi-disciplinary research with numerous collaborations within the ANL Materials Science Division. We also make substantial use of major user facilities at ANL such as the Advance Photon Source, Intense Pulsed Neutron Source and the Electron Microscopy Center. We will also be utilizing the facilities at the Center for Nanoscale Materials being built at Argonne and the Advanced Computing Facilities at Argonne. It utilizes our expertise in synthesis, characterization, and theory in this rich and exciting new field of research. Our new research program in nanoscale materials is strongly coupled with the new Center for Nanoscale Materials at Argonne as well as other research programs in the Materials Science Division.
e. Approach
Personnel: U. Geiser (100%), J. Schlueter (70%), H. Wang (70%), L. Iton (50%), M. Firestone (50%), L. Curtiss (10%), P. Zapol (10%), X.-M. Lin (10%), N. Grynaviski (20%, Postdoc), C. Han (50%, Postdoc), S. Eah (University of Chicago Nanoscience Consortium Postdoc)
Project Scope

· Nanoparticle composites to exploit the novel properties of organized arrays of nanoparticles for electronic, magnetic, or photonic applications. 
· Nanoporous materials for use as catalysts, hosts for clusters, and templates for nanowires, nanotubes, nanodots, etc..
· Patterned surfaces and thin films from soft matter such as diblock copolymers and organic metals for molecular and/or hybrid electronics. 
· Strong interplay of synthesis, characterization, and theory to study these nanoscale materials and understand their unique properties.

· A computational modeling effort based on state-of-the-art electronic structure theory provides theoretical support and also includes methods development.

Research Thrusts

(1) Nanoparticle composites

The objective of this thrust is the design, synthesis, and characterization of nanoparticle composites that exploit the novel properties of organized arrays of nanoparticles. The fundamental knowledge derived from this project will provide the basis for enhancing material properties and device functions beyond current limitations and help to lay the foundation for future electronics. This thrust involves (1) precise chemical synthesis of nanoparticles with required properties that are of high purity,  narrow size distribution, and with reproducibility, (2) incorporation of the nanoparticles as organized assemblies into or onto host materials such as polymer matrices and surfaces, (3) tailoring of the particle size, particle density, particle packing motif, interparticle interactions, and host material in these new nanocomposites to control electronic, optical and magnetic properties. To address these challenges we are exploring a variety of nanoparticles that can be synthesized. Computational studies are being used to help understand controlling factors of nanoparticle size and shape. The host materials for organizing these nanoparticles into organized arrays are functionalized surfaces and polymer-grafted, lipid-based complex fluids recently developed at Argonne. The structural and electronic properties of the resulting nanocomposites are measured and characterized using standard techniques as well as unique capabilities available at Argonne. Learning how to control and tailor the properties of these nanoarrays will provide the basis for a new generation of materials with potential application in high-density data storage devices, sensors, microwave filters, high-field magnets, etc. 
(2) Nanoporous materials

This thrust focuses on the use of nanoporous materials as templates for nanoscale objects, hosts for clusters, and selective catalysis. Nanoscale objects, such as nanowires, nanotubes, and nanoparticles, are being prepared with nanoporous templates for the study of novel phenomena such as quantum confinement and proximity effects. This work involves (1) synthesis of templates with highly ordered nanopores such as anodized aluminum oxide using electrochemical techniques for anodization and electrodeposition, (2) the assembly of nanoobjects in these pores and the subsequent manipulation and alignment of physical property measurement, and (3) development of a fundamental understanding of the interplay of superconductivity and magnetism in the nanoscale objects. Another aspect of this work involves the preparation of materials with a special focus on chemical reactivity within nanopores for exploitation in selective catalytic processes. This work involves (1) the synthesis of ordered nanoporous oxide materials of varying composition using micellar surfactant aggregates as structure-directing templates, (2) the incorporation of catalytically active species in the pores, (3) the structural and electronic characterization of the resulting composites, and (4) the investigation of test reactions using in situ x-ray methods.  Particular versions of these materials are also being employed as host matrices for the study of confinement effects on structure, dynamics, and electronic properties of encapsulates. This work also includes a computational effort aimed at understanding catalytic reactions in nanoporous materials and an effort aimed at development of new quantum chemical methods for reactivity studies.
(3) Patterned Surfaces and Thin Films for Molecular Electronics
The objective of this thrust is the preparation of patterned surfaces and thin films from molecular precursors.  These structures are ultimately thought to be integral parts of future electronic devices of either purely molecular or hybrid (molecular/inorganic) nature.  The long term goal of this research is to gain a fundamental understanding of pattern and film formation and the interactions between the deposited molecules and the substrate that will lead to the design of improved materials for such devices.
f. Technical progress
Highlights of recent work from our recent work on nanoscale materials are given in this section.
(1) Nanoparticle composites

Nanoparticle Synthesis and Characterization
Core-Shell Spring Nanomagnets. We have developed a synthetic technique for growing large ferromagnetic cobalt nanocrystals in solution phase by controlling the decomposition rate of organometallic precursors. The growth of large cobalt nanocrystals provides great promise that other materials can be used to form a shell structure during particle growth. We have found that an understanding of the growth temperature with respect to the injection temperature is  crucial for maintaining the uniformity of the particle size dispersion. Magnetic properties of noninteracting Co nanocrystals were measured by dispersing them into a didecyldimethylammonium bromide (DDAB) matrix. The saturation magnetization shows no temperature dependence, which demonstrates that these particles are ferromagnetic and without any detectable oxidation in the sample. Similar measurements for closely packed nanocrystal aggregates show a decreased coercivity indicating that particles in close proximity are antiferromagnetic coupled. (In collaboration with  Sam Jiang  and Sam Bader).

Soft matter templating of nanoparticles. We have used self-assembled nanostructures, dendrimers and liquid crystals (ionogels) as hosts for the selective synthesis and organization of anisotropic, metallic nanoparticles. This work shows that by careful selection of the template, we can produce in high yield prismatic, cubic and rod-shaped metal nanoparticles.  This is an important result, because the optical and electronic properties of metal nanoparticles are highly dependent upon size and shape. (In collaboration with Lajos Balogh (Univ. of Michigan)).
Nanoparticle Organization

Self assembly on  Surfaces. Our recent in-situ small angle x-ray experiment of a liquid film is the first experiment of its kind to explore the dynamics of the self-assembling process. These data show many surprising results. The most intriguing finding is that nanocrystals with hydrophobic ligands can assemble at the organic solvent-air interface at a very fast rate. Simulations have reproduced the scattering patterns during the entire evaporation process illustrating the growth dynamics of the monolayer on the liquid-air interface. Recent experiments have also shown that kinetics of solvent evaporation control the structure of superlattices. With fast evaporation rate, 2D superlattices will assemble, whereas at the slow evaporation rate, typically 3D superlattice aggregates will form. We anticipate that these research effort will open up an entire new field in understanding the self-assembly dynamics. (In collaboration with Suresh Narayanan (XFD) and Jin Wang (XFD))
Directed assembly on Surfaces. In this work, directly templated patterns of magnetic and photonic nanospheres and rods were fabricated using dip-pen nanolithography (DPN). Gold substrates were prepared by applying a gold film through magnetron sputtering onto a freshly cleaved mica surface. DPN was performed by “inking” the AFM cantilever in an ethanol solution of 16-mercaptohexadecanoic acid. Patterned surfaces were then passivated by backfilling the exposed gold surface with 1-hexadecane thiol. Layer-by-layer (LBL) depositions were performed by alternately exposing the patterned surfaces to polyethyleneimine (PEI) in chloroform and dilute hexane solutions of FePt or Co nanoparticles. To demonstrate the effectiveness of this procedure, layers of PEI and 4 nm FePt nanoparticles were built up on a patterned gold substrate. We have found that the first polymer layer has an approximate thickness 5.5 nm, while the deposition of the first layer of FePt nanoparticles increases the layer thickness to 8 nm. The layer thickness suggests that the nanoparticles become somewhat imbedded into the polymer layer. As additional layers are added, the total thickness of 8 nm per layer is preserved.

Self Assembly in Soft Matter.We have continued to study the use of self-assembled, soft nanostructures as scaffolds to produce controlled nanoparticle arrays architectures. Specifically, magnetic nanospheres (2 nm FePt) prepared using standard chemical reduction techniques in solution were successfully incorporated into the preformed hydrophobic regions of the lamellar gel phase of a polymer-grafted complex fluid. Small-angle x-ray scattering (SAXS) studies on the composite indicate that the nanoparticles selectively partition into the alkane region without disruption of the complex fluid structure. Anomalous SAXS reveals the absence of deleterious aggregation of the FePt nanoparticles. This work, in conjunction with a prior year’s study demonstrating that aqueous-soluble quantum dots (CdS) and metal nanoparticles (Au, Ag, Pt) can be organized within the water channels, demonstrates the potential of soft nanostructures to create composite nanoparticle arrays and will lay the foundation for our future studies on probing the interactions (fundamental physics and chemistry) between layers of adjustable dimensions that contain different types of nanoparticles. 

Properties of Nanoparticle Arrays

Electronic Transport of 2D Nanocrystal Monolayers.Our current work is designed to understand the finite temperature effect on the electron transport through these 2D nanocrystal arrays. Our data have shown that transport at finite temperature can be divided by two different regions. Below a crossover temperature T*, the zero-temperature shape of IV curve survives, with a mere shift and threshold voltage. Above T*, the threshold vanished, and low-bias conductance acquires a thermally activated form. A theoretical model that is generalized from earlier Middleton and Wingreen (MW) theory is being established. The effect of finite temperature is to randomly smear out certain tunneling junctions when the offset charge energy is less than the thermal energy. This can be mapped to a standard percolation model. Both our experiments and theory supports a thermally assisted quantum tunneling between neighboring nanoparticles. (In collaboration with Klara Elteto (Univ. of Chicago) and Heinrich Jaeger (Univ. of Chicago))
Femtosecond transient absorption dynamics of gold nanocrystal monolayer. Relaxation of hot electrons within a nanocrystal is dominated by electron-electron scattering and electron-phonon scattering. The dynamics in nanocrystals are different from bulk materials due to both the finite size and surface effects. We have studied transient absorption spectra and kinetics of a self-assembled close-packed nanocrystal monolayer consisting of monodispersed nanocrystals. The highly uniform particle size reduces the effect of inhomogeneous broadening while the close-packed nature of the monolayer increases the optical density significantly. The experimental data we obtain so far also shows that for low laser pump power (~100nJ pulse), the nanocrystal monolayer maintains its structural integrity and the e-ph coupling constant is close to that for bulk films. However, at higher pump pulse energy (>150nJ), the interaction between pump pulse and sample causes the particles to shift away from their lattice positions and ultimately sinter with the neighbouring particles. (In collaboration with Gary Wiederrecht (CHM), Heinrich Jaeger (Univ. of Chicago) and Norbert Scherer (Univ. of Chicago))
Single particle spectroscopy. Optical properties of a single semiconductor nanocrystal depend on size dependent intrinsic energy states of the particle. However, recent photoluminescence experiments indicate that fluorescence intensity and lifetime also depend on its environment. We have attached a single gold nanocrystal to the tip of a chemically etched optical fiber. The surface plasmon scattering signal, which was collected through the optical fiber in different solvent environments, shows a dependence of peak position as a function of the index of refraction of the solvents. (In collaboration with Gary Wiederrecht (CHM), Heinrich Jaeger (Univ. of Chicago) and Norbert Scherer (Univ. of Chicago))
(2) Nanoporous materials

Anodic aluminum oxide (AAO)
Geometry control of AAO. We have explored ways to prepare highly ordered nanopore channels with diameters between 20 and 200 nm.  In dilute sulfuric acid etching solution with 20 V anodization potential, 20 nm pores with 60 nm pore-to-pore distance have been prepared.  In oxalic acid with 40 V potential, 40 nm pores with 100 nm pore-to-pore distance have been fabricated.  These pores can be expanded to 80 nm wide with additional etching.  In phosphoric acid with 160 V potential, 200 nm pores with 400 nm pore-to-pore distance have been made.  We also studied the barrier layer opening with chemical etching.  In dilute phosphoric acid, the barrier opening is followed with AFM and SEM measurements as a function of etching time.  Two different etching rates were observed that corresponded to two distinct regions of pure alumina cell wall and impure alumina cell interior.

Growth of nanotubes and nanowires in AAO. Electroless-deposition of Ag and Au in nanoporous membranes was investigated.  For micro-channels with diameters larger than 1 m (polycarbonate track etched films), smooth Ag and Au nanotubes have been prepared.  For the nano-channels in AAO membranes, the same procedure is not as effective.  Electroless-deposition only led to porous nanowires in the 200 nm pores and chains of beads in the 50 nm pores.  Fairly large particles on the order of 30-50 nm were observed in these porous wires.  The plating conditions will be optimized in order to prepare smooth nanowires and nanotubes with diameter less than 200 nm.  Such chains of beads are of an ideal morphology for sensor applications due to their high surface areas.  We plan to use these new porous nanowires and nanotubes as prepared for chemical and biochemical sensing.  

Catalytic nanoporous  membranes 
Anodized aluminum oxide composites. The AAO membranes have been used together with a novel atomic layer deposition (ALD) process to produce new composite nanoporous material for catalysis. A thin 15 nm layer of ZnO has been deposited inside of the 40 nm nanopores. With the ALD process, we can narrow the pore with nanometer precision without changing the pore-to-pore distance.  This new AAO/ALD process allows us to precisely control the surface areas, the catalyst loading, and the reaction time. Cyclohexane oxidative dehydrogenation reaction was studied with this new AAO/ALD/V2O5 membrane catalyst and the results showed high selectivity toward the desired product, cyclohexene, but not the over oxidized product, benzene. In the catalytic applications, the AAO and ALD-modified AAO membranes are treated at temperatures up to 550˚C.  We have used spectroscopic and diffraction methods to examine the behavior of AAO at elevated temperatures.  UV Raman spectroscopic studies have established that aluminum oxalate is incorporated into AAO membranes grown in oxalic acid. The AAO membranes are stable to heating at 800˚C in air. X-ray diffraction measurements show that a small amount of alpha–Al2O3 is present in the framework, along with amorphous Al2O3, after the AAO membrane (oxalic acid preparation) is heated in air to 550˚C. (In collaboration with M. Pellin and J. Elam).

Mesoporous silicas. In situ SANS measurements have been employed to study of the formation of the mesoporous silica SBA-16 by two different synthetic methods.  In the first method, the SBA-16 is formed using an oligomeric surfactant as the template and sodium silicate as the silicon source. In the second method, the SBA-16 is formed using a triblock copolymer (polyethylene oxide-polypropylene oxide-polyethylene oxide) surfactant as the template and tetraethoxysilane as the silicon source.  

Rigid Molecular Frameworks 

The design and synthesis of three-dimensional coordination polymer networks is of interest for electronic properties as well as for catalysis and gas storage. The designers of open-frame network crystals face the age-old conundrum that nature abhors the void, i.e., the network distorts to a denser form unless special precautions are taken during the crystal growth. Such an interpenetrating network was found in the salt KMnAg3(CN)6, where the long straight Ag(CN)2 units bridge between octahedrally coordinated manganese(II) ions to form an extended, essentially cubic network.  The face of each cube contains a square opening of about 7 Å on a side, large enough for the strands of two other, identical nets to thread through.  Potassium ions are found as "glue" on interstitial sites.  While this particular triple interpenetration type has been found in a few other salts, this is the first example that incorporates a paramagnetic transition metal ion into the network. An exceptionally high quality single crystal X-ray diffraction data set was obtained from this material, and its structure could be determined with unusually high precision.

Computational Studies

We have worked on the extension of the Gaussian-n quantum chemical methods to the third-row transition metal elements. During the past year we have developed several new basis sets for first-row transition metals Sc-Zn. These basis sets have been tested on bond energies, ionization energies and excitation energies. The new basis sets have proven to be reliable for these quantities, although further assessments are underway. These basis sets are being used for computational studies of catalysis in mesoporous materials and other projects. In addition, the basis sets are being used in the development of Gaussian-n methods.
(3) Patterned Surfaces and Thin Films for Molecular Electronics
Self Assembly of Light Emitting Diblock Copolymers

The self assembly behavior of diblock copolymers built from OPV (oligo-phenylenevinylene) and polyglycols in solvent mixtures of tetrahydrofuran and water was studied by use of x-ray and neutron small angle scattering.  It was found that when the polyglycol was PPG (poly-propyleneglycol) a phase regime of non-aggregated copolymer exists at low water content (below 6%), while in copolymers with PEG (poly-ethyleneglycol) no such regime exists.  The PPG segments being more rigid than the PEG segments, led to the formation of better ordered OPV-PPG nanofiber bundles.  Individual nanofibers were observed directly with use of tapping mode AFM.  The nanofiber diameter was uniformly 18 nm that was in good agreement with the results from neutron scattering measurements.  The OPV chromophore absorbs at 420 nm and emits at 478 nm.  When a 400 nm focused laser light was used to excite the central part (2-3 m) of a nanofiber bundle that contained ~30 individual nanofibers, an emission at 480 nm throughout the entire length of the bundle (> 30 m) was observed.  The fiber bundle clearly indicated optical wave guiding behavior.  We demonstrated that OPV-PEG coated on an AFM tip could be utilized as the ink in dip-pen nanolithography.  This technique allows the deliberate patterning of arbitrary shapes of these highly fluorescent molecules and could be used in the fabrication of specialized opto-electronic devices.

Micro- and Nanoscale Surface Patterning

We developed a new patterning technique that combines dip-pen nanolithography with layer-by-layer deposition.  The primary pattern-carrying ink was an acidic thiol that can be delivered onto a gold-on-mica substrate with an AFM tip to form a uniform monolayer. The second layer of the pattern was built by coating the patterned area with a hydrophilic polymer after deactivation of the exposed gold layer with alkyl-thiol.  The polymer was chosen to contain amine functional groups that underwent ligand exchange with the surfactant molecules on the surfaces of nanoparticles.  Soaking the polymer coated substrate in nanoparticle solution led to a smooth nanoparticle layer.  The whole process can be repeated to build up the composite layer-by-layer.  The significance of this new process is that multi-layers with different functionality and unique sequence can be fabricated, for example, A-A-A, A-B-A-B, A-B-C, etc.  Many different nanoparticles such as soft (Co) and hard (FePt) ferromagnets, metal (Au, Ag) and superconductor (Pb), etc. can be applied to develop new applications.

Development of New Characterization Methods

Improved zone plate optics at APS (beamline 2-ID-B) has allowed resolution of BEDT-TTF (bis-ethylenedithio-tetrathiafulvalene, precursor to organic conductors) microcrystalline films, with diameters of less than 200 nm, in X-ray fluorescence imaging.  X-ray fluorescence microscopy is a useful diagnostic tool in the characterization of nanoscale patterned films because it directly images the distribution of specific chemical elements.  It is thus complementary to other nanoprobe methods, which sample the topography and surface adhesion of these films.  It is expected that improvements in beam optics will deliver a resolution of 10–20 nm within the next few years.  Compared to the previous year, improvements have also been made at APS in the area of fluorescence detector efficiency.  A gain of more than 10 was achieved, leading to shorter data collection times, higher sampling density, and improved signal-to-noise ratio.  This improvement made it possible to prove that the oxidation of BEDT-TTF films in chlorinated solvent takes place uniformly over the entire patterned sample, rather than being concentrated on the largest crystallites of the microcrystalline BEDT-TTF film.

g.  Future Accomplishments   
Nanoparticle Synthesis and Characterization
Core-Shell Spring Nanomagnets. Future work in this area will be focused on the controlled growth of soft (ie., Co), hard (ie., CoPt) and composite (ie., Co-CoPt) nanoparticles. We anticipate that the composite materials will exhibit spring magnet behavior with superior energy products. The effect of reaction temperature, solvent system, ligand and precursor material on the particle growth will be investigated. This will be necessary to develop an understanding of the size dependence magnetic properties. Once synthesized, these magnetic nanoparticles will be characterized by ac susceptibility, dc magnetization and powder X-ray diffraction through which the crystal phase and magnetic properties can be determined. Transmission electron microscopy, small angle X-ray scattering, and scanning probe microscopy (AFM, STM, NSOM) will be used as supplemental techniques to characterize these materials in order to assess particle size, morphology, and polydispersity. We plan to explore the chemical ligand effect on the magnetic properties of nanocrystals and study self-assembled magnetic nanocrystal arrays in order to investigate inter-particle coupling and switch behavior. With time, this synthetic aspect will be expanded to include the synthesis of other nanoparticles, including superconducting particles such as lead, niobium, tantalum, niobium carbide and tantalum carbide. 

Soft matter templating of nanoparticles. Our efforts to employ soft materials as templates and scaffolds to control the synthesis and organization of inorganic nanoparticles will continue. Extensive work to correlate the effect of confinement and organization of the dendrimer templates on nanoparticle synthesis by reactive encapsulation will also be studied. Work will also focus on the relationship between the mesoscopic structure of the confining soft materials (e.g., polymer/lipid-based complex fluids) and their organization and thus, the physicochemical properties of encapsulated nanoparticle arrays.
Nanoparticle organization

Self assembly on Surfaces. Future research on this topic will be focused on the determination of the critical evaporation rate of the 3D to 2D structural transition. We will also explore the size segregation of different sizes of nanocrystals on the liquid-air interface and study the dynamics of the nanocrystal self-assembly process in other matrices such as block copolymer solutions.
We are also interested in using the chemically synthesized magnetic nanocrystals (prepared in the Core-Shell Spring Nanomagnets section) as pinning sites to study vortex pinning and dynamics in superconducting films. Coupling chemically synthesized nanocrystals directly with a superconducting film has not been attempted previously. A superconducting film, such as Nb, Al, NbSe2, MgB2 or YBa2Cu3O7, will be decorated with either isolated magnetic nanocrystals or an ordered nanocrystal monolayer. Since this process does not change the corrugation of the underlying superconducting film, pinning effects solely derived from the interaction between the magnetic moments of nanocrystals and the superconducting vortices should be observed. The previous lithographic patterning techniques were unable to explore these effects due to the large spacing between the pinning sites. 

Directed assembly on Surfaces. The recent discovery of the dip-pen nanolithography together with the layer-by-layer method is expected to lead to a host of new patterns incorporating nanoparticles of various kinds. Future work in this area will consist of building multi-layer structures to determine if there is a critical height after which the structure becomes unstable. The LBL structures are currently being investigated to determine if the nanoparticles are organizing in any significant way in their layers, which may be an issue when trying to build in other materials where high degrees of order are required. Such questions must be addressed before this technique is ready for direct application, but early experiments suggest that it holds a great deal of promise in future fabrication applications.  Especially exciting is the prospect of using mixed-metal magnetic particles such as the soft/hard hybrids (Co/FePt).  We will fabricate such nanostructure and investigate potential spring magnet behavior. For the optimal utilization of these spring magnets in working devices it will be necessary to place them in well-defined locations, and this method is especially suited to achieve this goal. 

Our preparative toolbox based on scanning probe nanolithography will be further enhanced by the acquisition of an electrochemistry attachment to the atomic force microscope (AFM).  This option will allow us to apply an electrical potential at a well-defined locale.  Thus it will allow us to generate patterns electrochemically, by the localized selective oxidation or reduction of well-matched precursors.  Furthermore, it will be possible to attach and release charged species such as nanoparticles by the application of appropriate electrical potential to the AFM tip.  The preparative applications of the AFM (such as dip-pen nanolithography) will also gain an invaluable boost by the acquisition of lithography control software.  In conjunction with proper feedback position control loops, this software will allow much better control of the tip positioning and will permit the generation of much more intricate patterns than currently possible.
Nanoparticle Organization in Soft Matter. Methods by which magnetic and superconducting nanoparticles can be incorporated into polymer-based matrices to yield novel, nanocomposite materials will be investigated. The nanoparticles in the proposed composite will be arranged in layers within which the particle size, density and packing motif are expected to drastically affect the observed properties. Control of interparticle interactions both within and between layers will be a key to developing these systems as device components. Initially, we will investigate the incorporation of soft and hard magnetic materials. The non-interacting particles will be characterized in solution by ac susceptibility and dc magnetization. The magnetic particles will then be oriented in a layered composite structure. Collective properties of these oriented particles will then be measured and compared to the isolated particles. The particle size will then be varied to search for size effects. Our long-range plans involve the synthesis of superconducting particles, such as lead, which will then be incorporated into the vacant layers between the magnetic particles. The interactions between the layers of superconducting and magnetic particles will be investigated and tuned by varying the particle identity, size, and coatings. 

Properties of nanoparticle arrays

Femtosecond transient absorption dynamics of gold nanocrystal monolayer. Future research in this area will focus on attempting to increase the robustness of the nanocrystal monolayer by sputtering a thin film over the nanoparticles. We will also study the electronic transition between the surface ligand and the nanocrystal on fast electron dynamics.

Electronic Transport of 2D Nanocrystal Monolayers. We will use the electron beam patterning technique to create quasi-one dimensional arrays. We expect that the tunneling path through these quasi one-dimensional channel will be different from 2D arrays. Secondly, we will tune the interparticle barrier by either doping or modifying the ligand chemistry on the nanocrystal surface with the goal of pushing towards a metal-insulator transition. Finally, we will explore the effect of changing the nature of particles (for example, magnetic and superconducting particles) within the array.

Single particle spectroscopy. In the future, work in this section will be focused on measuring the shape effect of surface plasmon scattering through measuring the polarization effect. We will also study conjugated semiconductor-metal nanocrystals composites. By varying the local field through coupling at various interparticle spacing between metal and semiconductor nanocrystals, we plan to explore the local field effect on the optical properties of single semiconductor nanocrystals.

Computational studies
Understanding the controlling factors of the growth of metal nanoparticles is very important to the development of 3D and 2D arrays. We will investigate the size and shape of metal nanoparticles using a model that uses electronic structure calculations of surface energies. This model can be used to predict the size and shape of nanoparticles. It also can be used to determine the role that ligands on the surface play in the size and shape of the nanoparticles. The initial work in this area will be on gold nanoparticles with thiol ligands. We will then examine mixed ligands and subsequently move to mixed metals such as FePt. The theoretical studies will be closely coupled to the experimental studies in this thrust.

(2) Nanoporous materials

Assembly of nanoscale objects in anodic aluminum oxide (AAO) nanopores
Geometry control of AAO. The naturally occurring hexagonally close packed pattern of AAO maintains a highly ordered periodicity with a domain boundary on the order of twenty times of the pore-to-pore distance.  For photonic, electronic, and magnetic applications, long range order is essential.  We propose to apply photo- and e-beam-lithography to prepare surface patterns on aluminum, combining with anodization, domain boundary limit is expected to be overcome.  We will first pattern large pore-to-pore distance (e.g. 500 nm) over several hundred micrometers and investigate the responses in the visible light region.  These highly ordered templates will be used to develop new chemical and biochemical sensors with optical detection. We will also prepare highly ordered nano-channels for magnetic antidot array (magnetic reversal) study.  

Growth of nanotubes and nanowires in AAO. We propose to fabricate two new types of nanostructures: core-shell and multi-segmented nanowires.  The core-shell nanostructure can be built in two steps.  For example, a metal shell can be built first with melt wetting (Bi) or electro-deposition processes (Pb, Pd, Pt), followed by filling the core with a magnetic metal (Fe, Co, or Ni) via electro-deposition.  The target core-shell nanowires will be FePt, CoPt for proximity effect.  Alternatively, one can control the core-shell stoichiometry to prepare novel FePt strongly ferromagnetic nanowires that cannot be electrodeposited directly.  CoPb and NiPb are other targets for probing the Fermi level changes with magneto-resistance measurements as well as investigating the interplay between ferromagnet and superconductor.  Multi-segmented nanowires have only been reported with CoCu nano-composite.  The working principle is based on pulsing the deposition potential between low voltage (for Cu layer) and high voltage (for Co rich layer).  The layer thickness or deposition rate can be controlled with electrolyte concentration.  These multi-segmented nanowires are interested for polarized spin injection that is a key component for spintronics.  We plan to study a few novel systems such as Fe/Pt, Co/Pt, Co/Cu, etc. in collaboration with the Nanomagnetism project. Our preliminary results indicate that AAO membranes are ideal templates for making polymeric nanowires and nanotubes.  These new nanoscaled species can be further processed to fabricate carbon nanowires and nanotubes. 

Catalytic nanoporous  membranes
The nanostructuring of materials can lead to modifications in chemical reactivity and is a strategy that is being exploited as a path toward improved selectivity in catalytic processes.  Our work emphasizes materials that possess pore structures that are structured on the nanoscale.  In particular, mesoporous AAO frameworks that are conformally coated by ALD with different oxide overlayers are being exploited as a new architecture for catalyst support materials.  

Characterization. A particular challenge in understanding these materials is to establish a reasonable description of the structure of the ALD overlayer and of the catalyst surface.  The task is complicated by two factors, viz., (i) the overlayers are usually disordered, and (ii) the active surfaces are in the interiors of pores and therefore not conveniently exposed for experimental observation.  The theoretical modeling of these materials is made more difficult by the absence of structural information.  Thus, one of our major challenges will be to improve the methods of characterization of the surfaces of disordered catalysts.  

Reaction sites A second major challenge is in the design of heterogeneous catalysts with uniform reaction sites.  A continuing difficulty in studying the fundamentals of heterogeneous catalytic processes lies in the dispersion of non-equivalent reaction sites that characterizes most conventional catalysts, and the uncertainty about the structures of the sites and the sizes of catalytic clusters.  Therefore, we will also undertake the development of methods of formulating catalyst materials with reaction sites that are uniform and well defined.  We will develop highly uniform Pt nanoparticles and methods to load these nanoparticles into AAO membranes.  One strategy is to derivatize the inner walls of AAO membranes with a hydrophilic polymer.  The polymer will be carefully chosen so that it will undergo ligand exchange with the surfactant molecules on the nanoparticles.  The nanoparticles can be introduced through a layer-by-layer deposition method.  Another strategy is based on flowing polymer solution mixed with nanoparticles directly into the AAO membranes followed by calcination to decompose the polymer and to expose the active nanoparticles. 

Rigid Molecular Frameworks 

Molecular-based framework structures are promising new materials for novel electronic properties, catalysis, and gas stroage. Open metal coordination sites can provide reaction centers within the pore structure. Two distinct catalytic processes will be investigated to gain an understanding or the reaction mecahnisms. 1) The binding energy required for the dissociation of molecular hydrogen and chemical absorption on the molecular framework will be fine tuned in order to achieve reversible hydrogen storage materials. 2) Metals with the ability to catalyze the production of molecular hydrogen will be incorporated into the pore structure. Another type of molecular-based framework structure that will be investigated are those formed when divalent first-row transition metals are linked with polydentate ligands. They  are interest because their structural diversity leads to a variety of bulk magnetic properties. The neutral, binary systems, M(dca)2, form three dimensional rutile-like structures that exhibit ferromagnetic (M = Co and Ni), antiferromagnetic (M = Cr, Mn and Fe), or paramagnetic (M = Cu) ground states. Until recently, the corresponding anionic M(dca)3– complexes, which were initially reported nearly forty years ago, have been less studied. We are interested in studying the effect of various templating cations on the structural and magnetic properties such anionic polymeric systems. The incorporation of two-dimensional, magnetic, anionic structures into conducting charge transfer salts will lead to the formation of hybrid (magnetic/conducting) materials. 

Computational Studies

In the future work we will continue our work on the extension of Gaussian-n quantum chemical methods to the third-row transition metal elements. This will include testing our new basis sets in the Gaussian-n formulation. In addition, we will carry out quantum chemical studies of dehydrogenation of alkanes on catalyst/metal oxide substrates similar to experimental studies in this thrust. Specifically, we will examine the dehydrogenation of propane on a V2O5 catalyst. The potential energy surface will be examined and the effect of the substrate in activating the catalyst will be investigated.  
(3) Patterned Surfaces and Thin Films for Molecular Electronics

Self Assembly of Light Emitting Diblock Copolymers


Our recent experiments have shown that self-assembled nanofibers of OPV-PEG in tetrahydrofuran have enhanced third order nonlinear properties, such as Kerr nonlinear index of refraction and two-photon absorption coefficient, compared to OPV-PPG without aggregation.  We will further our effort to self-assemble OPV-containing diblock-copolymers into ordered arrays in two or possibly even in three dimensions.  These ordered arrays are expected to behave like photonic crystals, i.e. exhibit a dispersive band structure in the wavelength regime of visible light and a band gap that may be exploited for opto-electronic applications.  In a different approach toward the same goal, we will use external periodic structures, such as nanoimprint copies of diffraction gratings, to order the OPV-containing diblock-copolymer bundles. [In collaboration with N. Thantu (INEEL)]

Micro- and Nanoscale Surface Patterning


We will initiate the use of the newly developed nano-imprint method in order to create useful masters to be applied in micro-contact printing.  The micro-contact printing technique has great potential for the rapid generation of repeated patterns with features in the small micrometer and upper nanometer length scale, but it has been hampered by the limited availability of suitable pattern masters. This limitation will be remedied by the application of combined new e-beam tool and nano-imprint method.

Films of organic superconductors are attractive design target because they can be synthesized at near-ambient temperature by wet-chemical methods.  We will attempt to create micro- or nanocrystalline films of the organic superconductor (BEDT-TTF)2SF5CH2CF2SO3 (Tc=5 K) by two different methods: The first method is based on previous observations that it is possible to make extremely homogenous microcrystalline films of BEDT-TTF salts by the electrochemical over-oxidation in the presence of the anion of interest to the nominally 1:2 salt.  The 1:2 salt that is electrically insulating in most cases, is then partially reduced back to the conducting (sometimes superconducting) 2:1 salt by treating it with neutral BEDT-TTF.  The second method consists of the co-sublimation of the volatile precursors BEDT-TTF and the free acid of the organic anion.  Spontaneous oxidation of BEDT-TTF and deprotonation of the acid should lead to the desired product.  A future effort, once these techniques have been demonstrated to lead to superconducting films, will be aimed at writing a superconducting pattern on top of a substrate that has been prepared by dip-pen nanolithography or microcontact printing.

New Characterization Methods

Continued improvements in zone plate fabrication are expected to produce focussed X-ray beams of increasingly small spot size for fluorescence imaging.  The design goal for the new beamline at the Center for Nanoscale Materials calls for 10 nm resolution at 10 keV, although several years still remain to the completion of this beamline. The fluorescence imaging so far has been carried out with X-rays in the somewhat soft 1-4 keV energy range, where many useful elements such as sulfur and gold fluoresce.  However, the future incorporation of magnetic nanoparticles into patterned films in section (1) will require us to also utilize a source with higher X-ray energy (also available at the APS) in order to excite the fluorescence in the first and second row transition metals and to directly map the distribution of the nanoparticles.

A new scanning probe microscope will greatly enhance not only the preparative capabilities of this instrument, as described in the previous section, but will also make for a better diagnostic tool.  In particular, the feedback loop will allow for much more accurate repeatability in the positioning of the probe tip, thus making it possible to scan the same precise area under different conditions and in different operating modes.  Within this thrust area, the new microscope will be utilized for imaging the detailed crystal growth of the patterned organic superconductors such as (BEDT-TTF)2SF5CH2CF2SO3 in order to improve the crystallization conditions that lead to pinhole-free films within the desired areas, and no crystal growth in the areas of the pattern that are intentionally left empty.  The combined electrochemical and lithographical capabilities of this microscope will make it possible to grow the nanocrystalline films selectively within desired areas of the sample.  The other thrust areas will also utilize this microscope, e.g., the areas of nanoparticle organization (see above).
h.  Relationship to other Projects
The Molecular Materials Group has developed extensive collaborations with a number of research projects within the Materials Science Division at Argonne. These include Nanostructured Thin Films (57504), Laterally Confined Magnetism (58830), Biomaterials (57525) Neutron and X-ray Scattering (58701), Superconductivity and Magnetism (58906), Emerging Materials (58916), Magnetic Thin Films (58918), Interfacial Materials (58307), and the Electron Microscopy Center (58405).  
We have collaborations including researchers at BNL (J. Miller), NIST (J. Kramer), NHFML-FSU (J. Brooks), University of Miami (F. Zuo), University of Tennessee (J. Musfeldt), University of Illinois (R. Giannetta, C. P. Slichter), Washington University (J. Schilling), Portland State University (G. Gard), North Carolina State University (M. Whangbo and J. Martin), Northwestern University (J. Pople, M. Ratner), Agere Systems (K. Raghavachari), Penn State University (P. Deutsch), University of Michigan (L. Balogh), LANL (F. Trouw).

International collaborations include University of Dresden (J. Wosnitza), University of Frankfurt (M. Lang), Oxford University (J. Singleton), Nijmegen University (H. van Kempen), University of Cagliari (P. Delpano, M. L. Mercuri), McMaster University (T. Timusk), Australian National University (L. Radom), Paderborn University (Th. Frauenheim) and the University of British Columbia (J. Eldridge), University of Stuttgart, Germany (M. Dressel), Darmstadt University of Technology (M. Winterer), Université d'Orleans - CNRS (M.-L. Saboungi), and Australian National University (J. White).




