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4. Description of Accomplishments
A. Objectives

The broad objectives of this research were to develop and apply electrochemical NMR (eNMR) to the characterization of fuel cell catalysts under in situ conditions.  Specifically, we proposed to use various solid-state NMR (ssNMR) methods to achieve the high-resolution characterization of adsorbates at the active, catalytic surface of a functioning fuel cell electrocatalyst based on Au nanoparticles (NPs).  The project was predicated on successful purchase and installation of a high field solid-state NMR spectrometer at the University of Wyoming and also on the design and fabrication of a magic angle hopping in situ ssNMR probe by co-workers at Colorado State University.  This preliminary work was to have been supported by the W. M. Keck Foundation.  Because of delays in the purchase and installation of the high field NMR spectrometer at UW (and ultimately the lack of access to any instrument suitable for eNMR measurements) and because the CSU group was unable to successfully field a magic angle hopping probe, the project focused instead on synthesis and characterization of the nanoparticle materials that had been the focus of the in situ NMR experiments, namely small gold phosphine nanoparticle clusters.  Thus, the work in the project comprised on synthesis and characterization of various nanoparticle materials, especially including ex situ ssNMR, AFM/STM and TEM characterization, as well as their immobilization on carbon for electrochemical interrogation.
B. Summary of Activities
Brief overview:  We adapted and refined a synthesis of Au101(PPh3)21Cl5 (Au101).  In our hands, this method routinely gave fairly high yields of Au101 NPs.  These NPs were characterized using several techniques, including TEM, AFM/STM and various NMR measurements.  We also used a simpler citrate-based preparation of Au NPs.  We immobilized the Au NPs on carbon and characterized their electrochemical behavior. 

In addition, we prepared and characterized tin oxide NPs  that were capped with phosphonic acid capping ligands. Our goal in this part of the project was to expand the NMR methods available to study ligand complexation in non-metallic NP materials that may be of interest as electrochemical materials. The use of tin oxide as a host material for tin metal that could be used to alloy of Li in battery anodes was the motivation for our interest in these types of materials.


Between the time the proposal was original submitted and the grant was obtained, Jeff Yarger, the co-PI, relocated to Arizona State University. This relocation produced a substantial disruption in the project, leading especially in delays to the NMR aspects of the work, primarily due to the lack of access to high field solid state NMR facilities at UW and also at ASU at that time. After his move, Yarger established the Magnetic Resonance Research Center (MRRC) at ASU, ultimately leading to the establishment of excellent high field NMR at ASU. Those facilities were used toward the end of the grant period to characterize the Au NPs that were the target of the study.
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In addition, in 2008 Dan Buttry also relocated to ASU. This led to an extended period in the middle of the project when the synthetic and non-NMR characterization tasks were disrupted. After finally establishing temporary lab facilities at ASU, the project was able to be continued. The duration of the project was extended with a no-funds extension to allow completion of the synthesis and characterization of ligand-complexed Au NPs. That report was the first study to definitively demonstrate the exchange of intact metal complexes between an adsorbed state and a solution state for this class of Au NPs. Thus, this comprised an important addition to the literature on the interfacial chemistry of metal NPs. This is especially significant in that much of the previous work on ligand complexation at the surfaces of metal NPs was focused on thiol-capped Au NPs, which are catalytically uninteresting due to the very strong ligand attachment. Thus, these measurements were singularly important in defining the behavior of a catalytically important sub-class of Au NPs.
C. Detailed Accomplishments
[image: image2.wmf]-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

-20

-15

-10

-5

0

5

 

 

Current / uA

Potential/ V


During the grant period we succeeded in adapting and scaling up the synthesis of Au101(PPh3)21Cl5 nanoparticles previously reported by Hutchison's group at University of Oregon.[1]  In our hands, the reported synthesis gives relatively polydisperse material.  Thus, we modified the purification steps  to give more monodisperse TPP-capped Au NPs.  Also, we modified several previously reported methods to synthesize small diameter citrate-capped Au NPs.  We characterized these two types of Au NPs using several techniques, including transmission electron microscopy (TEM), 31P NMR (both solid state and liquid state), 1H NMR (liquid state), thermogravimetric analysis (TGA), atomic force microscopy (AFM), scanning tunneling microscopy (STM) and electrochemistry.


The TEM image of our earliest preps in Figure 1, obtained at ASU, showed that for the reported synthetic procedure the Au NP size is in the 4-6 nm range, considerably larger than in the original report.  Later preps showed the size expected for a nanoparticle with a Au101 core.  These data also showed the shape of the NPs, and revealed lattice fringes detailing the crystallinity of the NPs.  We also developed a modification of the purification protocol that provides Au NPs with diameters in the range 1.5 - 2 nm, consistent with a Au101 formulation.
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We have used AFM and STM to image the "Au101" NPs on HOPG surfaces.  Interestingly, under STM examination we observe self-assembly of the Au NPs on HOPG substrates.  Figure 2 shows a 168 nm x 168 nm AFM image of the TPP-capped "Au101" nanoparticles drop cast onto a HOPG substrate from CH2Cl2 solution.  As can be seen, the Au NPs self-assemble into a two dimensional hexagonal array with an interparticle center-to-center distance in agreement with the TEM data.  We observe such assemblies over distances as large as half a micron.  They are very stable and can be imaged for prolonged periods.  The self-assembly and stability of such arrays is likely due to favorable interactions between phenyl rings on TPP adsorbates on adjacent nanoparticles.
[image: image4.png]



We used TGA to analyze the organic content of the Au101(PPh3)21Cl5 nanoparticles.  Weight loss confirms the organic fraction to be 24%, which is in reasonable agreement with expectations based on the observed size range.  We also implemented NMR measurements to begin characterizing the capping agents at the NP surface.  An example of this is shown in Figure 3, where a 31P solution NMR spectrum in CD2Cl2 is presented together with a 31P solid-state magic angle spinning (MAS) spectrum of Au101(PPh3)21Cl5 nanoparticles.  Two resonances are resolved in both spectra: (i.) a narrow resonance with a chemical shift of 31 ppm and (ii.) a broad resonance positioned at 55 ppm.  The narrow resonance is ascribed to AuCl(PPh3).  This is an impurity phase that is always present in amounts ranging from 3 – 20%, depending on the washing conditions.  The broadened resonance represents PPh3 bound to the Au NP, and it appears in both the solution and solid-state spectra.  Observation of a PPh3 NP resonance in the solution state NMR spectrum is significant, since previous 31P NMR studies have failed to do so.  We believe this is due to various reasons that will not be discussed here.


We also used both 31P and 1H solution NMR to monitor ligand exchange reactions where PPh3 is replaced by 1-octanethiol at the Au NP surface.  This study was reported in J. Phys. Chem. C.  A 1H solution NMR experiment of this type is shown in Figure 4.  The bottom 1H spectrum is of the PPh3 Au NPs where a broad and narrow resonance positioned between 7-8 ppm is observed.  The broad resonance can be assigned to PPh3 bound to the Au NP while the narrow resonance corresponds to the AuCl(PPh3) impurity phase, similar to the 31P results discussed above.  The middle spectrum is from the same solution as the bottom spectrum with the exception that a 1 mol equivalent of 1-octanthiol was added to the solution of PPh3 Au NPs, and the solution was allowed to react for 4 hours.  As can be seen from the NMR spectrum the broad PPh3 resonance is depleted, while the alkyl resonances of the 1-octanethiol are broadened.  This shows that NMR can be successfully used to monitor ligand exchange reactions very readily with simple NMR techniques.         
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Toward that end of the grant period we examined immobilization of the two types of Au NPs at carbon surfaces.  We used oxidative immobilization of amino thiols or amino disulfides at carbon surfaces via attack of electrogenerated amine radical cations at the carbon surface.  These experiments were carried out in both aqueous and non-aqueous solutions such as acetonitrile (ACN).  Figure 5 shows an example of the oxidative immobilization of aminothiophenol (ATP) at a glassy carbon surface.  Following immobilization of sulfur-containing linkers, the modified surface is exposed to a solution containing the Au NPs, which are immobilized due to interaction with the thiol or disulfide center.  Electrochemical examination of these surfaces shows gold oxide formation and stripping, demonstrating that Au NPs can, indeed, be immobilized using this route.


We also examined the electrocatalytic behavior of these immobilized Au NPs toward O2 reduction.[2]  Figure 6 shows the reduction of O2 in unbuffered 0.1 M Na2SO4 at a glassy carbon electrode surface first modified with ATP and then with TPP-capped "Au101".  The figure also shows the control experiment in which an ATP-modified surface with no Au NPs is scanned over the same potential range in presence of O2.  As can been seen, there is clear evidence for O2 reduction at the Au NP-modified surface.  While the potential at which this reduction occurs is not sufficiently negative to be interesting from an electrocatalytic perspective, these experiments do demonstrate our ability to both immobilize Au NPs at carbon surfaces and to address these Au NPs electrochemically.  The grant activities have led both the Yarger and Buttry groups into other areas of nanoparticle research.

The other major activity under the DOE-supported grant period was an investigation of the surface environment of tin oxide NPs capped with phosphonic acid capping ligands.[3] Our objective here was to elaborate methods by which solid state NMR methods could be used to determine the local environment at NP surfaces so that we could better understand and control the capping process. We used a combination of solid state NMR and other methods including 1H and 31P ssNMR, measurement and simulation of 1H(31P build-up curves and various microscopies to thoroughly characterize these materials. The results are summarized in the scheme below which shows the structures that resulted from a detailed theoretical examination of the experimental and simulated NMR results.
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This scheme shows two ligand complexation geometries, bidentate and tridentate, that we were able to distinguish from the NMR results and modeling. The importance of this  type of result is that it offers insight into the stability of capping ligands at NP surfaces. One would generally expect capping ligand stability would increase in the series monodentate< bidentate< tridentate. Thus, preparation conditions that favor polydentate ligation of capping ligands at NP surfaces (such as higher pH in the present case) would be preferable if the objective were to prepare irreversibly (or strongly) adsorbed ligands. In contrast, for purposes of preparing NPs whose surfaces could be exposed for catalytic reactions, it would be preferable to have ligands with lower denticities.

The studies described above have led both the PI’s and co-PI’s groups into new areas of research related to nanoparticle synthesis, characterization and electrochemical behavior. Those efforts continue now under the auspices of other funding agencies.
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Figure 1 - High resolution TEM image of "Au101" NPs prepared as described in the literature.





Figure 2 - STM image of a hexagonal array of "Au101" NPs drop cast from CH2Cl2 solution onto HOPG. Pt/Ir tip; i = 0.5 nA, bias = 0.5 V.





Figure 3 - 31P solution NMR spectrum of TPP-capped Au NPs (upper), 31P MAS ssNMR spectrum of TPP-capped Au NPs (lower).





Figure 4 - NMR spectra showing exchange of TPP capping agents for thiols.





Figure 5 - CV of ATP immobilization at a GC surface. Scan rate - 0.1 V s-1, 1 mM ATP in 0.1 M LiClO4/ACN.
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Figure 6 - CVs of ATP-modified GC surface (blue - control expt) and a ATP/Au NP modified GC surface (red) in O2-saturated 0.1 M Na2SO4. Scan rate = 0.1 V s-1
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