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ABSTRACT  

Nanostructures with novel size-dependent functional properties are rapidly 

emerging.  In this dissertation, molecule-based nanoparticles of Cobalt-salen 

complexes were prepared from an organic solution of the compound using the 

precipitation with compressed antisolvent (PCA) technique.  In situ X-ray absorption 

spectroscopy (EXAFS and XANES) in conjunction with quantitative microbalance 

techniques were employed to gain insight into the relationship between the structure 

and the gas binding ability of the nanoparticles.  Unprocessed Co(salen), the starting 

material, was found to be of a square planar geometry and displayed  no measurable 

binding for either dioxygen (O2) or nitric oxide (NO).  In contrast, the Co(salen) 

nanoparticles with a distorted tetrahedral geometry showed near-stoichiometric O2 

uptake as well as reactivity with NO.  The nanoparticles were successfully coated on 

alumina supports using a Wurster-type coating device.  These findings open new 

avenues for formation and novel applications of nanoparticulate metal complexes.  
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Chapter 1: Introduction 
 
 
1.1 Nanomaterials 
 

Nanomaterials as discussed in this dissertation are defined as particles having 

at least one dimension less than 100 nm [1].  Nanomaterials with novel size-

dependent properties and potential applications for catalysis, gas storage, and 

controlled release formulations are increasingly emerging from rational design based 

the understanding of relationships between structure at the atomic/molecular level and 

performance.   

Novel molecular catalysts are one example of such nanomaterials; these 

nanocatalysts can comprise single atoms, metal clusters, or particles composed 

entirely of molecules with both a metal center and surrounding ligands.  Currently, 

most work has focused on the synthesis and characterization of metallic nanoclusters, 

which have demonstrated unique activity not observed in bulk analogous materials.  

For example, supported gold nanoclusters display unique activity for CO oxidation, 

[2-4] and Pd nanoparticles have shown high activity for NO reduction by CO [5].  

Transition metal nanoparticles have also shown the ability to form carbon-carbon 

bonds [6].  However, there has not been much research on nanoparticles composed 

entirely of transition metal complexes [7], even though it has been demonstrated that 

they may exhibit different properties than those of their bulk analogues.  For instance, 

a vanadium phosphorus oxide (VPO) catalyst synthesized using precipitation with 

compressed antisolvent (PCA) technology and precipitated from CO2 was 

demonstrated to be more active in the oxidation of n-butane than the traditionally 
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prepared catalyst and did not require as extensive a pretreatment process [8].  The 

overall goal of this dissertation is to investigate the possibility of forming molecule-

based nanomaterials [7, 9] and further characterization of these materials to probe for 

unique function. 

 Transition metal complexes such as Metallosalen 

[bis(salicylaldehyde)ethylenediamine] have received substantial interest due to their 

ability to perform a variety of catalytic transformations.  Since the discovery of the 

salen ligand over 100 years ago, its catalytic potential has been significantly studied 

[10].  As demonstrated in previous work, several different salen-based ligands were 

precipitated in carbon dioxide [9].  Of these different complexes, Co(salen) 

[cobaltous bis(salicylaldehyde)ethylenediamine] was selected for additional testing 

since it has been demonstrated to bind dioxygen in the solid state [11]. 

Current conventional methods to size reduce materials, such as freeze-drying, 

spray drying (in air), milling, and liquid recrystallization have several drawbacks 

including intensive use of organic solvent, broad particle size distributions, and trace 

organic residues in the product.  Consequently, additional steps are usually required 

to remove the trace solvent.    

1.2 Using PCA Technology to Size Reduce Materials 
 

Precipitation with compressed antisolvent (PCA) offers a novel method to size 

reduce materials that does not suffer from the above-mentioned drawbacks.  

Currently, most PCA investigations appear to be centered on pharmaceutical 

applications [12-14].  However, several reviews describe the use of PCA to process 
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other materials including polymers and inorganic and organic molecules [15-18].  

There also have been several reports of variations and modifications to the PCA 

technique [19, 20].  For example, in the particles from gas-saturated solution (PGSS) 

technique, the solid is first melted by CO2 expansion and then forced through a small 

nozzle.  In another process called depressurization of expanded liquid organic 

solution (DELOS), an expanded solution is quickly depressurized, causing 

precipitation [19].      

In the PCA process, the metal complex, labeled commercial or unprocessed 

complex, is first dissolved in a suitable organic solvent and then the solution is 

sprayed simultaneously with fresh supercritical carbon dioxide (scCO2) as shown in 

Figure 1.1.  The dense CO2 preferentially extracts the solvent from the spray, causing 

supersaturation and particle formation.  The resulting powder can be collected both 

from the precipitation vessel and also downstream on a filter. 

 

                              Figure 1.1: Schematic of PCA equipment 
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The PCA process is very complex as the particle size and morphology are 

dictated by four main factors: (1) mass transfer kinetics between the solution jet and 

carbon dioxide, (2) mechanism of jet breakup, (3) nucleation and growth kinetics of 

the solute, and (4) the fluid phase equilibrium.  As described earlier [9] where one 

operates in the pressure and temperature space, dictates which of these mechanisms 

dominates over the others.  For example, operating above or below the binary mixture 

critical point (MCP) has dramatic influence on many of the key parameters of the 

PCA process.  For example, it was found that jet dispersion interface varied 

dramatically depending on the temperature and pressure of the vessel [21].   

Another variable affected by operating above or below the MCP is the mass 

transfer mechanism.  Above the MCP, the solvent and antisolvent are miscible in all 

compositions and solvent droplets are not expected due to vanishing surface tension.  

At these conditions, it is thought that the mass transfer takes place by turbulent 

mixing as the jet breaks up in a gas-like plume [22, 23].  However, below the MCP, 

solution droplets are formed due to atomization by the nozzle and mass transfer takes 

place due to molecular diffusion through the solvent-antisolvent interface [22, 23]. 

Consequently, for the vast majority of these precipitation experiments, the 

temperature and pressure were selected so that the precipitation took place above the 

mixture critical point.  As described earlier [9], when the precipitation was carried out 

far below the MCP, discrete particles were no longer observed and the micrographs 

appeared similar to the unprocessed material.    
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1.3 Research Objectives 
 

 Investigate PCA as a method to produce nanoparticles of molecule-based 
transition metal complexes 

  
 Characterize the nanoparticles with respect to structure and function using a 

comprehensive suite of microscopic and spectroscopic techniques 
 

 Develop a technique for supporting the particles for practical usage using a 
redesigned Wurster coating device   

 
 

Some of the ligands and complexes utilized for testing are shown below in 

Scheme 1.  The complexes were either purchased or synthesized following 

procedures described by previous members of the Borovik group (Appendix A).  The 

nanoparticles were created as described in chapter two.  The existing PCA equipment 

was redesigned to improve the collection yield and efficiency of the process.  Chapter 

three outlines data showing initial differences in the properties of the nanoparticles as 

well as unprocessed starting material using powder XRD as well as BET.  These 

differences were further explored utilizing quantitative O2 binding experiments with a 

thermogravimetric (TGA) balance as well as a Rubotherm magnetic suspension 

balance.  Chapter four discusses the quantitative gas uptake of nitric oxide to both the 

Co(salen) nanoparticles as well as unprocessed starting material using a tapered 

element oscillating microbalance (TEOM).  Chapter five probes the structures of both 

the unprocessed and processed materials using X-ray techniques to comprehend the 

structure activity relationship.  Chapter six outlines preliminary experiments that 

address coating the nanoparticles on solid supports.  Finally, chapter seven gives 

conclusions and recommendations.       
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Pursuit of these objectives will lead to the development of molecular-based 

nanoparticles with unique structure and function.  Ultimately, this could lead to a new 

class of molecule-based stabilized transition metal catalyst through bottom up design.   

                                             

 

 

 

 

 

 

      Scheme 1: Structures of different complexes investigated in this dissertation 

1.4 Relevance to CEBC Mission 

The goal of this dissertation as it fits into the overall strategy of the Center for 

Environmentally Beneficial Catalysis (CEBC) is to produce nanostructured materials 

with unique functional properties including catalysis, gas storage, and controlled 

release formulations.  Also, this research and corresponding results could be of 

interest to CEBC member companies interested in catalyst development.  This work 

was carried out through a multidisciplinary effort fostered by the CEBC in which 

chemists specializing in synthesis collaborated with chemical engineers specializing 

in high pressure precipitation and coating.  

These new nanostructured complexes could result in improved activity and 

selectivity for the CEBC test bed reactions (oxidation and/or hydroformylation) or, in 
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some cases, facilitate new chemical transformations.  Ultimately, these benefits could 

produce engineered systems that are economically and environmentally useful and 

that yield higher atom economy, smaller holdups, and lower energy requirements than 

traditional catalysts. 

The PCA technique has been identified as a novel method to produce 

nanoparticles in a green manner [24] as it utilizes non-sequestered carbon dioxide, a 

green solvent, as the precipitant to create more active materials.  The organic solution 

utilized initially to dissolve the complex can be separated and recycled.   
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Chapter 2: Preparation of Nanoparticles using PCA technique 
 
 

2.1 Introduction 
 

In previous work [1, 2], it was demonstrated that the PCA technique could be 

applied to create nanoparticles of different salen based transition metal complexes.  

Initial batch sizes were small (10s of milligrams).  Larger batch sizes were desired so 

the existing PCA equipment was redesigned as described below.  This chapter will 

outline the experimental equipment and conditions utilized to produce the particles.  

Additionally, further data will be provided that attempts to strengthen the claim that a 

correlation exists between the initial geometry around the metal center and 

corresponding particle morphology, holding the other process variables relatively 

constant.  Finally, data will be presented that shows differences in the decomposition 

profile of the nanoparticles and the starting material, unprocessed Co(salen) powder.  

2.2 Experimental  
 

 The scanning electron microscope is used to probe the morphology and 

approximate size of the PCA processed material.  Samples were scanned using a high 

resolution LEO 1550 field emission scanning electron microscope at an accelerating 

voltage of 15.0 kV.  A common procedure was followed for all sample preparations.  

First, the ligand or complex was sprinkled directly onto a conductive carbon tab 

(Electron Microscopy Sciences Part # 77825-12) attached to a 12 mm diameter 

aluminum specimen mount (Electron Microscopy Sciences Part # 75190) and the 

excess powder was tapped away.  Since most of the samples had a significant static 

charge, carbon graphite paint was applied in a ring around the sample.  The sample 
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was then dried gently in an oven at 65 °C.  It was then sputter-coated with a 30 nm 

thick Au-Pd (60:40) alloy coat using a Hummer-2 (Technics) operating at 100 mTorr 

and 10 mAmps (9 volts).   

 The catalyst decomposition data was collected with a TA Instruments Q50 

Series Thermogravimetric Analyzer (TGA) with a heating rate of 5 °C/min to 400 °C 

and 20 °C/min to 1000 °C. Balance and sample flowrates were 40 and 60 sccm 

respectively. 

The transmission electron microscope was utilized to further probe the 

structure of the Co(salen) nanoparticles.  Micrographs were obtained using a JEOL 

1200 EXII transmission electron microscope that can reach magnifications as high as 

500,000X. The Co(salen) nanoparticles were placed in DI water (5 mL sample vial).  

A few drops were then placed onto a 300 mesh carbon film supported on a copper 

grid (Electron Microscopy Sciences CF300-Cu).  After waiting for five minutes for 

the particles to settle, the excess water was absorbed using filter paper.  The 

accelerating voltage was set at 80 kV with a beam current of 50 µA.   

2.3 Experimental Protocol 
 
 The detailed step by step experimental procedure can be found in Appendix C.  

Carbon dioxide, from two dip-tube cylinders, is compressed to the operating pressure 

by a pneumatically operated gas booster. After passing through a surge tank 

immersed in a temperature-controlled water bath, where pressure fluctuations are 

dampened, it enters the precipitation chamber through the converging diverging 

annulus of a co-axial nozzle, SonimistTM ultrasonic spray nozzle Model 600-1.  The 
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solvent (methylene chloride), containing dissolved complex, is supplied at a constant 

flow rate by a syringe pump (Isco 314) and fed through the inner capillary of the 

nozzle (152.4 µm) into the temperature controlled precipitation chamber. The CO2 

passes through the outer annulus and rapidly disperses the liquid jet, causing 

precipitation to take places at the exit of the nozzle.  The particles are collected from 

the precipitation chamber as well as outside of the reactor on a filter, maintained at 

constant temperature by being immersed in the same water bath as the chamber. The 

CO2-solvent mixture is depressurized across a heated backpressure regulator and the 

solvent is separated from the CO2 and recovered. Following the cessation of spraying 

the organic solvent, additional CO2 was sent through the system to ensure the removal 

of residual solvent from the processed particles. The system was then depressurized 

to atmospheric pressure and the particles were collected [1, 2].  

2.4 Equipment Modifications  
 

For production of the Ni(salen*), Ni(salen-1), and TPP particles the 2.5 L 

(incorrectly labeled as 2 L in thesis [1]) precipitation vessel fabricated by Thar 

Technologies was utilized.  As discussed later in chapter six, the original PCA vessel 

(2.5 L vessel) manufactured by Thar Technologies (CL1408) was modified to 

perform coating experiments.  In order to switch back to precipitation experiments, 

the nozzle and other internals would have to be changed back. This is not a trivial 

process and takes a few hours to complete.  Therefore, to improve the overall 

experimental efficiency, a second dedicated precipitation vessel was designed as 

shown in Figure 2.1 and 2.2. 
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This new vessel (304 stainless (not 316 as listed in Figure 2.2), 0.950 L) [3] 

was manufactured by The Kansas Manufacturing Company located in Lawrence, KS.  

A schematic of the vessel is given in Figure 2.2.  The vessel does not contain any 

view windows in order to decrease the dead space and has a taper on the bottom to 

help funnel the particles to the filter.  It is also much shorter than the 2.5 L vessel, 

making powder collection post processing easier.  A teflon encapsulated viton o-ring 

(IBT Lawrence TEV-840240) seals the lid and nozzle to the lower portion of the 

vessel.  The vessel was then pressure tested with water to 2,144 psig.  This new vessel 

was utilized to produce all the nanoparticles of Co(salen) utilized for the O2 and NO 

binding experiments in chapters three and four as well as the x-ray absorption 

spectroscopy (XAS) experiments in chapter five.     

The other equipment modification is the replacement of the Cole Parmer 

membrane filter with a larger SCEPTER® crossflow microfiltration module (Figure 

2.1) produced by Graver Separations, Inc.  This was done in order to scale up the 

batch sizes.  The membrane is rated at 0.1 micron and consists of a thin layer of 

titanium dioxide.  Normally, the filter has a capacity of 1 – 2 grams [4], but for the 

Co(salen) nanoparticles the maximum capacity was around 0.3 grams.  For one 

experiment, the spray time and initial mass was doubled over the normal operating 

conditions, however, the mass collected in the filter did not increase as expected.  

Instead, the mass collected in the chamber rose dramatically.  One explanation is that 

the filter filled up, so the precipitated mass back filled the chamber.  It is expected 

that this is due to the low packing density of the material.  Normally, when the 
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particles are collected, the powder clumps together as tubular shaped cylinders.  The 

mass of these cylinders was measured and the volume calculated from measured 

dimensions.  The resulting packing density was calculated to be 0.02 g/cc.  For 

comparison, the packing density for the commercial Co(salen) is 0.66 g/cc.  This 

value for the nanoparticles is much lower than expected as the true density of the 

material was found to be 1.3 g/cc (described in chapter three). 

 
 
                     
 
    
 
 
 
 

                   
 
 
 Figure 2.1: Original 2.5 L vessel (left), new 0.95 L vessel (middle), and new filter 
(right) 
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                              Figure 2.2: Schematic of new precipitation vessel [5] 

During some of the experiments, it was found that the methylene chloride and 

CO2 could be separated in the glass cyclone located downstream of the micrometering 
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valve.  The key parameter for this separation was the feed temperature into the 

cyclone.  The temperature had to be around – 51 °C (222 K) or below for any 

condensation to occur.  The difficulty arose that at these low temperatures the tubing 

was prone to clogging with dry ice, caused by the rapid depressurization of CO2.  

This collected solvent was slightly colored, indicating the presence of dissolved 

complex and can account for some of the mass lost in the mass balance.  However, 

leaks appeared in the connections between the glass cyclone and the stainless steel 

tubing.  Therefore, the glass cyclone was replaced by a stainless steel vessel that is 

warmed with heating tape.  No clogging problems have occurred after this change.     

2.5 Experimental Conditions 

In every experiment methylene chloride was selected as the initial solvent, 

since previous studies had found that it yielded the highest initial solubility [1].  The 

experimental conditions utilized are given below in Table 2.1. The Camile TG® data 

acquisition system was utilized to log data from the precipitation experiment, during 

spraying of the organic solvent.  Pressure and temperature profiles during the 

precipitation are displayed in Figure 2.3. 
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Table 2.1: PCA experimental conditions (also see Appendix H) 

    Vessel  Chamber Chamber Soln. Soln. CO2 

System Run 
 

Volume Pressure Temp. Conc. 
Flow 
Rate 

Flow  
Rate 

    (L) (bar) (°C)  (mg/mL) (mL/min) (L/min)
Ni(Salen) 7 0.95 81.9 40 7.2 1.45 57.2 

Ni(Salen-1) 1 2.5 79.8 37 6.1 1.45 56.5 
Co(Salen) 2 2.5 80.3 37 5.4 1.45 **** 
Co(Salen) 3 0.95 83.1 47 4.0 1.45 58.3 
Co(Salen) 4 0.95 80.4 43 3.7 1.45 58.2 
Co(Salen) 5 0.95 83.5 43 3.9 1.45 **** 
Co(Salen) 6 0.95 81.1 43 3.7 1.45 57.6 
Co(Salen) 7 0.95 82.5 41 3.9 1.45 60.2 
Co(Salen) 8 0.95 81.7 37 3.9 1.45 62.8 
Co(Salen) 9 0.95 82.9 42 2.9 1.45 56.4 
Co(Salen) 10 0.95 81.5 39 2.9 1.45 57.3 
Co(Salen) 11 0.95 80.7 41 2.9 1.45 55.1 
Co(Salen) 13 0.95 81.3 36 3.0 1.45 59.2 
Co(Salen) 14 0.95 82.9 41 3.1 1.45 61.2 
Co(Salen) 15 0.95 81.4 41 3.0 1.45 64.2 

TPP 1 2.5 80.3 38 5.4 1.45 57.2 
Ni(Salen*) 1 2.5 80.6 37 2.3 1.45 47.2 
Ni(Salen*) 2 2.5 81.0 36 9.9 1.45 59.1 

Salen 1 0.95 82.4 41 20.5 1.45 58.3 
Co(salen*) 1 0.95 79.3 39 9.6 1.45 60.5 

 

               

(a) 
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Figure 2.3: Temporal pressure and temperature profiles during precipitation of 
Co(salen); (a) vessel and solution gauge pressures, (b) chamber and water bath 
temperatures 
 
2.6 Precipitation of Additional Complexes 
 

As been previously discussed [1, 2], a correlation was discovered between the 

molecular geometry and the morphology of the PCA produced nanoparticles, holding 

all the other variables relatively constant.  Additional ligands and complexes were 

tested to further probe this correlation.  The data is presented in chronological order 

in which the particles were produced.  All compounds were either purchased or 

synthesized following procedures outlined by previous Borovik group members 

(Appendix A).    

2.6.1 Tetra Phenyl Porphine (TPP) 
 

It was desired to test an additional ligand outside the salen family to see if it 

exhibited this correlation between molecular geometry and particle morphology.  

Planar compounds similar to Ni(salen) were sought so Nickel (II) phthalocyanine 

[CAS 14055-02-8] was tested.  However, the solubility of this complex for the 

(b) 
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solvents tested (acetone, methylene chloride, DMSO) was too low. Next, porphines 

were investigated.  It should be noted that these ligands are difficult to synthesize and 

are consequently expensive.  When precipitated above the binary mixture critical 

point (MCP), this complex forms plate-like structures with a width and length in the 

nanometer range as seen in Figure 2.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

            Figure 2.4: SEM micrograph of TPP  
 
 
2.6.2 Ni(salen-1)  
 

In this case, the influence of the 4-vinyl benzyl oxy “arms” was investigated.  

In the absence of the “arms”, rod-like particles are created.  However, the presence of 

the arms radically changes the morphology from rod-like to an irregular platelet as 

seen in Figure 2.5.    
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Figure 2.5: SEM micrograph of Ni(salen-1) 
 
2.6.3 Ni(salen*) 
 

In this complex, deviations from the square planar Ni(salen) were once again 

imparted as tert-butyl groups were added as well as a chiral backbone.  For this 

complex, irregularly shaped rods were obtained (Figure 2.6).      

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.6: SEM micrograph of Ni(salen*) [2] 

 
2.6.4 Salen (bis(salicylaldehyde)ethylenediamine) 

For this example, the importance of the metal in controlling the rigidity of the 

complex was studied.  In cases such as Ni(salen) and Co(salen), the presence of the 
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metal adds rigidity to the complex as the ethylenediamine backbone does not have 

much flexibility to rotate.  However, when no metal is added, the precipitated powder 

appears as non-discrete sheets as shown in Figure 2.7.   

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7: SEM micrograph of salen  
 
2.6.5 Co(salen*) 
 

Similar to Co(salen), the Co(salen*) was purchased from Aldrich (CAS 

176763-62-5) and used as received.  This complex is identical to Ni(salen*), except 

that the Ni has been replaced by Cobalt.  Again, similar to the Ni(salen*) irregularly 

shaped rods were obtained (Figure 2.8).   

 
 
 
 
 
 
 
 
 
 
 
 
 

N
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             Figure 2.8: SEM micrograph of Co(salen*)  

 
 
2.7 Decomposition of Metal Complexes  
 

Another parameter that was studied was the impact of PCA processing on the 

complex decomposition.  For comparison, data was found that discusses 

decomposition of Co(salen) [6].  The data presented was collected on Rigaku 8150 

thermoanalyser with a heating rate of 10 °C/min and is shown below in Figure 2.9 [6].  

All Cobalt complexes start decomposing above 498 K (225 °C) and decompose in 

one step.  The final decomposition products at 779 K were stated to correspond to 

CoO and Co3O4.   
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Figure 2.9: TGA curves for Co(salen) (D) and some of its related compounds [6] 
 

When analyzing the TGA curves for the commercial Co(salen) (Figure 2.10), 

there are two major differences from the paper.  First, the decomposition begins to 

occur much sooner around 423 K and occurs in two steps.  These differences could be 

explained by the hypothesis that the commercial Co(salen) has a different crystal 

structure than the Co(salen) presented in the paper.  Further analysis on this crystal 

structure is described in chapter five.  The Co(salen) nanoparticles exposed to the air 

were also analyzed.  The initial desorption around 35 °C will be discussed in chapter 

three.  Unlike the commercial Co(salen), the decomposition took place at 300 °C and 

occurred in one step as shown in Figure 2.10.  
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Figure 2.10: TGA profile of Co(salen) nanoparticles (solid line) and commercial 
Co(salen) (dotted line) 
 
2.8 TEM Investigation of Co(salen) Nanoparticles 
 

Additional structural information was gathered on the Co(salen) nanoparticles 

to further probe the correlation between size/structure and function as described in 

following chapters.  The gas-uptake experiments appear to provide evidence that 

nearly all the metal sites are accessible to the gas.  This suggested the possibility that 

hollow nanometer size tubes are created during the PCA process.  To probe this 

possibility, the structural property of the nanoparticle was probed using TEM.  While 

initial data appears to show some evidence that the rods are indeed hollow, the results 

were not conclusive and more data is needed using a high resolution transmission 

electron microscopy (HR-TEM) [7].   
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Chapter 3: Near-Stoichiometric O2 Binding on Metal Centers in Co(salen) 
Nanoparticles 

 
 
3.1 Introduction 
 

Much of the work on oxygen-binding transition metal complexes has been 

guided by attempts to mimic biological oxygen carriers and is outlined in several 

articles [1-4].  One family of complexes that has been extensively studied for their 

ability to reversibly bind dioxygen is Co(salen) [5-7].  Co(salen) is the first reported 

synthetic reversible Co(II) oxygen carrier to bind dioxygen in the solid state, and it is 

believed that the O2 adduct consists of dimeric [Co(salen)]2O2 units [8, 9].  However, 

there are several polymorphs of Co(salen), with only some having the ability to bind 

dioxygen [9, 10].  Formation of the different polymorphs is dependent on the 

preparative method, and heating and grinding can lead to interconversion between O2 

active and inactive forms [9].  Furthermore, a significant increase in dioxygen affinity 

occurs when an additional ligand is coordinate to the Co(salen) complexes—the 

formation of five-coordinate square pyramidal complexes promotes O2
 binding [8, 

11].  

Cobalt-dioxygen carriers have been studied for a variety of applications in the 

solid state, focusing on O2 separation and storage [2, 3].  Compared to iron complexes 

such as those with porphyrin ligands, cobalt complexes have shown more potential as 

dioxygen sorbents for air separation [2, 3, 12, 13].  Co(salen) complexes and its 

derivatives have been extensively studied for this application [2].  For example, the 

U.S. Air Force attempted to use the material to sequester dioxygen from air, but its 
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successful utilization has been hampered by technical obstacles such slow 

oxygenation rates, irreversible oxidation, and sensitivity to moisture [2].  

At the University of Kansas, Co(salen) and its derivatives have been utilized 

as homogeneous oxidation catalysts in solution [14, 15], and as oxygen carriers [11] 

and catalysts in porous polymeric hosts [16, 17].  The complexes are sequestered in 

templated polymers to isolate the metal centers, thereby avoiding dimerization and 

improving the stability of the adsorbent [11, 12].  As described earlier [18, 19], 

Co(salen) nanoparticles were prepared using the PCA technique.  Scanning electron 

microscopy (SEM) showed that the processed Co(salen) nanoparticles have rod-like 

morphology with average diameters of 100 nm and lengths on the submicron scale 

[19].  Presented in this chapter are investigations into the dioxygen binding properties 

of the Co(salen) particulates.   

3.2 Experimental  
 

Co(salen) was purchased from Sigma-Aldrich and used as received.  SEM 

characterization revealed that the particle size of this material was on the order of 10s 

of microns. Acetonitrile and methylene chloride were procured from Fischer 

Scientific. 2,6 di-tert-butyl phenol (DTBP) and 2,6 di-tert-butyl quinone (DTBQ) was 

purchased from Aldrich while 3,5,3’,5’-tetra-tert-butyl diphenoquinone (TTDBQ) 

was purchased from Alfa Aesar.  These compounds were used to create the 

calibration curves.  

  The oxygen used for the TGA studies was USP medical grade from Linweld 

while the N2 utilized was boil off from a liquid nitrogen dewar.  The oxygen and 
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helium utilized for the Rubotherm adsorption experiments were obtained from Pangas 

AG (Luzern, Switzerland) at purities of 99.95 % and 99.999 %, respectively.  Argon 

for the TPD experiments was high purity grade (99.996 %) from Linweld. For the 

DTBP oxidation studies, oxygen (99.5%) and coolant-grade liquid CO2 (dip tube)
 

were supplied by Airgas.   

The true density analysis of both the commercial Co(salen) as well as 

Co(salen) nanoparticles was performed by Quantachrome Instruments using a gas-

expansion pycnometer.  Specific surface area and pore volume analyses of both 

materials were performed by NanoScale Materials Inc. X-ray diffraction (XRD) 

experiments were performed using a Bruker-AXS D8 advance powder diffractometer 

with Cu Kα radiation.  Scans were taken with an increment size of 0.05° over a range 

of 2Θ from 5° to 70°.   

Temperature programmed desorption (TPD) of the materials was carried out 

using Argon as the carrier gas at a flow rate of 30 sccm.  A schematic of the setup is 

shown below in Figure 3.1. The powders were loaded in a fixed bed arrangement into 

a quartz tube reactor and heated from room temperature to 200 °C at 5 °C/min for the 

Co(salen) nanoparticles and 6.7 °C/min for the commercial Co(salen). The effluent 

gases were analyzed using a Pheiffer Vacuum mass spectrometer (Omnistar 

Quadrupole Mass Spectrometer Model GSD300 02).     

The O2 desorption data was collected with a TA Instruments Q50 Series 

Thermogravimetric Analyzer (TGA) with a heating rate of 5 °C/min and balance and 

sample flowrates of 40 and 60 sccm respectively.  The TGA was also modified to 
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perform O2 binding studies utilizing the gas switching capability of the instrument.  

The sample was first equilibrated to 60 °C and held there for 5 minutes to desorb any 

O2 that had bound during air exposure.  Then, the furnace was cooled to 25 °C and 

held for an additional 5 minutes.  Following this step, the sample gas was changed 

automatically from the standard N2 to dioxygen (60 sccm).  After a 30 minute O2 

pulse it was found that the mass change leveled off and the sample gas was switched 

back to dinitrogen.  

 

                        

 

 

 

 

 

 

Figure 3.1: Schematic of TPD apparatus 

 

The static oxygen adsorption measurements were performed in a Rubotherm 

magnetic suspension balance (Rubotherm, Bochum, Germany), equipped with a 

calibrated sinker for an in situ measurement of the fluid density [20].  The Rubotherm 

balance allows one to measure the weight of the sample with an accuracy of 0.01mg 

and can be operated at pressures and temperatures up to 450 bar and 250 °C, 
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respectively.  Additional information on the technique can be found in a recently 

submitted article [21].  

3.3 Characterization Results  
 

Electron paramagnetic resonance (EPR) and electronic absorbance (UV-VIS) 

spectroscopies as well as elemental analysis (ICP) of the unprocessed version and the 

processed nanoparticluates of the Co(salen) produced similar spectral and analytical 

results, demonstrating that the metal complexes remain intact following precipitation 

[19, 21].  However, as shown in Table 3.1, the true density of the nanoparticles is 

lower than that of the unprocessed Co(salen) by about 0.3 g/mL.  This difference is 

attributed to the highly porous nature of the nanoparticles, which is virtually absent in 

the unprocessed Co(salen).  As verified by the SEM micrographs [19, 21], the 

nanoparticles form larger aggregates as the particles are held together in a porous 

matrix.  This structure leads to a significant increase in pore volume and surface area 

of the processed nanoparticles as observed in the BET results as shown in Table 3.1. 
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Table 3.1: Physical properties of commercial and Co(salen) nanoparticles 
 
 

 
 
 
 

 
 
 
 
 
 

To further investigate the differences between the two samples, preliminary 

powder XRD (PXRD) experiments were carried out on both samples (Figure 3.2).  A 

different crystallographic arrangement of the atoms is observed for each sample, as 

indicated by the broadening of the peaks characterizing the Co(salen) nanoparticles 

with respect to those observed for the conventional Co(salen).  Also, new peaks in the 

XRD spectrum characterizing Co(salen) nanoparticles are observed in comparison to 

that representing the unprocessed Co(salen).  Further interpretation is under way. 

 
Figure 3.2: PXRD data characterizing (a) unprocessed Co(salen); and (b) Co(salen) 
nanoparticles exposed to O2. 

  True 
Density 
(g/cc) 

SA 
(m2/g) 

Total  
Pore Volume 
(10-3 mL/g) 

Avg. Pore 
Diameter 

(Å) 
Commercial 

Co(salen) 
1.6111 0 0.4 0 

Co(salen) 
nanoparticles 

1.3157 14 - 18 29-31 67 - 82 
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3.4 O2 Oxidation of 2,6 Di-Tert-Butyl Phenol by Co(salen) Nanoparticles 
 

Co(salen) has been tested previously in the oxidation of 2,6 di-tert-butyl 

phenol (DTBP) to 2,6 di-tert-butyl quinone (DTBQ), the desired product, and 

3,5,3’,5’-tetra-tert-butyl diphenoquinone (TTDBQ), the undesired product [14, 15]. 

The reaction scheme is shown below.  The primary goal was to compare the activities 

of commercial Co(salen) against the Co(salen) nanoparticles at similar experimental 

conditions.   

                      

 

               Scheme 3.1: Oxidation of 2,6 di-tert-butyl phenol with O2 

First, the reaction was run in glassware under homogeneous conditions 

utilizing acetonitrile as the solvent (the stability of the nanoparticles in different 

solvents can be found in Appendix B).  The substrate, DTBP, was dissolved in the 

acetronitrile.  Next, Co(salen) was added and dissolved in the reaction mixture.  To 

start the reaction, O2 was bubbled through a syringe in the solution for 10 minutes.  

The glassware was maintained at a constant temperature (32 °C) in an oil bath.  

Aliquots were taken from the reaction mixture after 21.5 hours and analyzed on a 30 

m HP 5 MS column crosslinked 5% PH-methylsiloxane film (HP 5890 GC).  The GC 

method, factors, and retentions times were the same ones utilized in a previous study 
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[16].    As can be seen in Table 3.2, the Co(salen) activity in solution is preserved.  

This was expected, since both catalysts would be completely dissolved and exist in 

monomeric form in solution.   

   
 Table 3.2: Results for homogeneous DTBP oxidation 

 
Catalyst Conversion 

(DTBP) 
Selectivity
(DTBQ) 

Commerical 
Co(salen) 

11 (1)% 80 (3)% 

Co(salen) 
nanoparticles 

12 (2)% 79 (3)% 

 
Experimental Conditions: Temperature 32 °C, Substrate: Catalyst 730:1 
(molar), Catalyst Mass 3.1 mg, batch time 21.5 hours.  () = standard deviation  

 
 

Next, the reaction was run compressed CO2. In this case, the catalyst would be 

tested under heterogeneous conditions. General procedures and details of 

experimental set-up can be found elsewhere [14-16, 22].  These experiments were 

carried out in a Thar Designs 15 mL stainless steel reactor (P and T max = 400 bar 

and 300 °C) equipped with two sapphire windows. A computer controlled data 

acquisition system (Camile TG®) was used to monitor the reaction temperature and 

pressure during reaction. Molecular oxygen was used as an oxidant in all the reactions 

which took place at 50 °C and pressures around 130 bar.  The mass of the catalyst 

was increased to 10 mg and the substrate to catalyst loading was decreased to 24:1 

mol %.  Following a batch run, the reactor was gradually depressurized and the 

contents were led to a cold trap containing 5 mL of methylene chloride.  The reactor 

was then filled with 10 mL of solvent and expanded to 30 bar.  Again, the cell was 
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depressurized until empty.  50 uL of chlorobenzene was added as an internal 

standard.  Aliquots of this mixture were analyzed for reaction products using a an HP 

5890 gas chromatograph with an FID and an HP-1 column (cross-linked methyl 

silicone gum), 50 m in length, 0.2 mm diameter and 0.5 µm film thickness, was used.  

Further details on experimental protocol can be found in Appendix E and are very 

similar to the conditions employed previously [22].  

Again, the Co(salen) nanoparticles and commercial Co(salen) were tested 

comparatively.  Preliminary experiments appeared to demonstrate that the two 

catalysts gave similar conversions (15 %) at 21.5 hours.  In hindsight, this result is not 

totally surprising since it is well known that supercritical CO2 sometimes offers 

minimal to no reaction benefit if a polar transition state is required.  Hence, it was 

decided to focus on O2 binding experiments instead of reaction experiments to further 

probe function.  

3.5 Quantitative O2 Adsorption and Desorption 

3.5.1 TPD and TGA Data 

The Co(salen) nanoparticles displayed a color change from brown to green upon 

exposure to air.  In contrast, the unprocessed starting Co(salen) complex did not show 

any such color change when exposed to air.  To verify that this color change was caused 

by enhanced dioxgyen binding, a temperature programmed desorption study was carried 

out on both samples after exposure to ambient O2.  As shown in Figure 3.3 and 3.4, the 

Co(salen) nanoparticles exhibited substantial O2 desorption beginning around 35 °C, 
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whereas the unprocessed analog only displayed slight O2 desorption at temperatures 

approaching 175 °C.   

 
Figure 3.3: TPD experiment of air exposed commercial Co(salen) displaying 
mass signal, AMU 32 (oxygen) (__), and furnace temperature (_ _)  

 

                
 

Figure 3.4: TPD experiment of air exposed Co(salen) nanoparticles 
displaying mass signal, AMU 32 (oxygen) (__), and furnace temperature (_ _) 

 
Thermogravimetric analysis (TGA) was utilized to further quantify the 

amount of dioxygen bound to the samples.  For the nanoparticle exposed to air, there 

was a 3 - 4% mass decrease with O2 desorption commencing at 32 °C (Figure 3.5).  

For the control system, the unprocessed Co(salen) was investigated and no mass 

change was observed as the sample was heated to 100 °C. 
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Figure 3.5: TGA desorption data on air exposed commercial Co(salen) (_ _) 
and Co(salen) nanoparticles (__) 
 

To obtain additional quantitative information on the dioxygen binding, 

including whether it is a reversible process, the TGA instrument was modified so that 

dioxygen could be pulsed into the furnace in a continuous fashion.  In a typical 

experiment, Co(salen) nanoparticles were exposed to air and then heated to 60˚C to 

desorb the oxygen⎯this caused mass losses between 4 - 5 mass % (Figure 3.6).  The 

furnace was then allowed to cooled to room temperature and pure dioxygen was 

continuously pulsed through the furnace for approximately 30 minutes.  As illustrated 

in Figure 3.6, the nanoparticles showed rapid dioxygen uptake of between 3 – 4 % of 

the adsorbent mass, corresponding to O2 adsorption of 1.27 mmol O2/g of 

nanoparticles.  Following the prolonged dioxygen pulse, dinitrogen was purged 

through the furnace, causing the bonded dioxygen to desorb.  The control system of 

unprocessed Co(salen) showed no measurable gas adsorption.   
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Figure 3.6: TGA O2 desorption and subsequent adsorption from commercial 
Co(salen) (_ _)  and Co(salen) nanoparticles (__) at RT 

 
3.5.2 Micromeritics Data 

At this stage there was repeatable quantitative data from the TGA that indicated 

O2 adsoption for the Co(salen) nanoparticles.  This technique is dynamic in nature in the 

sense that the sorbent is contacted by a flowing stream of dioxygen.  A static technique 

where the sample is contacted by stagnant O2 source was desired to compare to the 

existing data.  While searching the literature for any static data with Co(salen) systems, 

data by Hutson [12] was found showing O2 adsorption with a Co(salen)(pyridine) 

complex.  Since no static devices were found at KU, a sample of Co(salen) nanoparticles 

was sent to Micromeritics for analysis on their static device (ASAP 2030).  Figure 3.7 

shows an adsorption/desorption cycle.  Repeats were desired as well as testing 

commercial Co(salen) as a control.  However, since Micromeritics was very expensive, 
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it was decided to collaborate with Dr. Mazzotti, a professor at ETH Zurich, and use his 

static device, a Rubotherm magnetic suspension balance.   

                                 

Figure 3.7: Micromeritics O2 adsorption and desorption cycle from Co(salen) 
nanoparticles at 25.9 °C 

 
 
3.5.3 Rubotherm Magnetic Suspension Balance Data 

To corroborate the TGA results, the unprocessed Co(salen) complex and the 

nanoparticulate Co(salen) were analyzed for dioxygen adsorption using a Rubotherm 

magnetic suspension balance.  This experiment utilizes different partial pressures of 

dioxygen, with equilibrium being indicated by a negligible rate of mass change.  

Consistent with our other measurements, the unprocessed Co(salen) complex 

displayed no measurable binding of dioxygen (Figure 3.8).  Significantly different O2 

binding was observed for the Co(salen) nanoparticles.  As shown in Figure 3.9, the 

equilibrium O2 adsorption isotherm displays an exponential increase beyond 0.2 bar 

O2 partial pressure, attaining a saturation value of 1.51.mmol O2/g of nanoparticles at 

higher O2 partial pressures—this change corresponds to a 5.1% mass increase based 

on the mass of the adsorbent.   
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The quantity of dioxygen taken up by the Co(salen) nanoparticles corresponds 

to 98% the stoichiometric amount predicted for [Co(salen)]2O2 complexes.  The 

formation of this structural motif within the Co(salen) nanoparticles is consistent with 

what is known for dioxygen adduct in other solid forms of Co(salen) [8, 9, 23]. 

The O2 uptake of the Co(salen) nanoparticles was then compared to similar 

solid state adsorbents.  As reported by Martell [23], solid state Co(salen) and some of 

its derivates yielded mass increases around 3.5 – 4.5 % after exposure to O2.  

However, no data was provided on the equipment utilized for this study.  

Additionally, it was shown that as temperature is raised beyond room temperature the 

rate of oxygenation decreased as the reverse reaction (desorption) starts to play an 

integral role [23].  Comparing to another low-spin, square planar complex, 

(Bu4N)2Co(CN)4, it was found that that species adsorbed 91% of the stoichiometric 

amount for a 1:1 Co-O2 complex.  This material lost only 56 % of its adsorbed 

oxygen, while purging with N2 at 30°C [13].  As stated in the introduction, increasing 

the coordination number around the cobalt from four to five increases its ability to 

adsorb dioxygen [2].  Hutson et al tested the five coordinate Co(salen)(pyridine) and 

reported a uptake value of 1.06 mmol O2/g of Co(salen)(pyridine) at 25°C using a 

static volumetric system [12].  The Co(salen) nanoparticles yield even higher values 

than this active material.   

The desorption isotherm of the Co(salen) nanoparticles is also present in 

Figure 3.9 and a lower O2 partial pressure (0.005 bar) is required to completely 

desorb (less than sensitivity of instrument) the O2 from the nanoparticles.  The 
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absorption and desorption isotherms exhibit hysteresis, which is similar to the 

behavior reported for Co(salen)(pyridine) complexes [12].  This hysteresis effect has 

been attributed to a restructuring of the crystal lattice [13, 23, 24].  

 

 
 

Figure 3.8: Rubotherm results of O2 adsorption of commerical Co(salen) at  
25 °C 

 
 

              
 

Figure 3.9: Rubotherm results of O2 adsorption and desorption of Co(salen) 
nanoparticles at 25 °C (three cycles) 
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Chapter 4: Nitric Oxide Disproportionation at Mild Temperatures by a 
Nanoparticulate Cobalt(II) Complex 

 
 

4.1 Introduction 

Research into the chemistry of nitric oxide (NO) has increased because of its 

importance in mammalian biology and environmental pollution [1-3].  NO has been 

studied for its regulatory functions in the cardiovascular, respiratory, and nervous 

systems [2-4].  In this manner, nanoparticles also offer a convenient platform to 

design systems for NO storage/release due to the ease of formation of M-NO units.  

While in solution, Co(salen) is known to bind NO forming the Co(salen)(NO) 

complex, there is little evidence that amorphous or crystalline Co(salen) binds NO 

[5].  This chapter will probe the interaction of NO with the starting material, 

commercial Co(salen), and the PCA produced Co(salen) nanoparticles.   

 
4.2 Experimental 
 

Co(salen) was purchased from Sigma-Aldrich and used as received.  

Concentrated NO used for these studies was chemical grade (99.5 % purity) from 

Linde Gas LLC.  Tank specifications for the NO are given below in Table 4.1.  Dilute 

NO was also purchased from Linde at a concentration of 7254 ppm.  Helium and N2 

utilized for the TEOM studies was ultra-high purity grade from Airgas.  Argon for the 

TPD experiments was high purity grade (99.996 %) from Linweld.   
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Table 4.1: NO tank specifications (Linde Gas) 

Component Certified Concentration 

NO 99.5 % 

N2 < 1000 ppm 

CO2 < 1000 ppm 

N2O < 1000 ppm 

Argon < 200 ppm 

Hydrocarbons < 20 ppm 

O2 < 200 ppm 

Total Impurities < 0.5 % 

 

Fourier transform infrared spectra (FTIR) were collected on a Mattson 

Genesis series FTIR instrument with values reported in wavenumbers.  Temperature 

programmed desorption (TPD) measurements of the compounds were carried out 

using Argon as a carrier gas at a flow rate of 30 sccm.  Powders were loaded in a 

fixed bed arrangement into a quartz tube reactor and heated from room temperature to 

400 °C at 5 °C/min for the Co(salen) nanoparticles and heated from room temperature 

to 200 °C at 7 °C/min for the unprocessed Co(salen).  The effluent gases were 

analyzed using a Pheiffer Vacuum mass spectrometer (Omnistar Quadrupole Mass 

Spectrometer Model GSD 300 02). 

A Rupprecht & Patashnick TEOM 1500 mass analyzer (100 uL sample 

volume) was used for continuous adsorption data at room temperature [6-8]. A 
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schematic is shown in Figure 4.1.  Helium is flowed (15 sccm) through a mass flow 

controller (Omega FMA-766V) and then a 4 port valve (VICI Valco Instruments 

Company Cheminert® C2 Model) or 6 port valve into the TEOM until a stable 

baseline is achieved under ambient conditions.  Pure or dilute (7254 ppm) NO is then 

introduced as a step change (7 - 9 sccm) through a Dwyer flowmeter (VA1243) into 

the TEOM, and the mass change is recorded.  Part of the mass increase observed with 

both samples is caused by the switchover from He to the higher density NO.  When 

the mass change stabilizes, the gas flow is switched back to He.  Part of this decrease 

is due to the lower density of He, while the stable residual mass is attributed to 

adsorbed NO.  

  Purge He (21.5 sccm) is continuously sent through a Books mass flow 

controller (5850E) throughout the entire experiment.  To measure the pressure 

upstream of the packed bed, a pressure transducer (Omega PX4201-060 GV) was 

added immediately before gas entrance into the TEOM.  The other two pressure 

transducers (Ashcroft 25D1005PS02L30) allowed for pressure balancing when 

switching between the He and gas of interest.     
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Legend: TC = temperature controller, PT = pressure transducer, MFC = mass 
flow controller 
 
                   Figure 4.1: Schematic of TEOM apparatus 

 The scanning electron microscope is used to probe the morphology of the 

Co(salen) nanoparticles before and after exposure to NO.  Samples were scanned 

using a high resolution LEO 1550 field emission scanning electron microscope at an 

accelerating voltage of 15.0 kV.  A common procedure was followed for all sample 

preparations.  First, the complex was sprinkled directly onto a conductive carbon tab 

(Electron Microscopy Sciences Part # 77825-12) attached to a 12 mm diameter 

aluminum specimen mount (Electron Microscopy Sciences Part # 75190) and the 

excess powder was tapped away.  Since most of the samples had a significant static 

charge, carbon graphite paint was applied in a ring around the sample.  The sample 

stub was then dried gently in an oven at 65 °C.  It was then sputter-coated with a 30 

nm thick Au-Pd (60:40) alloy coat by using a Hummer-2 (Technics) operating at 100 

mTorr and 10 mAmps (9 volts).    
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4.3 Quantitative NO Adsorption and Desorption  
 
4.3.1 Influence of Initial Oxidation of Co(salen) Nanoparticles Before NO 
Exposure 
 

After initial experiments demonstrated that the Co(salen) nanoparticles were 

able to adsorb NO, a literature search was conducted.  When searching the literature 

of other examples of NO interaction with Cobalt centers, it was found that the 

presence of dioxygen facilitated NO decomposition to N2O and NO2.  Miyamoto and 

Hanazato [9] demonstrated that when Co(salen) was impregnated in porous glass 

support the main decomposition products were N2O and N2 when the catalyst was 

contacted with NO at elevated temperatures and with a small amount of dioxygen 

present.   

As discussed in the chapter three the Co(salen) nanoparticles also displayed 

the ability to bind dioxygen.  Quantitatively, it was found that the nanoparticles 

yielded an O2 uptake value of 1.51 mmol O2/g of nanoparticles (5.1 % mass increase).  

A few of these oxygenated samples were also tested for NO binding capacity.  

However, in contrast to what was expected, the binding capacity for these samples 

(28 % mass change) is lower than the binding for the fresh nanoparticles (34 %).  It 

should be noted that in between the O2 and NO exposure Helium was flowed through 

the packed that could cause some desorption.  One explanation for this behavior is 

that not all the O2 is being displaced by the NO, leading to lower relative mass 

increase as shown in Figure 4.2.  However, an interesting fact is that the FTIR data of 

both NO exposed samples (Figure 4.3) shows similar peaks regardless of if the 

nanoparticles were first exposed to O2.   
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Figure 4.2: TEOM mass change/mass catalyst data upon NO exposure to fresh 
Co(salen) nanoparticles [Runs 35,36], air exposed Co(salen) nanoparticles [Run 47] 
 

                      
 
Figure 4.3: FTIR spectra of air exposed Co(salen) nanoparticles and fresh 
nanoparticles after NO exposure [10] 
 
4.3.2 Influence of Total Pressure using Pure NO Gas  
 

This study also represents the first time metal complex nanoparticles have 

been tested using a TEOM.  The closest comparison performed on a TEOM is a study 

that investigates metal nanoparticles supported on magnesium powder [11].  Due to 

the small size of the nanoparticles, the possible impact of packing density should be 

noted.  It is well established that as particle size decreases in a packed bed the 
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pressure drop will increase.  The extent of pressure drop depends on both the amount 

of sample used as well as how tightly the bed is packed.  Clearly, the mass change 

may also be affected by changes that affect density such as pressure.  Initially (before 

Run 106), when a 6 port valve was utilized, it was found that during the NO pulses 

for only the Co(salen) nanoparticles, the pressure immediately upstream of the TEOM 

increased.  In this case, the binding rates were enhanced and saturation was reached 

around 60 minutes (Figure 4.4b).  When comparing two experiments that exhibited 

this pressure increase, it was found that the higher the back pressure the faster 

saturation was reached (Figure 4.4a).  For example, Run 36 yielded higher back 

pressure than Run 46 and, consequently, yielded a greater slope for the normalized 

mass change data.      

 

Figure 4.4a: TEOM mass change/mass catalyst for two runs of Co(salen) 
nanoparticles (left) and their corresponding gauge pressure profiles (right) 
 

At this point, the 6 port valve was replaced by a 4 port valve increasing the 

port size (channel size) from 0.25 mm to 0.40 mm.  After the change (Runs 106 -123, 

Appendix I) (this is data presented in next section), no pressure increase was observed 
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during the NO pulse.  In this case, the binding rates are much slower, taking up to 300 

minutes as shown in Figure 4.4b.           

 

                        
 
Figure 4.4b: TEOM mass change/mass catalyst for two runs of Co(salen) 
nanoparticles with pressure increase (Run 36) and no pressure increase (Run 112)  
 
4.3.3 NO Disproportionation  

The transient NO adsorption profiles of both the commercial Co(salen) starting 

material and the processed Co(salen) is given in Figure 4.5.  The Co(salen) 

nanoparticles display a reproducible mass change of 32% that corresponds to 3.5 

molecules of NO per each Cobalt center.  This finding eliminates the simple binding of 

one NO for each Co site as found in the condensed phase.  If this were the case, a 9 % 

mass increase would be observed.   

This larger than expected mass increase is only observed for the Co(salen) 

nanoparticles.  Under the same experimental conditions, TEOM measurements of the 

unprocessed Co(salen) showed a mass change less than 0.21 % after NO exposure.  

This supports the belief that solid state Co(salen) normally does not interact with NO.   

As an another control, Ni(salen) nanoparticles were also tested, since they were the 
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approximately same size and geometry as the Co(salen) nanoparticles [12].  This, 

therefore, would allow the influence of the particle morphology to be tested.  BET 

surface area and pore volume analysis of the Ni(salen) and Co(salen) nanoparticles are 

the same order of magnitude (Table 4.2).  However, as displayed in Figure 4.5, it was 

found that only a small mass change occurred (0.71 %) when the Ni(salen) 

nanoparticles were exposed to NO.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5: TEOM profiles for NO uptake by Co(salen) nanoparticles (back), 
unprocessed Co(salen) (red), and Ni(salen) nanoparticles (blue) [13] 
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Table 4.2: BET characterization results of Ni(salen) and Co(salen) nanoparticles 

  SA 
(m2/g) 

Total  
Pore Volume 
(10-3 mL/g) 

Avg. Pore 
Diameter 

(Å) 
Ni(salen) 

nanoparticles 
20 - 34 56 - 73 86 - 109 

 Co(salen) 
nanoparticles 

14 - 18 29 - 31 67 - 82 

 

The large mass change found for the Co(salen) nanoparticles after exposure to 

NO is supported by analytical data obtained by elemental analysis (Table 4.3).  The 

Co(salen) nanoparticles and its unprocessed analog are identical within experimental 

accuracy.  Similar results are obtained when analyzing the unprocessed Co(salen) 

exposed to NO, again indicating that this complex does not bind nitric oxide in the 

solid state.  In contrast, there is a large increase in the nitrogen content for the 

Co(salen) nanoparticles exposed to NO.  In this sample, the % of nitrogen increases 

from 8.11 to 14.63 %, corresponding to the addition of 3.5 nitrogen atoms per cobalt 

complex, matching the TEOM data.    
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Table 4.3: Results from elemental analysis [13] 

                      

Calculated values for Co(salen): % C 59.09, % H 4.35, % N 8.61, % Co 18.12 

 

One explanation for this observed mass gain is that the Co(salen) 

nanoparticles are converting the NO into additional species such as N2O, NO2, and N2 

[14].  Recently, the ability of Co(salen) to decompose NO was demonstrated by 

Miyamoto and Hanazato [9].  To probe this possibility, Fourier transformed infrared  

spectroscopy (FTIR) was carried out elsewhere [13].  The NO exposed Co(salen) 

nanoparticles revealed the presence of new bands that are assigned to N2O (2210 

2209 cm-1), N2 (2170 cm-1), and NO2 (1580 cm-1).  In addition, the peak at 1640 cm-1 

is similar to signals found in complexes with Co-NO units.  These features disappear 

when heating the sample for 2 h under vacuum as the FTIR spectrum approaches that 

of a fresh nanoparticle sample.  Further support of formation of N2O and N2 comes 

from labeling studies with 15NO [13].       

Catalyst 
Co(salen) 

C H N Co # of N 
atoms 

Commercial 57.08 4.25 8.25 17.02 2.04 

Commercial + 
NO 

58.16 4.24 8.45 16.17 2.20 

Nanoparticles 56.92 4.13 8.11 16.66 2.05 

Nanoparticles + 
NO 

35.36 2.18 14.63 10.83 5.68 
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As further evidence of formation of N2O and N2, temperature programmed 

desorption (TPD) data was collected.  In order to produce larger batch sizes to ensure 

enough sample to accurately measure the desorption species, larger packed beds were 

utilized and compared to NO exposed samples from the TEOM.  The flow rates were 

the same in both cases and the sample was exposed to NO for 60 minutes in the large 

packed bad.  Comparing the larger batch to smaller TEOM sample, similar FTIR 

spectra were observed.   

Temperature programmed desorption (TPD) measurements also support 

nitrogen-containing species being associated with the NO-treated CoII(salen) 

nanoparticules (Figure 4.6).  A broad feature centered at 175˚C is observed that 

corresponds to species having molecular mass of 30 amu, which is consistent with the 

release of NO.  Between 50—300˚C, desorption of species with molecular masses of 

28, 44 and 18 amu were observed as well—possible species with these masses are N2, 

N2O, and H2O, respectively, which agrees with our FTIR measurements.  It should 

also be noted that presence of the desorbed water was not present in the case of the 

nanoparticles exposed to air in the same temperature range.  To verify that the 28 and 

44 amu species were not CO and CO2 respectively, elemental N (16 amu) was also 

followed and found to mirror the increases of the peaks subscribed to N2 and N2O.  In 

contrast, when analyzing the commercial Co(salen) exposed to NO, these species 

were not observed in any measurable quantity (Figure 4.6).  After conducting the 

TPD experiments on the Co(salen) nanoparticles the samples were analyzed by FTIR 

to verify that  N2O and N2 were no longer present (Figure 4.7). 
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Figure 4.6: TPD of Co(salen) nanoparticles (top left and bottom) and commercial 
Co(salen) (top right) exposed to concentrated NO.   
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Figure 4.7: FTIR of Co(salen) nanoparticles after NO exposure and then subsequent 
TPD experiments [10] 
 

4.3.4 NO Concentration Effects  

The concentration of the NO was also tested as a variable.  For the majority of 

the experiments, pure NO was utilized.  In this case, it was demonstrated that the NO 

underwent disproportionation to N2O and N2.  However, it is noted that a pure NO 

stream is extreme and unlikely to be found in practical applications.  Consequently, 

exposure of the nanoparticles to dilute NO (7254 ppm) (two orders of magnitude 

lower than the pure NO case) was also carried out.  This concentration is 

approximately the theoretical amount that would saturate the sample in one pulse.  

When using this concentration of NO, a totally different adsorption profile was 

observed as shown in Figure 4.8a.  First, the binding kinetics rates are much faster 

and only tens of minutes are needed for saturation.  Also, the saturation value is 

around 11-13 % compared with the 32 %.  An 11 % value corresponds to 1.3 NO per 
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Cobalt center.  As previously noted, the pure NO stream leads to the formation of 

additional peaks around 2200 cm-1 that were attributed to disproportionation products 

N2O and N2.  However, when dilute NO is utilized, these peaks are no longer present 

as shown in Figure 4.8b.  It is currently thought that this phenomenon is a kinetic 

concentration effect.  However, further experiments are needed to test this hypothesis.  

 
 
 

        
 
 
Figure 4.8a TEOM mass change/mass catalyst of Co(salen) nanoparticles exposed to 
conc. NO (Run 111) and dilute NO (Run 116)   
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Figure 4.8b: FTIR spectra of Co(salen) nanoparticles exposed to conc. NO and dilute 
NO [10] 
 
4.4 Probing Morphology of Co(salen) Nanoparticles after NO Exposure 
 

Another variable that was investigated was the impact of the NO on the 

morphology of the particles.  Before NO exposure, the morphology of the particles is 

rod-like [12].  Exposing the particles to concentrated NO did not yield quality 

micrographs (Figure 4.9), although, qualitatively it appears that the morphology still 

is rod-like.  One explanation could be that the adsorbed species were interacting with 

the beams causing focusing problems.  When the nanoparticles were exposed to dilute 

NO, much better micrographs could be collected.  Figure 4.10 shows that the 

particles’ morphology does not change after exposure to NO.  Previously, it was 

found that the N2O and NO bands disappeared in the FTIR after heating the samples 

under vacuum.  This sample was then analyzed using SEM and the morphology was 

found to be dramatically different as rods were no longer observed (Figure 4.10).   
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Figure 4.9: SEM micrograph of TEOM NO exposed sample of Co(salen) 
nanoparticles 
 
 
 
 

 
Figure 4.10: SEM micrographs of Co(salen) nanoparticles exposed to dilute stream 
(1:1 NO/Co) (left) and same particles heated to 120 °C under vacuum (right) 
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Chapter 5: Correlation between Active Center Structure and Enhanced O2 
Binding in Co(salen) Nanoparticles  

 
 
5.1 Introduction 
 

It was demonstrated in Chapter three that the Co(salen) nanoparticles yielded 

an uptake capacity of 1.51 mmol O2/g of Co(salen) nanoparticles, while the starting 

material, unprocessed Co(salen), displayed no measurable O2 binding.  Precise 

structural characterization of these new nanomaterials, and in particular, in situ 

characterization under working conditions is essential for establishing such structure-

activity relationships and to guide molecular design of new nanomaterials [1-4]. 

Therefore, different complementary techniques such as X-ray absorption 

spectroscopy (XAS), Raman, and infrared have been used to investigate the local 

structure and ligand environment of novel nanometer sized material [5-7].   

  Similarly, in this chapter as well as a recently submitted publication [8], the 

Co(salen) nanoparticles and unprocessed Co(salen) are investigated by infrared, X-

ray absorption near edge structure (XANES) and extended X-ray absorption fine 

structure (EXAFS) spectroscopies, as well as X-ray diffraction (XRD) experiments 

before and during interaction with O2 in an effort to figure out why the nanoparticles 

display this unique gas-binding behavior.   

5.2 Experimental  
 

Commercial Co(salen) (also labeled as unprocessed) and cobalt(II) acetate 

were purchased from Sigma-Aldrich and used as received.  The UHP grade oxygen 

and helium used for the adsorption experiments were obtained from AGA and Praxair 
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Inc, respectively.  Cobalt(III) acetate was synthesized following an established 

procedure [9].   The nanoparticles were stored in an Argon-filled drybox until they 

were used for testing. 

The single-crystal data diffraction data was collected by Dr. Day on a Bruker 

SMART APEX CCD Single Crystal Diffraction System [10].  X-rays were provided 

by a fine-focus sealed x-ray tube operated at 50kV and 30mA.  A full hemisphere of 

diffracted intensities (1850 10-second frames with a ω scan width of 0.30°) was 

measured for a single-domain specimen using graphite-monochromated MoKα 

radiation (λ= 0.71073 Å).  The Bruker software package SHELXTL was used to 

solve the structure using “direct methods” techniques.  All stages of weighted full-

matrix least-squares refinement were conducted using Fo
2 data with the SHELXTL 

Version 6.10 software package [11].  Experimental details on data analysis and 

processing about the crystal structure determination are given in Appendix F.   

A Bruker Tensor 27 spectrometer with a spectra resolution of 4 cm–1 was used 

to collect transmission IR data of the samples, which were pressed into self-

supporting wafers and loaded into an in situ reactor/cell (In Situ Research 

Instruments, Inc. South Bend, IN) connected to a flow system allowing recording of 

the data, while the treatment gases flowed through and around the sample.  IR spectra 

of adsorbate ligands were determined by subtracting the background spectrum before 

treatment gas became in contact with the sample.  Spectra characterizing the ligands 

present during O2 adsorption were recorded under various temperature conditions.  

Each reported spectrum is the average of 128–512 scans. 
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XAS experiments were performed at beamline D04B–XAFS1 of the Brazilian 

Synchrotron Light Laboratory (LNLS) Campinas, Brazil; and at beamline X19A of 

the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory 

(BNL), New York, US.  The ring current at LNLS was 250–170 mA and at NSLS 

was 250–150 mA.  The storage ring operated with an electron energy of 0.9 GeV at 

LNLS and of 2.5 GeV at NSLS.  The samples were characterized by XAS 

spectroscopy before and during O2 binding experiments.  Each powder sample was 

pressed into a wafer and the mass of the sample was selected to give an absorbance of 

about 2.5 at the Co K edge (7709 eV).  After a sample had been pressed, it was 

loaded into a cell, which was then aligned in the X-ray beam.  XAS data were 

recorded in transmission mode; a double-crystal Si(111) monochromator was used, 

being detuned 20−25% to minimize the effects of higher harmonics in the X-ray 

beam.  Each sample was scanned at least four times, and the reported data for each 

sample correspond to the average of the four scans.  No changes were detected 

between the first and last scan of any sample, consistent with the inference that the X-

ray beam did not affect the samples significantly. 

Analysis of the EXAFS data was performed by using a difference file 

technique with experimentally and theoretically determined reference files by using 

the software FEFF 7.0 and FEFF 8.0 (Table 5.1) [12, 13].  Details of the preparation 

of the reference files and data analysis procedures are presented elsewhere [14].  The 

data were analyzed with the software XDAP [15].  No attempt was made to account 

for the small atomic X-ray absorption fine structure (data obtained at low values of r, 
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the distance between the absorber (Co) and backscatterer atoms) of the spectrum 

other than by application of standard background subtraction techniques.  Iterative 

fitting was carried out until excellent agreement was attained between the calculated 

k0-, k1-, and k2-weighted data (k is the photoelectron wave vector) and the postulated 

model.  The maximum number of free parameters n in the analysis was determined by 

the Nyquist theorem [16], n = (2∆k∆r/π) + 1, where, ∆k and ∆r, respectively, are the 

intervals in k and r used to fit the data.  The accuracies are estimated to be as follows:  

coordination number N, ±10% for Co–high-Z contributions and ±20% for Co–low-Z 

contributions; distance R, ±0.02 Å; Debye−Waller factor ∆σ2, ±20%; and inner 

potential correction ∆E0, ±20%.  The fitting ranges in both momentum space and real 

space were determined by the data quality.  The quality of the fitting was confirmed 

by the values of fit diagnostic parameters, ε2
ν (goodness of fit) and the variances 

between the data and the model prediction for the EXAFS function χ and the Fourier 

transform of χ (for k0-, k1-, and k2-weighting of the data). 

 
Table 5.1: Crystallographic data characterizing the reference compounds and Fourier 
transform ranges used in the EXAFS analysisa 
 

Crystallographic Data Fourier Transform Reference 

Compound 
Shell 

N R, Å ref ∆k, Å–1 ∆r, Å 

Co Co–Co 12 2.50 13 1.00–20.00 0.00–8.00 

Co(salen) Co–O 4 1.87 12 1.00–20.00 0.00–8.00 

Co(salen) Co–N 4 1.83 12 1.00–20.00 0.00–8.00 
a Notation:  N, coordination number; R, distance between absorber and backscatterer 
atoms; ∆k and ∆r, the range intervals used in the Fourier transformation. 
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5.3 Crystal Structure 

As shown in Chapter three there are differences between the unprocessed and 

nanoparticles in the BET data as well as the powder diffraction data.  Consequently, 

both samples were tested using single crystal diffraction.  Analysis of the unprocessed 

Co(salen) data indicates the presence of a dimeric molecular structure (Appendix F, 

Figure 5.1).  The coordination geometry around the cobalt ions was found to be five-

coordinated with the molecules forming a dimer through a bridging oxygen atom with 

an average Co–O2 bond length of 2.215(2) Å (Figure 5.1).  The average Co–O and 

Co–N bond distances involving the salen ligand are 1.906(2) and 1.884(2) Å, 

respectively (Appendix F).  Consistent with their nanometer character, the Co(salen) 

nanoparticles did not display enough long-range order to produce an ample signal for 

single crystal diffraction.   

      

        

Figure 5.1:  Single crystal data for commerical Co(salen) 
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5.4 XANES Data 

XANES provides information about the electron density around the metal, and 

in this case provided information on the oxidation state and site geometry around the 

cobalt center.  XANES data characterizing materials with known oxidation states and 

symmetries were obtained to provided a basis for interpretation of the features in the 

XANES spectra of our Co(salen) samples.  Data for Co0 were measured with Co foil, 

data for CoII with [CoII(CH3COO)2], and data for CoIII with [CoIII(CH3COO)3].  The 

data characterizing the reference materials show that there is a prominent feature 

(white line) in the Co K edge near-edge spectra of CoIII centered at about 8 eV above 

the X-ray absorption edge (Figure 5.2).  Furthermore, the spectrum of CoIII shows a 

broad peak centered at 65 eV above the X-ray absorption edge.  In contrast, the data 

characterizing Co0 show a white line centered at 6 eV above the edge and two peaks 

at 36 and 85 eV above the edge.   

 

                             
 
Figure 5.2: XANES data characterizing Co standards: (a) Co foil; (b) 
CoII(CH3COO)2 ; and (c) CoIII(CH3COO)3. The spectra were collected at room 
temperature in air.  
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XANES of our unprocessed and nanoparticle Co(salen) samples show the 

presence of oxidized Co centers (CoII and/or CoIII), as indicated by the lack of peaks 

at 36 and 85 eV above the X-ray absorption edge characteristic of metallic cobalt and 

by the white line centered at about 7722 eV and 7723 eV for the unprocessed 

Co(salen) and the nanoparticles, respectively (Figure 5.3).  The XANES data 

characterizing the unprocessed Co(salen) sample contain two small pre-edge features, 

one at 7709 eV assigned to the 1s → 3d transition, and a second at 7714 eV attributed 

to 1s → 4pz transitions [17-20]. The relatively small intensity of these two pre-edge 

features indicates that the cobalt center is centrosymmetric.  In contrast, the XANES 

spectrum characterizing the Co(salen) nanoparticles show an intense pre-edge feature 

at 7715 eV, indicating a loss of centrosymmetry for the cobalt center. 

 

                     
Figure 5.3: XANES data characterizing (a) unprocessed Co(salen); and (b) 
Co(salen) nanoparticles 
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5.5 EXAFS Data 
 

EXAFS parameters characterizing both the unprocessed Co(salen) as well as 

the Co(salen) nanoparticles demonstrate structural differences between the two 

samples (Table 5.2).  The data characterizing the unprocessed Co(salen) (Figure 5.4) 

indicate that on average two nitrogen atoms were bonded to the Co center at a Co–N 

distance of 1.83 Å.  The cobalt ion was also coordinated to approximately two 

oxygen atoms at an average Co–O distance of 1.91 Å and to another oxygen atom at 

a longer distance of 2.20 Å.  The data also shows the presence of a long non-bonding 

Co-Co contribution (N = 0.5, where N is the coordination number of the 

contribution) at 2.92 Å.  The results indicate that the unprocessed Co(salen) is a five-

coordinated species, consistent with our single crystal X-ray diffraction data showing 

the presence of dimers.  On the other hand, the EXAFS results characterizing the 

Co(salen) nanoparticles (Figure 5.5) indicate the presence of four-coordinated Co 

structures, as demonstrated by the Co–O (N = 1.8, R = 1.90  Å; where R is the 

distance from the absorber (Co) atom to the backscatterer atom) and Co–N (N = 1.5, 

R = 1.81 Å) contributions to the EXAFS spectrum.  The EXAFS data characterizing 

both samples indicate the presence of intact Co(salen) structures, with no evidence of 

metallic cobalt clusters, confirmed by the lack of Co–Co contributions in the EXAFS 

spectra (Figure 5.6).  
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Table 5.2: EXAFS results characterizing nanoparticle and unprocessed Co(salen) 
samples at 298 K and a Pressure of 760 Torra 

samples 
Co(salen) unprocessedb Co(salen) nanoparticlesc Absorber–

backscatterer 
pair N R, Å 103 × 

∆σ2, Å2 
∆E0, eV N R, Å 103 × 

∆σ2, Å2 
∆E0, eV

Co–Co 0.5 2.92 14.10 13.4 – d – – – 
Co–Os 2.0 1.91 0.00 15.0 1.8 1.90 1.31 4.2 
Co-Ol 1.1 2.20 0.00 12.3 – d – – – 
Co–N 2.1 1.83 0.00 4.9 1.5 1.81 0.80 5.0 

a Notation:  N, coordination number; R, distance between absorber and backscatterer atoms; ∆σ2, 
Debye-Waller factor; ∆E0, inner potential correction; Os represents a short distance oxygen atom and 
Ol represnts a long distance oxygen atom. Expected EXAFS errors: N, ±10%; R, ±0.02 Å; ∆σ2, ±20%; 
∆E0, ±20%.  b The k and r ranges used in the data analysis for this sample are ∆k = 3.61–14.99 Å–1 and 
∆r = 1.0–5.0 Å. %.  c The k and r ranges used in the data analysis for this sample are ∆k = 3.78–14.95 
Å–1 and ∆r = 1.0–5.0 Å. d Undetectable. 
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Figure 5.4: Results of EXAFS analysis characterizing the unprocessed Co(salen) 
sample at 298 K: (A) Experimental EXAFS function (solid line) and sum of the 
calculated Co–O + Co–N contributions (dotted line).  (B) Imaginary part and 
magnitude of uncorrected Fourier Transform (k0 weighted) of experimental EXAFS 
function (solid line) and sum of the calculated Co–O + Co–N contributions (dotted 
line).  (C) Residual spectrum illustrating the Co–Os contribution; imaginary part and 
magnitude of phase- and amplitude-corrected Fourier transform (k1 weighted) of 
experimental data minus the calculated Co–N contribution and Co-Ol contribution 
(solid line) and calculated Co–Os contribution (dotted line). (D) Residual spectrum 
illustrating the Co–N contribution; imaginary part and magnitude of phase- and 
amplitude-corrected Fourier transform (k1 weighted) of experimental data minus the 
calculated Co–O contributions (solid line) and calculated Co–N contribution (dotted 
line) 
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Figure 5.5: Results of EXAFS analysis characterizing the Co(salen) nanoparticle 
sample at 298 K: (A) Experimental EXAFS function (solid line) and sum of the 
calculated Co–O + Co–N contributions (dotted line).  (B) Imaginary part and 
magnitude of uncorrected Fourier Transform (k0 weighted) of experimental EXAFS 
function (solid line) and sum of the calculated Co–O + Co–N contributions (dotted 
line).  (C) Residual spectrum illustrating the Co–O contribution; imaginary part and 
magnitude of phase- and amplitude-corrected Fourier transform (k1 weighted) of 
experimental data minus the calculated Co–N contribution (solid line) and calculated 
Co–O contribution (dotted line). (D) Residual spectrum illustrating the Co–N 
contribution; imaginary part and magnitude of phase- and amplitude-corrected 
Fourier transform (k1 weighted) of experimental data minus the calculated Co–O 
contributions (solid line) and calculated Co–N contribution (dotted line) 
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Figure 5.6: EXAFS results characterizing the magnitude of the phase- and amplitude-
corrected Fourier transform (k3-weighted) of the raw data illustrating (A) the lack of 
Co–Co contribution in (b) Co(salen) nanoparticles and (c) unprocessed Co(salen)  
(the spectrum of Co foil (a) is included for comparison); and (B) the increasing Co–O 
first-shell coordination numbers of the Co(salen) nanoparticles (a) before any O2 
treatment, (b) after treatment with O2 for 1 h at 298 K, and (c) after treatment with O2 
for 24 + h at 298 K.   
 
5.6 In Situ XANES Data  

The XANES data collected during oxygen exposure of the unprocessed 

Co(salen) sample shows virtually no changes with respect to the XANES spectrum 

characterizing the initial sample containing Co centers with a centrosymmetric 

geometry (Figure 5.7).  The first derivative of the XANES data characterizing the 

unprocessed Co(salen) before oxygen exposure and after 60 min of contact with 

molecular oxygen are shown in Figure 5.7.  The pre-edge features at 7709 and 7714 

eV as well as the edge at 7722 eV show no change in intensity or position within the 

associated experimental error.  These results are consistent with the Rubotherm 

microbalance data that shows no measurable O2 uptake.  In contrast, the XANES data 

collected during oxygen exposure of the Co(salen) nanoparticles show a gradual 

increase in intensity of the white line, indicating oxidation of the CoII to CoIII (Figure 

5.8).  Furthermore, the first derivative of the XANES data characterizing the 
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Co(salen) nanoparticles before oxygen exposure and after 60 min of contact with 

molecular oxygen (Figure 5.8B) indicates a further loss of centrosymmerty as a 

consequence of the interaction of the Co center and oxygen, as indicated by decrease 

in intensity of the 7715 eV feature and the increase in the intensity at 7709 eV.  The 

results are consistent with the coordination number of each cobalt center being 

increased by one, agreeing with the quantitative data presented in chapter three.   

 
 

 
 
 
Figure 5.7:  Time-resolved XANES data characterizing unprocessed Co(salen) in 
contact with O2. (A) Transient data during exposure with O2 at 298 K; and (B) first 
derivative of the XANES spectra characterizing: (a) the initial sample, and (b) after 1 
h with O2 at 298 K 
 
 
 
 
 
 
 
 
 
 
 

(A)

(B) 



 86

 

 

Figure 5.8: Time-resolved XANES data characterizing Co(salen) nanoparticles in 
contact with O2. (A) Transient data during exposure with O2 at 298 K; and (B) first 
derivative of the XANES spectra characterizing: (a) the initial sample, and (b) after 1 
h with O2 at 298 K. 
 
5.7 In Situ EXAFS Data  

EXAFS data were determined for each sample after exposure to O2 and then 

after a heating cycle to 373 K (30 min) and one hour hold in He.  The samples were 

then cooled back down to RT in He and analyzed.  The EXAFS parameters 

characterizing the unprocessed Co(salen) during oxygen exposure are 

undistinguishable from those characterizing the initial sample before any treatment.  

These results are consistent with the lack of measurable O2 uptake for this sample.  

There are two types of Co-O bonds that contribute to the EXAFS data: two relatively 

short Co–O bonds at an average distance of 1.91 Å, and one Co–O bond at an 

average distance of 2.21 Å.  The short Co-O bond is most likely from the CoII ion 

coordinated to a salen ligand, whereas the longer bond results from the bridging 

oxygen atom, supporting the presence of dimers.  Additionally, the parameters 

(A) 
(B) 
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representing the Co–N contribution (N = 2.0, R = 1.82 Å) are consistent with the 

bonding of the cobalt center to two nitrogen atoms from the salen complex. 

The EXAFS parameters (Table 5.3) characterizing the Co(salen) 

nanoparticles after exposure to O2 at 298 K confirms the conclusion that each cobalt 

center binds to one atomic oxygen on average, distorting the centrosymmerty of the 

Co(salen).  The Co–O contribution to the EXAFS spectrum indicates that on average 

three oxygen atoms (N = 2.9) were bonded to the Co center at a distance of 1.90 Å.  

This increase in the Co–O coordination number from 2.0 in the fresh sample to 2.9 in 

that treated in oxygen indicates that an extra oxygen atom is binding to the Co center 

during oxygen adsorption, forming a five-coordinated species, which is expected for 

formation of a Co(salen)(O2) species.  The Co–N contribution characterizing the 

Co(salen) nanoparticles is consistent with the retention of two nitrogen atoms (N = 

1.9) coordinated to the Co center at a Co–N bond distance of 1.80 Å. 

The EXAFS data support the oxygen adsorption measurements in chapter 

three showing that the oxygen adsorption is a reversible process and provide 

evidence of the structural stability of the Co(salen) nanoparticles during the 

adsorption-desorption cycle (Table 5.3).  The Co–O contribution to the EXAFS 

spectrum after a heating cycle indicates a Co–O coordination number of 1.8 at an 

average distance of 1.90 Å, which is indistinguishable within the expected 

experimental error from the parameters characterizing the sample before oxygen 

adsorption (N = 1.8, and R = 1.90 Å).  Similarly, the Co–N contribution is similar to 
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that found in the initially prepared Co(salen) sample before any oxygen treatment (N 

= 1.5, R = 1.81 Å).   

Table 5.3: EXAFS results characterizing Co(salen) nanoparticles treated in O2 and 
subsequently treated in He at 298 K and a pressure of 760 Torra 

treatment gas 
O2

b He after O2
c Absorber–

backscatterer pair 
N R, Å 103 × 

∆σ2, Å2
∆E0, eV N R, Å 103 × 

∆σ2, Å2 
∆E0, eV

Co–Co – d – – – – d – – – 
Co–Os 2.9 1.90 0.10 12.5 1.8 1.90 1.31 4.2 
Co-Ol – d – – – – d – – – 
Co–N 1.9 1.80 0.50 5.10 1.5 1.82 0.80 5.0 

 
a Notation:  N, coordination number; R, distance between absorber and backscatterer atoms; ∆σ2, 
Debye-Waller factor; ∆E0, inner potential correction. Os represents a short distance oxygen atom and 
Ol represnts a long distance oxygen atom. Expected EXAFS errors: N, ±10%; R, ±0.02 Å; ∆σ2, ±20%; 
∆E0, ±20%.  b The k and r ranges used in the data analysis for this sample are ∆k = 3.64–14.95 Å–1 and 
∆r = 1.0–5.0 Å. %.  c The k and r ranges used in the data analysis for this sample are ∆k = 3.76–15.51 
Å–1 and ∆r = 1.0–5.0 Å. d Undetectable. 
 
 
5.8 IR Data  
 

Fourier transformed infrared spectra were also to investigate the Co(salen) 

ligand environment and adsorbed species before and after oxygen exposure.  

Consistent with the quantitative oxygen adsorption results and the XAS data, the 

unprocessed Co(salen) sample did not show any measurable changes in its 

vibrational properties upon exposure to O2 at 298 K (Figure 5.9).  However, when O2 

was placed in contact with Co(salen) nanoparticles at 298 K, new bands appeared in 

the spectrum at 1630, 1550, 1272, 1553, and 1055 cm–1 (Figure 5.10).  The new 

bands increased in intensity as a function of dioxygen contact time as illustrated for 

the band at 1272 cm–1 (Figure 5.11).  Additionally, bands at 1604 and 1309 cm–1 

decrease in intensity after O2 exposure while bands at 1467 and 1448 cm–1 increase 
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in intensity.  Two IR bands shift upon exposure to O2, the IR band initially observed 

at 748 cm–1 shifts to 754 cm–1 and that observed at 727 cm–1 shifts to 733 cm–1.  

                

Figure 5.9: Infrared spectra characterizing the fingerprint region (1800-1000 cm–1) of 
the unprocessed Co(salen) sample (a) before any treatment and (b) after 38 min in 
flowing O2 at 298 K 

                  

Figure 5.10: Infrared spectra characterizing the fingerprint region (1800-1000 cm–1) 
of the Co(salen) nanoparticles (a) before any treatment, (b) after 38 min in flowing 
O2 at 298 K, and (c) after subsequent treatment in He at 353 K for 60 min 
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Figure 5.11: Transient infrared spectra characterizing the band at 1272 cm–1 in the 
Co(salen) nanoparticles during O2 treatment at 298 K (2.25, 6.3, 13.3, 20.9, and 39.7 
min) 
 
 
 
5.9 Summary of Different Structures 
 
Evidence of Five-Coordinated Octahedral Dimers of Unprocessed Co(salen)                   

The EXAFS, XANES, and XRD data provide evidence that the unprocessed 

Co(salen) is composed of dimers in which an oxygen atom forms a bridge between 

two Co(salen) molecules.  These results are consistent with those of reported by Holt  

[21] who found that Co(salen) can form similar dimers in crystalline phase.  The data 

shows that each Co center has a square pyramidal geometry.  The salen ligand binds 

as expected to the CoII ions forming two Co-O and two Co-N bonds that define the 

square plane.  The primary coordination sphere for each cobalt ion is completed by 

an oxygen atom of a neighboring salen ligand, forming bonds that are longer than 

those in the square plane.  The EXAFS data identified this Co–O contribution at a 
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distance of 2.20 Å, which is also in excellent agreement with the single crystal 

diffraction data that shows a Co–O2 bridging bond distance of 2.21(2) Å.  The final 

result is a dimeric structure that is formed by bridging oxygen atoms between the two 

cobalt centers.   

Further structural information of the unprocessed Co(salen) is provided by the 

XANES data demonstrating that the Co center has a centrosymmetric geometry as 

indicated by the absence of a strong pre-edge in the XANES data (Figure 5.3) at 

about 7709 eV.  This signal is characteristic of the 1s → 3d transition, which would 

only occur from mixing between the 3d and 4p orbitals in a non-centrosymmetry 

system [17-20].  The absence of this transition would occur with a square-planar 

coordination geometry or a dimeric structure represented in Figure 5.1, since both 

have centrosymmetric symmetry.  The observed dimer structure produces two 

Co(salen) molecules that are stacked next to each other.  This would leave little space 

for the binding of additional molecules such as dioxygen.   It has been proposed that 

this Co(salen) dimer species is inactive towards oxygen adsorption because of the 

close stacking of the complexes prevents O2 penetration [21-23].  Consistent with 

this hypothesis, the results in chapter three show that the unprocessed Co(salen) does 

not display any measurable O2 uptake.   

 

Evidence of Four-Coordinated Distorted Tetrahedral Monomers of Co(salen) 

Nanoparticles.   
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While the unprocessed Co(salen) is in the dimer form in the solid state, it has 

been shown that it can break apart when dissolved in solution [22].  In the PCA 

process, the precipitation is so fast that monomeric form is preserved during the 

recrystallization step.  Evidence of a different non-dimer structure in the processed 

Co(salen) nanoparticles is found in the EXAFS data (Table 5.2) showing that the Co 

centers are four-coordinated, where the Co atom is surrounded on average by two 

oxygen and nitrogen atoms at a distance of 1.90 and 1.81 Å, respectively.  These 

results provide evidence that the Co(salen) complex remains intact after processing in 

CO2.  The Co–O and Co–N bond distances do not appear to be dramatically affected 

by the precipitation process as they yield similar distances to previously reported four 

coordinate unprocessed Co(salen) crystal [12].  Also, no other contribution was 

found within the experimental error in the EXAFS spectrum. Thus, the fifth Co–O 

coordination detected in the unprocessed Co(salen) sample with a long distance of 

2.2 Å is not observed in the Co(salen) nanoparticles.   

Although the unprocessed and processed Co(salen) complexes have similar 

bond lengths, the arrangement around the cobalt ions are substantially different.  The 

data suggests that the Co(salen) molecules in the nanoparticle are no longer square 

planar, but rather form a distorted tetrahedral structure as shown by the XANES data.  

The presence of an intense pre-edge peak at 7715 eV in the Co K edge is attributed to 

1s → 4pz (or 3d) transitions that is forbidden in a centrosymmetric geometry, but 

allowed in a tetrahedral coordination [20] (mixing between 4p and 3d makes it hard 

to distinguish between them).  The presence of such an intense pre-edge feature at 
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7715 eV in the Co(salen) nanoparticles is indicative of the distorted tetrahedral 

coordination of the Co center.  Consistent with our identification of a distorted 

tetrahedral geometry, Eichhorn et al. reported a strongly distorted tetrahedral 

framework for a Co(salen) complex when it is bonded to flavonolate [24, 25].   We 

postulate that by changing the environment around the metal center in the Co(salen) 

nanoparticles to a distorted tetrahedral allows for more accessible sites for O2 binding 

that partly contributes to the observed functional differences.  

 

Influence of the Structural Differences during O2 adsorption on Co(salen).   

Unlike the unprocessed Co(salen) species that do not show any O2 adsorption 

at room temperature either by the quantitative gravimetric analysis (Chapter three) or 

by IR spectroscopy (Figure 5.9), the Co(salen) nanoparticles show an O2 uptake of 

1.51 mmol of oxygen/ g of nanoparticle, which is consistent with the adsorption of 

one O2 molecule per two cobalt centers.  There have been several reports that in the 

solid state certain forms of Co(salen) bind O2 forming a peroxo bridge 

[Co(salen)]2O2 [23].  This is consistent with the data presented in this chapter.  The 

XANES data showed that upon exposure to O2 the Co(salen) within the nanoparticles 

are oxidized from CoII to CoIII.  The EXAFS results of the nanoparticles showed that 

the coordination number increased from four to five after exposure to dioxygen.  

However, we could not differentiate the Co-O bond distance between those arising 

from the cobalt coordination to the salen ligand or dioxygen .  Nevertheless, the 

average Co-O bond distance is similar to that that found in the 
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Co(salen)(pyridine)(O2) complex [26].  Consistent with this postulate, IR results 

characterizing the Co(salen) nanoparticles during O2 adsorption at 298 K show new 

bands that may be indicative of dioxygen binding to Co(salen) [23, 27, 28].     

The EXAFS data also demonstrates that the oxygen adsorption on Co(salen) 

nanoparticles is a reversible process.  After the O2 pulse, a heating cycle was utilized 

to desorb the bound O2 as reported earlier in the dissertation.  The data shows that the 

Co–O coordination decreases to 1.8, matching the value of the fresh sample before 

the O2 exposure.  Consistently, the Co–N contribution also matches that of the fresh 

sample and provides further evidence that the Co(salen) is structurally stable for the 

adsorption-desorption cycle.  Gentle heating while flowing He was also found to 

desorb the O2 as can be observed in the IR data in Figure 5.10 as the spectrum 

matches the initial fresh data.        
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Chapter 6: Coating Nanoparticles on Supports 
 

 
6.1 Introduction 
 

This goal of this chapter is to provide proof of concept experiments to probe 

the possibility of applying a CO2 based coating technique to the support the Co(salen) 

nanoparticles.  There are a couple practical and environmental drivers that motivate 

this research.  First, a major challenge in using the PCA process to produce a 

functional material is particle agglomeration due to the very fast precipitation 

kinetics.  One solution to attempt to overcome this problem is to coat the 

nanoparticles on another material or support to help produce discrete deposited 

nanoparticles.  Also, coating the nanoparticles helps to produce a heterogeneous 

material that is easier to handle for slurry or packed bed applications.  Finally, coating 

the nanoparticles also can address the concern about the impact of release of the 

nanoparticles into the environment [1] as the particles can be secured to a bulkier 

support.     

One environmental benign medium to conduct the particle fluidization and 

coating is carbon dioxide.  Marzocchella et al demonstrated that CO2 could be utilized 

to fluidize solids at pressures from ambient to supercritical [2].   As reported in 

several articles [3, 4] CO2 can produce thin, even, and solvent-free coatings.  The 

tunability around the critical point allows the user to easily manipulate the density 

and solubility by minor changes in the system temperature or pressure.  Operating at 

higher pressures also allows the reduction of surface tension and hence thin and 

smooth coatings are possible [4].  Supercritical CO2 has also been utilized to coat 
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nanoparticles.  Aymonier et al [5] demonstrated that BaTiO3 nanoparticles could be 

coated with amorphous alumina and still be recovered as a dry powder. 

Our research group has successfully utilized CO2 for coating drugs for 

controlled release [6, 7].  This coating process is similar to conventional air 

suspension coating using a Wurster coater design [8] with air replaced by dense CO2 

gas.  The core particles (or support) are suspended in CO2 by fluidization and the 

solution containing the compound of interest is sprayed into the suspension similar to 

the PCA process. The CO2 selectivity dries the solvent forming nanoparticles that are 

then deposited on the fluidized support.  

6.2 Experimental  
 

Co(salen) was purchased from Sigma-Aldrich and used as received.  

ETHOCEL Standard 10 Premium (Ethyl Cellulose) was obtained from The Dow 

Chemical Company with an ethoxyl content around 48.6 %.  The Avicel 

microcrystalline cellulose (MCC) (FMC Corporation) starch beads (~1.18 mm) were 

synthesized at the University of Kansas by Dr. Haslam.  Glass beads (1 - 2 mm) were 

obtained from Cataphote.  Spherical γ-alumina beads of two different sizes (1.02 or 

2.65 mm) were obtained from Sasol.  The smaller γ-alumina beads have a BET 

surface area of 163 m2/g, a packed bulk density of 0.8 g/mL, and a pore diameter of 

12 nm.  The larger γ-alumina beads have a BET surface area of 202 m2/g, a packed 

bulk density of 0.54 g/mL, and a pore diameter of 15 nm.     

 The scanning electron microscope is used to probe the morphology of the 

nanoparticles on the support.  Samples were scanned using a high resolution LEO 
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1550 field emission scanning electron microscope at an accelerating voltage of 5.0 

kV.  The typical procedure had to be modified to overcome charging problems due to 

poor conductivity.  First, a few coated beads were placed directly onto a conductive 

carbon tab (Electron Microscopy Sciences Part # 77825-12) attached to a 12 mm 

diameter aluminum specimen mount (Electron Microscopy Sciences Part # 75190).  

Next, carbon graphite paint was applied around the base and sides of the bead leaving 

only a small section uncovered for analysis.  This was done to improve conductivity 

and vastly improved the quality of the images.  The sample was then dried gently in 

an oven at 65 °C.  It was then sputter-coated with a 30 nm thick Au-Pd (60:40) alloy 

coat by using a Hummer-2 (Technics) operating at 100 mTorr and 10 mAmps (9 

volts).   

6.3 Experimental Coating Setup 

The setup was constructed similar to previous work and is shown in Figure 6.1 

and 6.2.  Initially, the core particles (or support) are charged into the coating vessel 

(2.5 L vessel from Thar Designs, Inc.). The core particles are suspended in scCO2 by 

fluidization and the methylene chloride solution containing the compound of interest 

is sprayed into the suspension (a detailed description of the procedure is given in 

Appendix D).  A view window allowed the visualization of the fluidization.  Both the 

CO2 as well as solution are sprayed through a Vector coaxial nozzle (HCA-1033) (0.7 

mm inner diameter) located below the glass insert fashioned in a Wurster design. The 

particles that result upon contact with scCO2 are then deposited as a coating on the 
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core particles as well as the glass insert itself.  Either particle or film coatings can be 

obtained depending on the process conditions [6, 7].   

Fluidization velocities utilized and the internal glass column design was based 

on correlations developed by previous researchers [9].  The minimum fluidization 

velocity was calculated using equation (2) for small particles.   
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The density and viscosity of the carbon dioxide at the conditions of interest was 

calculated using G Flow Software (Barnant Company) that was also utilized for 

converting rotometer data on the PCA setup.  For example, the density and viscosity 

of the CO2 at 308 K and 71 bar is 0.183 g/mL and 0.0156 cP.  The resulting terminal 

velocities in the experimental range utilized for the alumina beads (308 – 317 K and 

64 – 72 bar) is 0.04 to 0.2 cm/s.  The corresponding terminal velocities were 

estimated to be 6 – 9 cm/s.    
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To calculate the velocities experimentally, the CO2 flow rate was measured 

with an Omega flowmeter was purchased (FMA-875-V-CO2).  The inner diameter of 

the inner cylinder is 15 mm.  Initial experiments were conducted to find the CO2 flow 

rate needed to fluidize the beads at 320 K and several different pressures (64 – 79 

bar).  The CO2 flow rates was found to be 80 – 84 standard liters per min (SLPM) that 

corresponds to velocities in the range of 9.5 – 7.0 cm/s.  These values are between the 

theoretical minimum fluidization velocity and the terminal velocity.     

Experimental conditions for the coating experiments can be found in 

Appendix J.  Elemental Analysis (ICP) of the metal loading on the coated beads was 

carried out by Desert Analytics. 
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Figure 6.1: Process schematic of fluidized bed nanoparticle coater [10] 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 6.2: Internal dimensions of similar Pyrex® glass insert [10] (see 
Appendix G for dimensions of actual insert utilized)  
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The initial experiments used the same SonimistTM ultrasonic spray nozzle that 

was utilized for the PCA experiments.  A Teflon® part was fabricated to connect the 

nozzle to the glass insert as shown in Figure 6.3.  However, after the first coating 

experiment with the glass beads, it was found that the fine capillary nozzle was 

damaged during fluidization.  Therefore, it was decided to use the Vector nozzle 

described earlier in the chapter.  

It was also found that for some experiments, the beads were escaping from the 

glass insert and distributing below the nozzle at the bottom of the vessel.  One 

hypothesis was that the CO2 could be fluidizing the Teflon® insert as well allowing 

the beads to escape into the space between the nozzle and Teflon® insert.  To 

overcome this obstacle a clamp system was designed and fabricated as shown in 

Figure 6.3.  This system held together the three separate pieces, nozzle, Telfon®, and 

glass and solved the problem.   

Beads were also found to escape out of the top of the glass insert as the 

velocity of some of the beads exceeded their terminal velocity.  This was more 

problematic as the bead size decreased from 2 to 1 mm.   Initially, the wire mesh was 

folded at the edges, externally covering the top of the insert.  However, this mesh 

could be pushed open by the flow creating a gap for the beads to escape.  Hence, the 

mesh was cut to the exact size to cover the top of the glass insert and an additional 

Telfon® ring was fabricated to place between the vessel cap and top of the glass insert 

to seal the mesh tight against the glass insert.        

 
 



 105

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Internal coating components with SonimistTM nozzle (left) and clamp 
system with Vector nozzle (right) 
  

6.4 Coating Experiments: Influence of Supports 

Initially, the Co(salen) was coated as nanoparticles on various substrates such 

as γ-alumina, glass, and microcrystalline cellulose (MCC).  As may be inferred from 

Figure 6.4, the coated beads produce a uniformly dark brown coloration, which is 

attributed to Co(salen) coverage.  The coating appeared more uniform for the γ-

alumina as the MCC coating showed some bare spots.  The glass support yielded 

even lower coverage and was not tested further.  Additionally, there was less 

agglomerization of beads (see [11, 12] as examples) when the γ-alumina support was 

used.  The γ-alumina (γ-Al2O3) substrate was, therefore, chosen for further testing 

since it is also a more traditional catalyst support.   
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Figure 6.4: Co(salen)/ethyl cellulose supported on MCC beads (left), Co(salen)/ethyl 
cellulose supported on 2.65 mm γ-alumina (right) 
 
6.5 Influence of Binding Polymer 
 

The presence of a binding polymer, a layer between the support and coated 

material was investigated.  Ethyl cellulose (EC) was selected as the binding polymer 

since it is not soluble in CO2 [13, 14] and has demonstrated permeability to light 

gases [15] including He, O2, N2, and CH4.  This polymer is normally added to 

decrease the smoothness of the core material in an effort to enhance the coating 

efficiency or amount coated on support per amount of material sprayed into solution.  

It has been previously demonstrated that the Co(salen) precipitates as nanorods when 

sprayed into compressed carbon dioxide [16].  However, when the Co(salen) was 

sprayed directly onto the γ-alumina without a polymer layer present, discrete particles 

are not seen as shown in the left SEM micrograph (Figure 6.5a).  In contrast, when a 

polymer layer such as ethyl cellulose is present, nanorods are observed (right image 

Figure 6.5a).  Figure 6.5b shows an image of the fresh γ-alumina, γ-alumina coated 
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with ethyl cellulose, and then coated with Co(salen).  One explanation could be that 

the surface OH groups are interacting with the Cobalt metal, affecting how the salen 

molecules arrange themselves.     

 

 

 
Figure 6.5a: SEM image of Co(salen) coated directly on 2.65 mm γ-alumina  (left) 
(313 K, 7.1 MPa), SEM image of Co(salen) coated on ethyl cellulose (middle) (311 
K, 6.7 MPa) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5b: γ-alumina beads (left), γ-alumina beads coated with ethyl cellulose 
(middle), and finally coated with Co(salen) (right) 
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6.6 Coating Characterization 
 

Quantifying the presence of the Cobalt on the coated beads was carried out 

utilizing  ICP analysis.  The coating efficiency was calculated using similar notation 

to Krober et al [17].  Both the inter-batch and intra-batch variability was examined.   

To check the intra-batch variability several beads were selected at random 

from the same coating experiment and sent to Desert Analytics where the beads were 

decomposed by acid digestion and the amount of cobalt was analyzed.  Different 

batch sizes from the same experiment were tested to analyze the variability of the 

coating process.  For example three beads were tested for Run 8 (Co = 0.069 %) as 

one sample and ten beads for another sample (Co = 0.070 %).   

The number of beads utilized for the coating experiment is found by weight 

based coating.  Different batch sized were utilized and normalized to find the average 

value of each fresh bead (mo) as shown in Figure 6.6.   The amount of Co(salen) 

introduced during spraying was calculated from the initial concentration as well as the 

flowrate and duration of spraying. The average theoretical coating (mt) is then 

calculated by dividing the mass of Co(salen) sprayed by the number of uncoated 

beads (mo).     
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Figure 6.6: Finding the number of beads used a weight based procedure  

 

From the ICP data, the mass and number of the beads analyzed, and the 

amount of Cobalt per each complex (17 %) one can calculate the amount of Co(salen) 

coated on each bead (ma).  This calculation is made with the assumption that coating 

is uniformly distributed on each bead tested.  The coating efficiency and (E) and 

loading (L) are estimated from the following equations. 

t

a

m
mE ≡      (1) 

o

a

m
mL ≡       (2) 

 

As can be seen in Table 6.1, initial results appear to indicate that the presence 

of the ethyl cellulose binding polymer does double the amount of Cobalt loading.  

The ethyl cellulose apparently improves the adhesion of the complex to the alumina.  
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It appears the smaller beads yield higher Cobalt loadings when comparing the same 

amount of sample weight. The coating efficiency values is low when compared to 

other reports of coatings performed in carbon dioxide [11].  Clearly, more work is 

needed to optimize the process.  Schreiber et al [11] coated wax on silica-particles 

and found that just by increasing the solute concentration a higher coating efficiency 

(> 80 %) was obtained.  Nevertheless, this chapter demonstrates that molecule based 

nanoparticles can be coated for practical application.    

 
 
Table 6.1: Quantitative amount of coating on alumina beads 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Sample Sample 
mass 
tested 
(mg) 

% Co 
in each 
sample 

Avg. 
Amount 

of Co 
per bead 

(mg) 

Loading 
(%) 

Coating 
Efficiency (%) 

2.65 mm 
alumina 
with EC 

29.51 0.069 0.007 0.4  19 

2.65 
alumina 

29.94 0.033 0.003 0.2 8 

1.02 mm 
alumina 

29.31 0.135 0.001 0.8 8 
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Legend 
 

dp = diameter of particles, m 

g = gravitational acceleration, m/s2 

Rep = Reynolds’ number 

umf = minimum fluidization velocity, m/s 

ut = terminal velocity, m/s 

µ  = viscosity of fluid, Pa.s 

ρL = density of fluid, g/mL 

ρp  =  density of particles, g/mL 

mo = average value of uncoated bead, mg 

mt = average theoretical coating, mg 

ma = average amount of Co(salen) on each bead, mg 

E = coating efficiency, % 

L = coating loading, % 
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Chapter 7: Conclusions and Recommendations 
 
 
7.1 Conclusions 
 

The overall goal of this work was to produce nanostructured materials with 

unique functional properties.  This dissertation presents the first demonstration of the 

production of nanoparticles of metal complexes with unique function for O2 binding 

and NO disproportionation.  The PCA process was further optimized to create larger 

batch sizes at low to moderate pressures for additional testing.  A compliment of 

fundamental spectroscopy was utilized to investigate the nanoparticles and probe their 

structure function relationship.  Finally, a process was described for coating the 

nanoparticles on alumina supports using a carbon dioxide based spray coating 

approach.     

Development of PCA process 

The PCA process was scaled up from tens of milligrams to hundreds of 

milligrams.  This was accomplished by designing a new precipitation vessel and 

using a different filter for particle collection.  Several new complexes were 

precipitated to provide additional examples for the correlation to of initial geometry 

and particle morphology described in earlier studies.  Decomposition studies were 

also carried out on the nanoparticles and starting material.  

Unique function of PCA produced nanoparticles  

The activity of the nanoparticles compared to the starting material before 

precipitation in carbon dioxide was investigated using microbalance techniques.  The 

Co(salen) complex was selected for additional activity studies since it is known to 
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bind both O2 for catalysis as well as NO for bio-medical applications.  It was found 

that the Co(salen) nanoparticles show enhanced (1.51 mmol O2 uptake/g of 

nanoparticle or 5.1 % mass increase) O2 binding relative to the unprocessed 

Co(salen), which shows no measurable O2 binding.  This constitutes a nearly 

stoichiometric uptake assuming one molecule of O2 binds to two Co centers. 

Additionally, this process is reversible.  The adsorbed dioxygen can be desorbed by a 

stream of flowing inert gas such as nitrogen or argon at room temperature.  Heating 

above 30 °C accelerates the desorption, illustrating the potential of these 

nanoparticles as O2 sorbents.   

Previous research has demonstrated that NO is another gas that binds to 

Co(salen).  For these experiments, a tapered element oscillating microbalance 

(TEOM) was utilized to obtain a quantitative measure of the binding.  The Co(salen) 

nanoparticles display a reproducible mass change of 32 % that corresponds to 3.5 

molecules of NO per each Cobalt center, when concentrated NO is utilized.  This is 

dramatically enhanced relative to the commercial starting material that results in 

insignificant mass change.  This finding also eliminates the simple binding of one NO 

for each Co site as found in the condensed phase as well as when dilute NO (7254 

ppm) is utilized.  Isotopic labeling (15NO) and temperature programmed desorption 

(TPD) identified N2O and N2 as additional adsorbed species.  Disproportionation of 

NO into additional species such as N2O and N2 is proposed to account for these 

observations.  
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Probing Structure function relationship 

After it was demonstrated that the Co(salen) nanoparticles do exhibit unique 

function, the focused shifted to understanding the structure function relationship that 

lead to this unique gas adsorption.  Consequently, the structure and ligand 

environment of Co(salen) nanoparticles and unprocessed Co(salen) have been 

determined by the combined application of infrared, XANES, and EXAFS 

spectroscopies and also with XRD experiments before and during interaction with O2.  

Conventional Co(salen) particles with square-pyramidal geometry in a dimer form 

displayed no measurable binding for O2 at room temperature.  Conversely, the data 

indicates that the Co(salen) nanoparticles are composed of mononuclear Co2+ centers 

with distorted tetrahedral geometry caused by the rapid nucleation and crystallization. 

Evidence of oxygen adsorption on the Co(salen) nanoparticles is demonstrated by the 

increase in the coordination number of the Co–O contribution from the two to three, 

and by the XANES data showing oxidation of the cobalt from Co2+ to Co3+.  The 

results appear to indicate that the enhanced O2 binding properties of Co(salen) 

nanoparticles are related to the unique distorted tetrahedral geometry, which is not 

observed in the conventional samples that contain mainly dimers with square planar 

geometry.  These findings open new avenues for formation and applications of 

nanoparticulate metal complexes and offer the potential for bottom-up design.   

Coating nanoparticles 

Finally, a process was developed for coating the nanoparticles on solid 

supports such as alumina in an effort to create a heterogeneous material that has 
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enhanced environmental and practical benefits.  A substantial amount of time was 

dedicated to obtaining successful fluidization of the supports for initial proof of 

concept experiments.  Initial experiments showed the importance of the support and 

binding polymer as it related to coating efficiency.  It was found that while the 

coating efficiency was low this route was ultimately successful in creating a new 

route to deposit the nanoparticles.  

7.2 Recommendations 

These discoveries have opened up areas for a number of research 

investigations and applications as follows.  Immediate short term investigations could 

center on searching for or designing more active O2 or NO carriers to precipitate and 

test.  To help guide this process, additional salen based complexes could be used in 

order to probe how changes in the molecular structure affect the activity of the 

nanoparticles.  For example, Co(salen*) was also precipitated in carbon dioxide and 

tested for NO adsorption using the TEOM.  In this case, the binding appeared slower 

than for Co(salen) as shown in Figure 7.1.  While more tests are needed to confirm 

these results, however, it does appear that molecular changes do impact the activity. 

Another salen based material that could be tested is Ru(salen)(NO)(Cl) that has been 

demonstrated to have a spherical geometry [1].    In this complex, the NO can be 

removed by exposing the complex to light.  It can then be exposed to NO and the 

activity compared with the rodlike Co(salen) nanoparticles.  By gaining a greater 

understanding of the structure-function relationship one hopes to be able to tailor the 

complex for other gas storage or catalysis applications.        
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Figure 7.1: TEOM NO (conc.) exposure to Co(salen) and Co(salen*) nanoparticles.  
(It should be noted that the samples were exposed to NO for different lengths of time) 

 

Another short term project involves further investigation into the ability of the 

Co(salen) nanoparticles to disproportionate NO into other species such as N2, N2O, 

and even NO2.  One idea would be to try the adsorption studies with both the dilute 

and concentrated NO at higher temperatures (it should be noted that material 

compatibility with the gas binding device should be investigated at temperatures over 

100 °C since NO is a corrosive gas).  Work on further understanding NO 

disproportionation is crucial for possible application of this material for use in auto 

exhaust applications.  One method to increase fuel efficiency is to burn fuel in excess 

oxygen using a new type of engine that is currently being developed.  However, it has 

been found that the traditional three-way catalysts are unable to reduce the NOx in 

this oxygen rich environment [2].  One of the key steps for NOx storage and reduction 

(NSR) catalysts is the oxidation of NO to NO2.  Consequently, further study of this 

oxidation with the Co(salen) nanoparticles, which also can adsorb O2 is 

recommended.  
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Long term research could focus on improving the coating efficiency as well as 

developing a new method to create site isolated metal centers.  As described earlier, it 

was found that the current coating efficiency was low.  The different experimental 

parameters such as the support, initial loading, polymer, pressure, temperature, etc. 

need to be optimized.  Additionally, only surface forces appear to be holding the 

coating to the support.  One idea would be to chemically tether the complex to either 

the polymer or support itself.  For example, silane groups attached to the phenyl 

backbone of the salen could be utilized to tether the complex to a glass support.  

Finally, one additional idea is to take the coated beads prepared using CO2 and burn 

the ligand off with O2 creating isolated metal sites that would then be available for 

catalysis.   
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Appendix A: Synthesis Routes for Complexes and Ligands  
 

Tetra Phenyl Porphine (TPP)  
 
This ligand was synthesized by Jermy Mitchell-Koch.  Synthesis details can be found 

in his fifth notebook on page 179.  The ligand salen (N,N’-

disalicylideneethylenediamine) was produced by graduate students in the Borovik lab 

Ni(salen-1) 
 

The ligand (salen-1) was produced by graduate students in the Borovik lab.  

The metal insertion step was patterned after the synthesis of Ni(salen) [1]. To a 100 

mL round bottom flask was added 0.3450 g (0.645 mmol) of salen-1 that was partially 

dissolved in 50 mL of a 1:1 solution of THF and water to give a yellow suspension.  

To this mixture was added 2 equivalents of K2CO3 (0.1911 g, 1.38 mmol) and 1 

equivalent of NiII(OAc)2•4H2O (0.1777 g, 0.714 mmol) simultaneously.  The reaction 

was stirred for 20 h at room temperature and pressure as the solution color changed 

from yellow to dark orange.  The solid product was filtered using a 60 mL medium 

frit and washed with diethyl ether and then water until the filtrate became clear.  The 

solid was dried under vacuum overnight.  The yield of the complex was 0.3626 g (95 

%).   

Ni(salen*) 

This synthesis can be found in the supporting information section of an earlier 

published article [2] (salen*) = (R,R)-N,N’-Bis(5-3-tert-butyl-salicylidene)-1,2-

cyclohexanediamine. This ligand was synthesized following a similar procedure 

described by Jacobsen [3].  To a 250 mL round bottom flask was added 2.0053 g 
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(8.5573 mmol) of 3,5 di-tert butyl-2-hydroxybenzaldehyde that was dissolved in 20 

mL absolute ethanol.  Concurrently, (R,R)-1,2-diammoniumcyclohexane mono-(+)-

tartrate salt [4] (1.1219 g, 4.2451 mmol) was dissolved in a basic (NaOH) 0.2 M 

aqueous/absolute ethanol solution (1:2).  This salt solution was added dropwise to the 

benzaldehyde solution and the mixture was refluxed under nitrogen for 1 h.  The 

reaction mixture was filtered using a 60 mL medium frit and washed with 95% 

ethanol.  The product was then extracted into methylene chloride.  The frit was 

washed with additional methylene chloride until the solid was colorless.  The solvent 

was removed under reduced pressure to yield 1.6843 gm (70%) of a yellow solid. 1H 

NMR: (CDCl3, ppm)  = 1.24 (s, 9H); 1.41 (s, 9H); 1.45 (m, 1H); 1.65 – 1.8 (m, 1H); 

1.8 – 2.0 (m, 2H); 3.32 (m, 1H); 6.98 (d, 1H); 7.30 (d, 1H); 8.30 (s, 1H); 13.72 (s, 

1H) [3].    

Ni(salen*): To a 250 mL round bottom flask was added 1.0087 g  (1.8446  

mmol) of (1) that was dissolved in 44 mL of methylene chloride.  Concurrently, 

NiII(OAc)2•4H2O (0.5076 g, 2.040 mmol) was dissolved in 25 mL of dry methanol.  

The nickel solution was added dropwise to the reaction mixture was stirred for 2 h at 

room temperature.  The mixture was then cooled to 3 °C in an ice bath and stirred for 

an additional 0.5 h.  The solid product was filtered using a 60 mL medium frit and 

washed with cold dry methanol until the filtrate became clear.  The solid was dried 

under vacuum overnight.  The yield of the complex was 0.7316 g (66%).  1H NMR: 

(CDCl3, ppm)  = 1.28 (s, 9H); 1.34 (m, 2H); 1.43 (s, 9H); 1.92 (m, 1H); 2.45 (m, 

1H); 2.99 (m, 1H); 6.90 (d, J = 2.4Hz, 1H); 7.31 (d, 1H); 7.40 (s, 1H).  
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ELEMENTAL ANALYSIS: Theoretical (%) C 71.41, H 8.99, N 4.63, Ni 9.69. 

Experimental (%) C 71.72, H 8.66, N 4.57, Ni 9.55.     

 
Appendix B: Stability of Nanoparticles in Different Solvents 

 
It was found that one of the difficulties in both processing and harvesting the 

nanoparticles is their propensity to aggregate as described previously [1].  It was 

previously described how sonication could be utilized to break up the large 

aggregates.  These experiments were carried out using water as the solvent.  The 

stability of the nanoparticles in different solvents was tested.  The typical protocol 

was to place the particles in the solvent for a certain duration of time and then remove 

the solvent by vacuum evaporation.  The recystallized complexes were then analyzed 

with SEM.  Four complexes were tested: two with spherical morphology 

(Ru(salen)(NO)(Cl) and Co(salen-1)(dmap)2) and two with planar geometry 

(Ni(salen) and Co(salen)).  Synthesis and characterization of these complexes is 

previously described [1].      

The first complex tested was Co(salen-1)(dmap)2.  This complex was placed 

in MeOH for 15 minutes.  In certain places on the analyzed sample, the complex 

appeared to totally lose its spherical geometry and form amorphous shards of 

material.  In other places, the particles appeared to clump together forming larger 

particles as seen in Figure S.1.  For the Ru(salen)(NO)(Cl), a different phenomena is 

observed.  In this example, the solvent was cyclohexane.  After 15 minutes in the 

solvent, the resulting complexes again form a heterogeneous sample.  In some places, 
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the particles totally lose their spherical geometry and form amorphous shards of 

material.  In other places, the nanospheres remained intact (Figure S.2).        

 
 
 
 
 
 
 

       
 
 
Figure S.1: SEM micrographs of Co(salen-1)(dmap)2 nanoparticles and nanoparticles 
in MeOH for 15 min. 
 
 
 

      
 

Figure S.2: SEM micrographs of Ru(salen)(NO)(Cl) nanoparticles and 
nanoparticles in cyclohexane for 15 min. 
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The planar complexes displayed a much different behavior.  In this case both 

the Ni(salen) and Co(salen) nanoparticles displayed the same behavior.  For these 

samples, the particles were kept in the solvent not for minutes but days.  Afterwards, 

the particles did not lose their rod-like morphology.  Instead, the particles grew 

dramatically in length from the submicron scale to the micrometer scale as described 

in Figures S.3 and S.4. 

 

          
 

Figure S.3: SEM micrographs of Ni(salen) nanoparticles and particles in 
cyclohexane for 11 days  

 
 
 

        
 

Figure S.4: SEM micrograph of Co(salen) nanoparticles and particles in 
cyclohexane for 11 days 
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Appendix C: PCA Protocol 
 

1. Ensure that there is enough CO2 in the cylinders by noting the pressure on the 

gauge upstream of the gas booster.  For a dip tube cylinder, the minimum 

pressure should be around 600 psig at the beginning of the run.   To insure 

that CO2 does not run out during the experiment, two cylinders should be 

connected before the run is started.    

2. Close all necessary valves and pressure test the precipitation vessel and lines 

upstream of it with some carbon dioxide at 800 psig.  The pressure drop over a 

period of time should be within a few percent of the operating pressure. 

3. Fill the water bath to a point just above the solution inlet value on the top of 

the chamber with warm water ( 35 oC) from the faucet using the long plastic 

tubing found under the equipment setup (Note: If cold water ( 20 oC) from 

the wall port is used, it will take hours to heat this water to the desired 

temperature).   

4. Once the water bath is filled, take out the plastic tubing and turn on the 

immersion heater.  Heat the water bath to the desired operating temperature 

indicated when all the precipitation vessel thermocouples reach the desired 

steady state values.  This increase in temperature will increase the 

precipitation vessel pressure to a value around 1100 psig.     

5. While the water bath is warming up, dissolve the metal complex in methylene 

chloride.  This volume is fixed by the solution pump flow rate.  Since the 

maximum solution flow rate is around 1.4 mL/min and dead volume is around 
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11 mL, at least 50 mL is needed to insure at least 50 mg of complex will be 

collected on the filter.  However, if the solution volume is increased, the 

spraying time will be dramatically increased and much more CO2 will be 

needed for the experimental run.   

6. When the operating temperature is reached in the chamber, turn on the electric 

heaters located on the micrometering valve (MMV) (PCA MMV TC) and on 

the tubing after the micrometering valve (PCA Recovery TC) to warm up the 

metal (Note: Manual control is easier at the beginning when there are larger 

deviations in the temperature).   

7. After the thermocouple on the tubing (PCA MMC TC) reaches 70 oC, open 

the needle value before the micrometering valve (Note: The rotameter will 

yield a low value even if the MMV is closed since it does not form a very 

tight seal).  

8. Adjust the MMV until the rotameter reads 40 on the scale.  After a few 

minutes of letting the precipitation vessel pressure decrease, open the valves 

on the CO2 tanks and the air flow on the back wall.  Next, open the front valve 

on the gas booster (D) and slowly increase the booster pump frequency (top 

dial) in order to increase the chamber pressure (Note: If this step is too rapid 

the lines following the MMV will freeze shut). 

9. Once the vessel pressure is close to the operating pressure slowly open the 

MMV until the rotometer reads 50 or the desired flowrate.  (Note: Higher 

values will lead to an increased frequency in the tubing freezing).            
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10. Let the carbon dioxide flow through the system until the temperature and 

pressure in the chamber reaches the desired steady state.  During this phase, 

change the control on the heaters from manual to automated. 

11. Manually load the methylene chloride solution into the ISCO syringe pump 

and enable data logging feature on Camile®. 

12. Manually increase the solution pressure to 600 psig and then activate the 

automatic control on the pump.  Once the solution pressure is 200 psig above 

the chamber pressure, open the solution inlet valve and begin timing on the 

stopwatch.  THIS IS THE START OF THE RUN. 

13. Monitor the system pressure during the spraying process and adjust the 

booster as needed to maintain a steady value. 

14. If nozzle clogs (indicated by dramatic increase in solution pressure) try and 

back flush the solution line with the CO2 in the chamber.  If this does not 

work, stop the experimental run and sonicate the nozzle (see step 23). 

15. When the volume indicator on the ISCO pump reaches 0, quickly close the 

valve.  Depressurize the ISCO pump and drain out the dead volume.   

16. Continue flowing CO2 through the chamber and filter to remove residual 

solvent.  Again monitor the chamber pressure and adjust booster as necessary.  

Shut off the booster, close the valves on the CO2 tanks, and depressurize the 

system. 

17. When the chamber pressure reaches 700 psig, siphon out the water in the 

water bath by again placing the plastic tube back in the water bath and filling 
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it again with water.  Then, quickly detach the tube from the faucet and place it 

in the drain.  The water should immediately begin draining from the water 

bath and finish before the system is depressurized. 

18. After the system is depressurized (~30 min), disconnect the setup, and remove 

the filter. 

19. Collect and weigh particles from filter in 20 mL vial and wash filter and 

holder wish acetone.   

20. Fill the ISCO pump with methylene chloride, allowing it to dissolve the 

complex for at least a half hour. 

21. Remove precipitation vessel and lid from water bath and collect and weigh 

particles from insert and inner walls and store in another 20 mL vial. 

22. Wash inside of vessel and outside of nozzle with acetone. Thoroughly rinse 

tubing attached to the bottom of the reactor until washes are clear.  A colored 

solution indicates the presence of the residual metal complex  

23. Sonicate nozzle in beaker filled with methylene chloride after the completion 

of several runs or if the nozzle clogs during one of the experimental runs. 

24. Reattach lid to solution line and flow methylene chloride through nozzle.  

(Note: make sure this step is done soon after the completion of the run as the 

nozzle will clog if left overnight.   
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Appendix D: Coating Protocol 

 
25. Ensure that there is enough CO2 in the cylinders by noting the pressure on the 

gauge upstream of the gas booster.  For a dip tube cylinder, the minimum 

pressure should be around 600 psig at the beginning of the run.    

26. Load the beads into the glass column and secure the wire mesh on top.  Seal 

the top of the chamber and lower it into the water bath. 

27. Close all necessary valves and pressure test the coating vessel and lines 

upstream of it with some carbon dioxide at 200 psig. (Make sure the CO2 is 

flowing through the mass flow meter located on the right side of the water 

bath).  After CO2 is added the three way valve must be changed so that CO2 

can now be recirculated in batch mode.     

28. Fill the water bath to a point just under the coating chamber lid with warm 

water ( 35 oC) from the faucet using the long plastic tubing found under the 

equipment setup (Note: If cold water ( 20 oC) from the wall port is used, it 

will take hours to heat this water to the desired temperature).   

29. Once the water bath is filled, take out the plastic tubing and turn on the 

immersion heater.  Heat the water bath to the desired operating temperature 

indicated when all the coating vessel thermocouple reaches the desired steady 

state value.  Some more CO2 is normally added to reach the desired operating 

pressure.   

30. While the water bath is warming up, dissolve the metal complex and polymer 

if necessary in methylene chloride.   
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31. Start the booster which starts the fluidization of the beads.  This can be 

observed through the view window.  (Note: there will be a pressure drop here 

and more CO2 might be required) 

32. Manually load the methylene chloride solution into the ISCO syringe pump 

and enable data logging feature on Camile®. 

33. After the desired fluidization is achieved, manually increase the solution 

pressure to 600 psig and then activate the automatic control on the pump.  

Once the solution pressure is 200 psig above the chamber pressure, open the 

solution inlet valve and begin timing on the stopwatch.  THIS IS THE START 

OF THE RUN. 

34.  (If too much solvent is sprayed then the particles on bead could redissolve).  

When the volume indicator on the ISCO pump reaches 0, quickly close the 

valve.  Depressurize the ISCO pump and drain out the dead volume.  Record 

this volume for the mass balance and load and spray polymer solution if 

necessary.  

35. Once the organic solution is sprayed close the valve leading to the recycle 

vessel thereby isolating the precipitation vessel  

36. Turn on the electric heaters located on the micrometering valve (MMV) (PCA 

MMV TC) and on the tubing after the micrometering valve (PCA Recovery 

TC) to warm up the metal (Note: Manual control is easier at the beginning 

when there are larger deviations in the temperature).   
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37. After the thermocouple on the tubing (PCA MMC TC) reaches 70 oC, open 

the needle value before the micrometering valve (Note: The rotameter will 

yield a low value even if the MMV is closed since it does not form a very 

tight seal).  

38. Adjust the MMV until the rotameter reads 40 on the scale.  After a few 

minutes of letting the precipitation vessel pressure decrease open the valves 

on the CO2 tanks and pump fresh CO2 through the system. (Note: If this step 

is too rapid the lines following the MMV will freeze shut) to remove residual 

solvent. 

39. Shut off the booster, close the valves on the CO2 tanks, and depressurize the 

system. 

40. When the chamber pressure reaches 700 psig, siphon out the water in the 

water bath by again placing the plastic tube back in the water bath and filling 

it again with water.  Then, quickly detach the tube from the faucet and place it 

in the drain.  The water should immediately begin draining from the water 

bath and finish before the system is depressurized. 

41. Fill the ISCO pump with methylene chloride, allowing it to dissolve the 

complex for at least a half hour. 

42. Remove precipitation vessel from water bath and collect coated beads as well 

as particles from glass insert and inner walls and store in 20 mL vials. 

43. Wash inside of vessel and outside of nozzle with acetone.  A colored solution 

indicates the presence of the residual metal complex  



 132

44. Reattach bottom of vessel (without lid) to solution line and flow methylene 

chloride through nozzle.  (Note: make sure this step is done soon after the 

completion of the run as the nozzle will clog if left overnight.   

 
Appendix E: GC Method Details 

 
GC: HP-5890  
Column: HP1 column (50 m  0.2 mm  0.5 μm)  
T(inlet) = T(FID) = 300 ºC   
Split injection; split ratio= 50/1  
Column temperature programming: 40 ºC for 2 min; ramp @20 ºC/min to 260 ºC 
hold 10 min; ramp @20 ºC/ min to 300 ºC hold 15 min  
Injection volume: 5 μL 
Wash Solvent: Methylene Chloride  
Internal Standard (IS): Chlorobenzene 
 
Response factors:  
The response factors were calculated using equation (1)  
 
Table D.1: Response factors  
 

 
 
 
 
 

 
 

is

i

is

i

conc
concR

Area
Area *=  (1) 

 
DTBP Conversion: (DTBP = conc. values) 
 

feed

onpostreactifeed
DTBP DTBP

DTBPDTBP
X = (2) 

 
DTBQ Selectivity: (DTBQ, TTDBQ = conc. values) 
 

Component(i)  R  

phenol  2.9  

quinone  0.7  

di-benzoquinone  0.8  
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TTDBQDTBQ
DTBQSDTBQ
+

= (3) 

 
Mass Balance: (DTBP = mass, P = mass of products) 
 

feed

onpostreactifeed

DTBP
PDTBPDTBP

MassBal = (4) 

 
 
 

Appendix F: More Data on Single Crystal Data 
 

Crystal Structure Data for Conventional Co(salen) 
 

Orange-brown crystals of [Co(O2N2C16H14)]2 are, at 100(2) K, monoclinic, space group 

C2/c – C2h
6 (No. 15) with a = 26.339(3) Å, b = 6.9804(8) Å, c = 14.203(2) Å,  = 98.171(3)°, 

V = 2584.9(5) Å3 and Z =  4 dimeric molecules {dcalcd = 1.671 g/cm3; μa(MoK ) = 1.333 mm-

1} [5].  Lattice constants were determined with the Bruker SAINT software package using 

peak centers for 1926 reflections.  A total of 14608 integrated reflection intensities having 

2 ((MoK )< 61.08° were produced using the Bruker program SAINT [6]; 3908 of these 

were unique and gave Rint = 0.063 with a coverage which was 98.8% complete. The data 

were corrected empirically for variable absorption effects using equivalent reflections; the 

relative transmission factors ranged from 0.873 to 1.000.      

The final structural model incorporated anisotropic thermal parameters for all 

nonhydrogen atoms and isotropic thermal parameters for all hydrogen atoms.  All hydrogen 

atoms were located in a difference Fourier and included in the structural model as 

independent isotropic atoms whose positional parameters were allowed to vary in least-

squares refinement cycles.  The isotropic thermal parameters of all hydrogen atoms except 

H(5A) were also allowed to vary in least-squares refinement cycles.  When the isotropic 

thermal parameter for H(5A) repeatedly refined to a negative value, it was fixed at a value 1.2 
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times the equivalent isotropic thermal parameter of C(5).  A total of 245 parameters were 

refined using no restraints, 3908 data and weights of w = 1/ [
2
(F

2
) + (0.0500 P)

2
 + 4.532 P], 

where P = [Fo
2
 + 2Fc

2
] / 3.  Final agreement factors at convergence are:  R1(unweighted, 

based on F) = 0.056 for 3178 independent absorption-corrected “observed” reflections having 

2 (MoK )<  61.08° and I>2 (I);  R1(unweighted, based on F) = 0.073 and wR2(weighted, 

based on F2) = 0.120 for all 3908 independent absorption-corrected reflections having 

2 (MoK )< 61.08°.  The largest shift/s.u. was 0.000 in the final refinement cycle.  The final 

difference map had maxima and minima of 1.20 and -0.60 e-/Å
3
, respectively.   
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Supporting Information Table S1:  Bond lengths (Å) for [Co(O2N2C16H14)]2. 
_____________________________________________________________________________________________

______ 

Co-N(2)  1.882(2) 

Co-N(1)  1.883(2) 

Co-O(1)  1.891(2) 

Co-O(2)  1.923(2) 

Co-O(2)#1  2.212(2) 

O(1)-C(1)  1.307(3) 

O(2)-C(8)  1.335(3) 

O(2)-Co#1  2.215(2) 

N(1)-C(3)  1.291(4) 

N(1)-C(4)  1.481(3) 

N(2)-C(6)  1.287(4) 

N(2)-C(5)  1.473(3) 

C(1)-C(9)  1.420(4) 

C(1)-C(2)  1.427(4) 

C(2)-C(12)  1.416(4) 

C(2)-C(3)  1.433(4) 

C(3)-H(3)  0.88(4) 

C(4)-C(5)  1.515(4) 

C(4)-H(4A)  0.96(3) 

C(4)-H(4B)  0.94(4) 

C(5)-H(5A)  0.91(4) 

 

Symmetry transformations used to 

generateequivalent atoms:  #1:  -x+1/2, -y+1/2, -z.       

 

 

 

 

 

 

 

C(5)-H(5B)  0.97(3) 

C(6)-C(7)  1.442(4) 

C(6)-H(6)  0.95(3) 

C(7)-C(16)  1.408(4) 

C(7)-C(8)  1.413(4) 

C(8)-C(13)  1.410(4) 

C(9)-C(10)  1.370(4) 

C(9)-H(9)  0.92(3) 

C(10)-C(11)  1.402(4) 

C(10)-H(10)  0.93(3) 

C(11)-C(12)  1.373(4) 

C(11)-H(11)  0.92(4) 

C(12)-H(12)  0.93(3) 

C(13)-C(14)  1.383(4) 

C(13)-H(13)  0.97(4) 

C(14)-C(15)  1.393(4) 

C(14)-H(14)  0.88(4) 

C(15)-C(16)  1.374(4) 

C(15)-H(15)  0.96(3) 

C(16)-H(16)  0.89(4)
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Supporting Information Table S2:  EXAFS Results Characterizing unprocessed Co(salen) 
Samples Treated in O2 at 298 K and a Pressure of 760 Torra 

 
Absorber–
backscatterer pair N R, Å 103  2, 

Å2 
E0, eV 

Co–Co 0.5 2.91 14.50 14.2 
Co–Os 2.0 1.91 2.21 10.1 
Co-Ol 1.0 2.21 1.94 9.7 
Co–N 2.0 1.83 2.16 5.9 

 
a Notation:  N, coordination number; R, distance between absorber and backscatterer atoms; 2, Debye-
Waller factor; E0, inner potential correction. Os represents a short distance oxygen atom and Ol represnts a 
long distance oxygen atom. Expected EXAFS errors: N, ±10%; R, ±0.02 Å; 2, ±20%; E0, ±20%. The k 
and r ranges used in the data analysis for this sample are k = 3.64–14.95 Å–1 and r = 1.0–5.0 Å. %. 
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Appendix G: Glass Insert Dimensions 
 
 

 
 



Operating Conditions
Process values are avg. values from the spray section of experiment 
CH2Cl2 =utilized for every experiment
sd = standard deviation

Notebook Water Bath Vessel Vessel Solution CO2 Flow
System Run Date page Vessel Volume Temperature Temperature Temperature sd Flow Rate Rotometer

(L) (C) (C) (C) (mL/min) Reading
Ni(Salen) 7 8/1/06 268b 0.95 36 40 0.3 1.45 50

Ni(Salen-1) 1 10/11/04 71b 2.5 37 37 0.2 1.45 49
Co(Salen) 2 9/29/04 67b 2.5 37 37 *** 1.45 52
Co(Salen) 3 12/10/05 191b 0.95 45 47 0.3 1.45 50
Co(Salen) 4 1/18/06 209b 0.95 41 43 0.8 1.45 50
Co(Salen) 5 3/8/06 223b 0.95 39 43 0.1 1.45 50
Co(Salen) 6 3/29/06 227b 0.95 40 43 0.5 1.45 50
Co(Salen) 7 6/19/06 256b 0.95 37 41 0.3 1.45 52.5
Co(Salen) 8 11/9/06 47c 0.95 36 37 0.3 1.45 55
Co(Salen) 9 11/29/06 66c 0.95 39 42 0.2 1.45 49
Co(Salen) 10 3/27/07 84c 0.95 36 39 0.5 1.45 50
Co(Salen) 11 3/28/07 85c 0.95 42 41 0.2 1.45 47.5
Co(Salen) 13 4/10/07 90c 0.95 34 36 *** 1.45 51.25
Co(Salen) 14 6/6/07 111c 0.95 39 41 0.3 1.45 50
Co(Salen) 15 1/16/08 166c 0.95 39 41 0.3 1.45 52.5

TPP 1 4/8/04 39b 2.5 38 38 0.3 1.45 50
Ni(Salen*) 1 11/24/04 81b 2.5 37 37 *** 1.45 50
Ni(Salen*) 2 12/8/04 86b 2.5 36 36 *** 1.45 50

Salen 1 1/12/06 205b 0.95 39 41 0.3 1.45 51
Co(salen*) 1 8/2/06 270b 0.95 35 39 0.3 1.45 52.5

System RUN Vessel Pressure
Pressure sd Mass In Initial Vol Initial Conc Molarity Spray Time Drying Time

(psig) (psig) (mg) (mL) (mg/mL) (mole/L) (min) (min)
Ni(Salen) 7 1173 6.4 501.3 70 7.2 0.022 36 15

Ni(Salen-1) 1 1142 5.2 304.1 50 6.1 0.010 23.5 20
Co(Salen) 2 1150 *** 269.9 50 5.4 0.017 18 40
Co(Salen) 3 1191 9.5 400.7 100 4.0 0.012 56 10
Co(Salen) 4 1151 30.0 370 100 3.7 0.011 41 15
Co(Salen) 5 1197 4.2 388.9 100 3.9 0.012 55 20
Co(Salen) 6 1162 14.2 405.9 110 3.7 0.011 63 20
Co(Salen) 7 1182 5.0 394.85 100 3.9 0.012 60 20
Co(Salen) 8 1170 3.9 386.6 100 3.9 0.012 55 30
Co(Salen) 9 1188 8.5 379.2 130 2.9 0.009 55 10
Co(Salen) 10 1167 8.9 376 130 2.9 0.009 70 17
Co(Salen) 11 1156 6.7 750.3 261 2.9 0.009 155 20
Co(Salen) 13 1165 *** 384.8 130 3.0 0.009 72 28
Co(Salen) 14 1188 7.8 369.3 120 3.1 0.009 66 26
Co(Salen) 15 1166 8.0 357.4 120 3.0 0.009 63 10

TPP 1 1150 3.9 270.8 50 5.4 0.009 21.5 41
Ni(Salen*) 1 1155 *** 114.3 50 2.3 0.004 21 40
Ni(Salen*) 2 1160 *** 506.5 51 9.9 0.016 23.5 41

Salen 1 1180 3.9 1023 50 20.5 0.076 22 20
Co(salen*) 1 1135 4.3 478.6 50 9.6 0.016 25 25

Appendix H: PCA Experimental and Mass Balance Data
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Mass Balance
Mass Mass Collected Mass Collected

System RUN Final V Sprayed Filter Chamber Filter Yield
(mL) (mg) (mg) (mg)

Ni(Salen) 7 9 373.8 182.8 81.7 49%
Ni(Salen-1) 1 9.1 207.2 48.5 43.7 23%
Co(Salen) 2 12.6 140.9 52.9 5.2 38%
Co(Salen) 3 9 325.4 202.3 18.3 62%
Co(Salen) 4 20 220.0 170.5 2 78%
Co(Salen) 5 8.7 310.1 160 46 52%
Co(Salen) 6 9 337.1 189.5 25.8 56%
Co(Salen) 7 9 343.5 151.1 61.1 44%
Co(Salen) 8 11 308.3 207.8 15.5 67%
Co(Salen) 9 37 232.6 89.7 36.4 39%
Co(Salen) 10 10 293.6 217.4 23.7 74%
Co(Salen) 11 10 644.6 307.7 130 48%
Co(Salen) 13 9.5 309.0 269 6 87%
Co(Salen) 14 11 294.5 176.2 31 60%
Co(Salen) 15 11.5 272.1 125 10 46%

TPP 1 11 168.8 63.9 25.1 38%
Ni(Salen*) 1 8.6 69.6 29.5 10 42%
Ni(Salen*) 2 12 338.4 99.4 59.9 29%

Salen 1 11.5 652.7 194.9 165.6 30%
Co(salen*) 1 9 347.0 126.9 1 37%

CLOSURE CLOSURE
System RUN Total Yield Difference Difference

(mg) %
Ni(Salen) 7 71% 109.3 22%

Ni(Salen-1) 1 44% 115.0 38%
Co(Salen) 2 41% 82.8 31%
Co(Salen) 3 68% 104.8 26% Notes
Co(Salen) 4 78% 47.5 13% Mass balance closure is calculated by subtracting mass collected
Co(Salen) 5 66% 104.1 27% from mass sprayed
Co(Salen) 6 64% 121.8 30%
Co(Salen) 7 62% 131.3 33% For these experiments, mass was not analyzed from wash solutions
Co(Salen) 8 72% 85.0 22% From earlier experiments this value ranged from 20 - 100 mg
Co(Salen) 9 54% 106.5 28%
Co(Salen) 10 82% 52.5 14%
Co(Salen) 11 68% 206.9 28%
Co(Salen) 13 89% 34.0 9%
Co(Salen) 14 70% 87.3 24%
Co(Salen) 15 50% 137.1 38%

TPP 1 53% 79.8 29%
Ni(Salen*) 1 57% 30.1 26%
Ni(Salen*) 2 47% 179.1 35%

Salen 1 55% 292.2 29%
Co(salen*) 1 37% 219.1 46%
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brown = fresh nanoparticles
green = nanoparticles exposed to air first

Carrier Carrier Sample Gas
Sample Run Batch notebook p Sample Gas Carrier Gas Purge Gas Carrier Gas Tank Pressure Tank Pressure Rotometer

(sccm) (sccm) (psig) (atm)
Nanoparticles 23  Co(salen) Run 6 (brown) 239b NO He 21 14.7 48 4.27 22
Nanoparticles 26 Co(salen) Run 5 (green) 243b NO He 21 14.7 50 4.40 14
Nanoparticles 29 Co(salen) Run 5 (green) 245b NO He 21 15 50 4.40 15
Nanoparticles 32 Co(salen) Run 5 (green) 247b NO He 21 14.7 50 4.40 15
Nanoparticles 33 Co(salen) Run 5 (green) 250b NO He 21 14.7 50 4.40 15
Nanoparticles 34 Co(salen) Run 5 (green) 253b N2 He 21 14.7 50 4.40 15
Nanoparticles 35 Co(salen) Run 6  (brown) 254b NO He 21 14.7 50 4.40 20
Nanoparticles 36 Co(salen) Run 6  (brown) JGN-C83 NO He 22 14.7 50 4.40 20
Nanoparticles 39 Co(salen) Run 6  (brown) 258b N2 He 21.9 14.9 48 4.27 15
Nanoparticles 40 Co(salen) Run 7 (brown) JGN-C90 NO N2 22 10.3 50 4.40 20
Nanoparticles 41 Co(salen) Run 7 (brown) JGN-C93 NO N2 21.9 10.7 49 4.34 20
Nanoparticles 46 Co(salen) Run 7 (brown) 260b NO He 22 15 48 4.27 15
Nanoparticles 47 Co(salen) Run 5 (green) 262b NO He 22 15 48 4.27 15
Unprocessed 48 Co(salen) Aldrich (07203KC) JGN-C99 NO He 22 15 48 4.27 21
Nanoparticles 49 Co(salen) Run 7 (brown) JGN-C100 NO He 22 15 48 4.27 20
Nanoparticles 106 Salen Run 1 109c NO He 21.5 15 60 5.08 20
Nanoparticles 107 Salen Run 1 110c NO He 21.5 15 60 5.08 20
Nanoparticles 108 Salen Run 1 110c NO He 21.5 15 60 5.08 20
Nanoparticles 109 Co(salen*) Run 1 115c NO He 21.5 15 60 5.08 20
Nanoparticles 110 Co(salen) Run 14 (brown) 116c NO He 21.5 15 60 5.08 20
Nanoparticles 111 Co(salen) Run 14 (brown) 117c NO He 21.6 15 60 5.08 20
Nanoparticles 112 Co(salen) Run 14 (brown) 118c NO He 21.5 15 60 5.08 20
Nanoparticles 113 Co(salen) Run 14 (brown) 125c N2 He 21.5 15 60 5.08 20
Nanoparticles 114 Co(salen) Run 14 (brown) 125c N2 He 21.5 15 60 5.08 20
Nanoparticles 115 Co(salen) Run 14 (brown) 128c Dilute NO He 21.5 15 60 5.08 20
Nanoparticles 116 Co(salen) Run 14 (brown) 129c Dilute NO He 21.5 15 60 5.08 20
Unprocessed 117 Co(salen) Aldrich (14514 TE) 130c NO He 21.5 15 60 5.08 20

Quartz 118 Ref Material 130 130c NO He 21.5 15 60 5.08 20
Unprocessed 119 Co(salen) Aldrich (14514 TE) 131c NO He 21.5 15 60 5.08 20
Nanoparticles 120 Ni(salen) Run 7 131c NO He 21.5 15 60 5.08 20
Nanoparticles 121 Ni(salen) Run 7 132c NO He 21.5 15 60 5.08 20

Quartz 123 Ref Material 130 135c NO He 21.5 15 60 5.08 20

Appendix I: TEOM NO Data
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Room Sample Gas Gas
Sample Run Packed By Temp Pressure Pressure density of air  Sample density sp gravity Correction F Sample flow

(C) (psig) (atm) (g/mL) (g/mL) (air standard) (sccm)
Nanoparticles 23 Kening 20.8 80 6.45 7.75E-03 8.01E-03 1.03 0.98 9.62
Nanoparticles 26 Chad 19.2 80 6.45 7.79E-03 8.06E-03 1.03 0.98 6.79
Nanoparticles 29 Joe 22.7 80 6.45 7.70E-03 7.96E-03 1.03 0.98 7.14
Nanoparticles 32 Kening 24.3 80 6.45 7.65E-03 7.92E-03 1.03 0.98 7.14
Nanoparticles 33 Kening 24.3 80 6.45 7.65E-03 7.92E-03 1.03 0.98 7.14
Nanoparticles 34 Kening 25.3 22 2.50 2.96E-03 2.85E-03 0.97 1.02 7.40
Nanoparticles 35 Joe 24.8 80 6.45 7.64E-03 7.91E-03 1.03 0.98 8.91
Nanoparticles 36 Joe 26 80 6.45 7.61E-03 7.87E-03 1.03 0.98 8.91
Nanoparticles 39 Joe 26.4 23 2.57 3.03E-03 2.92E-03 0.97 1.02 7.40
Nanoparticles 40 Joe 26 80 6.45 7.61E-03 7.87E-03 1.03 0.98 8.91
Nanoparticles 41 Joe 26.1 80 6.45 7.61E-03 7.87E-03 1.03 0.98 8.91
Nanoparticles 46 Chad 26.1 80 6.45 7.61E-03 7.87E-03 1.03 0.98 7.14
Nanoparticles 47 Kening 25.5 80 6.45 7.62E-03 7.89E-03 1.03 0.98 7.14
Unprocessed 48 Joe 26.1 80 6.45 7.61E-03 7.87E-03 1.03 0.98 9.27
Nanoparticles 49 Joe 24.5 80 6.45 7.65E-03 7.91E-03 1.03 0.98 8.91
Nanoparticles 106 Chad 20.4 80 6.45 7.76E-03 8.02E-03 1.03 0.98 8.91
Nanoparticles 107 Chad 21.2 80 6.45 7.74E-03 8.00E-03 1.03 0.98 8.91
Nanoparticles 108 Chad 21.3 80 6.45 7.73E-03 8.00E-03 1.03 0.98 8.91
Nanoparticles 109 Chad 22.4 80 6.45 7.70E-03 7.97E-03 1.03 0.98 8.91
Nanoparticles 110 Chad 21.8 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91
Nanoparticles 111 Chad 21.6 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91
Nanoparticles 112 Chad 21.7 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91
Nanoparticles 113 Chad 21.9 40 3.72 4.46E-03 4.61E-03 1.03 0.98 8.91
Nanoparticles 114 Chad 21.9 40 3.72 4.46E-03 4.61E-03 1.03 0.98 8.91
Nanoparticles 115 Chad 21.9 80 6.45 7.72E-03 7.98E-03 1.03 0.98 8.91
Nanoparticles 116 Chad 22.6 80 6.45 7.70E-03 7.96E-03 1.03 0.98 8.91
Unprocessed 117 Chad 21.8 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91

Quartz 118 Chad 21.8 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91
Unprocessed 119 Chad 21.8 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91
Nanoparticles 120 Chad 21.8 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91
Nanoparticles 121 Chad 21.8 80 6.45 7.72E-03 7.99E-03 1.03 0.98 8.91

Quartz 123 Chad 21.9 80 6.45 7.72E-03 7.98E-03 1.03 0.98 8.91

Using lower points I constructed calibration curve Since we are not working with air we have to use a correction factor SG (Specific Gravity) = (NO density/Air Density)
y(flowrate, sccm) = 0.36 x (rotometer reading)+1.8667 NO Flow = Obs flow * (SQRT(1/SG(NO)) Densities calculated using ideal gas law
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Weight Weight Measured
Sample Run  Catalyst Co Co 1:1 Binding Pulse Length Mass change Ratio % Increase

(mg) (g) (umol) (ug) (h) (ug) (umol NO/umol Co) (mg/mg)
Nanoparticles 23B 6.9 0.0011 19.5 585 0.5 2370 4.1 34.3%
Nanoparticles 26 4.11 0.0007 11.6 349 0.7 556 1.6 13.5%
Nanoparticles 29 6.4 0.0011 18.1 543 0.5 883 1.6 13.8%
Nanoparticles 32R 8 0.0013 22.6 678 0.6 1470 2.2 18.4%
Nanoparticles 33 10 0.0017 28.3 848 0.6 1560 1.8 15.6%
Nanoparticles 34 10.2 0.0017 28.8 865 0.3 0 0.0 0.0%
Nanoparticles 35 6.6 0.0011 18.7 560 1.1 2330 1.0 35.3%
Nanoparticles 36 7.5 0.0012 21.2 636 1.1 2580 1.0 34.4%
Nanoparticles 39 6.3 0.0010 17.8 534 0.6 0 0.0 0.0%
Nanoparticles 40 7.7 0.0013 21.8 653 1.0 1730 2.6 22.5%
Nanoparticles 41 7.2 0.0012 20.4 611 1.0 1570 2.6 21.8%
Nanoparticles 46 7.5 0.0012 21.2 636 2.0 2600 4.1 34.7%
Nanoparticles 47 9.5 0.0016 26.9 806 1.0 2630 3.3 27.7%
Unprocessed 48 29 0.0048 82.0 2459 1.2 16 0.0 0.1%
Nanoparticles 49 7.6 0.0013 21.5 645 1.0 2810 4.4 37.0%
Nanoparticles 106 11.8 0.0020 33.4 1001 0.5 51 0.1 0.4%
Nanoparticles 107 9.9 0.0016 28.0 840 0.5 65 0.1 0.7%
Nanoparticles 108 10.9 0.0018 30.8 924 0.5 86 0.1 0.8%
Nanoparticles 109 11.7 0.0019 33.1 992 2.7 1099 1.1 9.4%
Nanoparticles 110 7.8 0.0013 22.1 662 1 1220 1.8 15.6%
Nanoparticles 111 9.9 0.0016 28.0 840 5.2 3281 3.9 33.1%
Nanoparticles 112 8.7 0.0014 24.6 738 5.2 2784 3.8 32.0%
Nanoparticles 113 7.2 0.0012 20.4 611 1 72 0.1 1.0%
Nanoparticles 114 8.5 0.0014 24.0 721 1.2 46 0.1 0.5%
Nanoparticles 115 8.7 0.0014 24.6 738 2.6 1160 1.6 13.3%
Nanoparticles 116 8.3 0.0014 23.5 704 2.7 898 1.3 10.8%
Unprocessed 117 31.7 0.0053 89.6 2688 0.5 78 0.0 0.2%

Quartz 118 34 0.0057 96.1 2883 0.4 0 0.0 0.0%
Unprocessed 119 48 0.0080 135.7 4071 0.7 48 0.0 0.1%
Nanoparticles 120 7.7 0.0013 21.8 653 0.5 48 0.1 0.6%
Nanoparticles 121 8.7 0.0014 24.6 738 0.6 64 0.1 0.7%

Quartz 123 36.9 0.0061 104.3 3129 0.5 0 0.0 0.0%
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Operating Conditions
Process values are avg. values from the spray section of experiment 

Approx Polymer Complex
Amount of Theoretical Theoretical

System Run Date Notebook Polymer Core particle Diameter Beads  Mass Sprayed  Mass Sprayed 
page (mL) (mg) (mg)

CoII(Salen) 1 1/24/05 92b None Glass 1 mm 5 *** 38.1
CoII(Salen) 2 2/1/05 97b None Glass 1 mm 2 *** 148.3
CoII(Salen) 3 3/11/05 112b Ethyl Cellulose Glass 1 mm 2 153.0 71.9
CoII(Salen) 4 3/24/05 117b Ethyl Cellulose Glass 1 mm 2 191.0 77.3
CoII(Salen) 5 3/31/05 120b Ethyl Cellulose MCCB 14 mesh (1.18 mm) 1.5 168.7 40.8
CoII(Salen) 6 4/11/05 124b Ethyl Cellulose MCCB 14 mesh (1.18 mm) 5 259.2 124.2

Ru(salen)(NO)(Cl) 7 6/22/05 130b Ethyl Cellulose MCCB 14 mesh (1.18 mm) 5 266.7 175.4
CoII(Salen) 8 6/27/05 133b Ethyl Cellulose -alumina 2.65 mm 10 337.0 133.2
CoII(Salen) 9 7/28/05 142b OpraSpray -alumina 2.65 mm 10 *** ***
CoII(Salen) 10 8/1/05 146b OpraSpray -alumina 2.65 mm 5 *** 140.1
CoII(Salen) 11 8/12/05 150b Ethyl Cellulose -alumina 2.65 mm 5 282.7 ***
CoII(Salen) 12 8/16/05 152b Ethyl Cellulose -alumina 2.65 mm 2.5 *** 142.3
CoII(Salen) 13 8/25/05 155b None -alumina 2.65 mm 10 *** 134.4
CoII(Salen) 14 10/19/05 182b None -alumina 1.0 mm 2 *** 135.7
Ni(salen) 15 12/29/05 193b None -alumina 1.0 mm 8 *** 336.9

Ethyl Cellulose 16 1/23/06 211b Ethyl Cellulose -alumina 1.0 mm 5 175.8 ***

Soln flow rate for all runs = 1.45 mL/min Solvent: CH2Cl2 for all experiments except Run 9 (EtOH)

Polymer Operating Conditions Density of 2.65 mm alumina beads is 0.912 g/cc (Dr. John Snyder PhD dissertation p104) 

Actual 
System RUN Polymer Mass Initial Vol Initial Conc Polymer Spray Chamber Temp Chamber P Drying Time Vol Collected

(mg or mL) (mL) (mg/mL) (min) (C) (psig) (min) (mL)
Ethyl Cellulose 3 502.5 50 10.1 10.5 35.7 1147.8 0 29.6
Ethyl Cellulose 4 506.7 50 10.1 13 33.6 1078.7 30 23
Ethyl Cellulose 5 387.8 25 15.5 7.5 34.4 1090 0 9.4
Ethyl Cellulose 6 521.3 35 14.9 12.0 39.0 953.7 0 10
Ethyl Cellulose 7 525.5 35 15.0 12.3 36.0 1022.9 5 13.4
Ethyl Cellulose 8 578.2 50 11.6 20.1 34.6 998.2 15 12

OpraSpray 9 1 60 15.2 35.7 1012.4 11 27.5
Ethyl Cellulose 11 580.9 50 11.6 16.8 37.7 1025.1 10 7
Ethyl Cellulose 16 485 50 9.7 12.5

Appendix J: Coating Experimental Conditions
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Metal Complex Operating Conditions

(stopwatch)
System RUN Complex Mass Initial Vol Initial Conc Complex Spray Chamber Temp Chamber Pressure Final Volume

(mg) (mL) (mg/mL) (min) (C) (psig) (mL)
CoII(Salen) 1 131.5 50 2.6 10 33.9 755 11
CoII(Salen) 2 284.1 50 5.7 18 34.9 1153.8 10.4
CoII(Salen) 3 248.1 50 5.0 10 35.6 1143.7 32
CoII(Salen) 4 266.5 50 5.3 10 35.1 1167.9 29
CoII(Salen) 5 168.8 30 5.6 5 32.5 1032.1 19.6
CoII(Salen) 6 231.5 50 4.6 18.5 38.1 947.9 18.6

Ru(salen)(NO)(Cl) 7 280 50 5.6 21.6 36.4 982.6 10
CoII(Salen) 8 229.6 50 4.6 20 37.3 962.8 13
CoII(Salen) 10 221.6 50 4.4 21.8 37.01 1009 8.0
CoII(Salen) 12 222.2 50 4.4 22.1 34.5 907 7.0
CoII(Salen) 13 231.7 50 4.6 20 40.4 1009.9 14.2
CoII(Salen) 14 219.1 50 4.4 21.35 43.3 927 10.0
Ni(salen) 15 455.6 50 9.1 25.5 44.1 911.1 8.9
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