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Project Summary: 

Purpose of Research 

Carbon dioxide, CO2, shows potential as a carbon feedstock material; this is an interesting prospect in that it 

would reduce the amount of the green house in the atmosphere while providing useful organic compounds. 
 

Normally, a standard potential of -2.21 V vs. a Standard Calomel Electrode would be needed to reduce the 

carbon dioxide molecule to the radical anion CO2˙
-
,
1
 but this potential can be decreased through the use of 

transition metal based electrocatalysts, such as ones based on nickel, ruthenium, or copper.
2-8  

Often the products 

of the chemical reduction of carbon dioxide using these electrocatalysts are also compounds containing one 

carbon atom.  However, by producing a locally high concentration of the reduced CO2˙
-
, it should be possible to 

form a carbon-carbon bond from the two radicals.  One way to produce these reduced species in close proximity 

would be to tether the electrocatalysts to an electrode surface.  In addition, attaching the electrocatalyst to the 

electrode should increase the efficiency of the catalyst and decrease the time and cost needed for catalyst 

recovery after the reduction reaction.  This project will focus on the synthesis of molecules that have the 

appropriate functional group, a phosphonic acid, to bind to the metal oxide surface of copper electrode materials 

and will bind a ruthenium-based electrocatalyst.
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Project Goals 

1. Synthesize various compounds containing a phosphonic acid functional group and a ligand for binding 

the ruthenium-based electrocatalyst; modify electrode surfaces with these synthesized compounds and 

bind the ruthenium complex. 

2. Conduct cyclic voltammetry experiments to test the ability of the modified electrodes to effectively 

reduce carbon dioxide; analyze any reduction products. 

Progress to Date 

Development of the ruthenium-based catalyst bound to an electrode surface began with synthesizing 

phosphonic acid compounds. Two phosphonic acid compounds, 11-hydroxyundecyl phosphonic acid and 4–

(10-decyl phosphonic acid)-4’-methyl-2,2’-bipyridine, were synthesized using slightly different synthetic routes 

as the compounds used for the attachment to the copper surface.  

The development of the 11-hydroxyundecyl phosphonic acid began with Arbuzov rearrangement of an 

alkyl halide with a trivalent phosphite to yield a dialkyl alkylphosphonate. The alkyl halide used in this 

experiment was a 11-bromoundecylacetate reacted with triethyl phosphite. Following the end of the reaction the 

solution was purified by the removal of the excess phosphite and of the ethyl protecting groups. The phosphonic 

acid that has been produced via this Arbuzov rearrangement can then be used in the modification of the copper 

surface.  



Once the 11-hydroxyundecyl phosphonic acid had been produced, it was used in the surface 

modification of a copper surface. The modification to the copper surface was achieved using a tethering by 

aggregation and growth (TBAG) deposition method. The modified surfaces were analyzed using specular 

reflectance infrared spectroscopy (SRIRS) in comparison to a blank copper surface.  Surface modification with 

the phosphonate was confirmed by the appearance of 4 bands on the spectrum. The appearance of two bands 

around 2920 cm
-1

 and 2851 cm
-1

 confirming symmetrical and asymmetrical stretching of the CH2 bonds in the 

alkyl chain. Appearance of the alkyl chain was not the only measure of confirming the adsorption of the 

phosphonate. Based on literature values, the bands seen at 1002 cm
-1

 and 1092 cm
-1

 indicated the P-O bond to 

the surface. 

The copper surfaces were then reacted with a ligand via a Steglich esterification reaction. The Steglich 

esterification reacts the terminal hydroxyl group on the surface-bound phosphonate with isonicotinic acid. 

Dicyclohexylcarbodiimide and 4-dimethylamniopyridine are used in the reaction as catalysts.
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  The plates are 

removed from solution after 24 hours, sonicated in methanol, and analyzed via SRIRS. Very defined peaks were 

identified in the range of 1399 cm
-1

 to 1731 cm
-1

, indicating the addition of isonicotinic ester to the modified 

surface.  

The final step in the synthesis was the addition of the ruthenium complex to the modified surfaces. The 

modified surfaces were lowered into a solution of di-µ-chlorobis(chlorotricarbonylruthenium) and brought to a 

reflux for 24 hours. Following this reaction, the plates were removed from the solution, sonicated in methanol, 

and analyzed with SRIRS. The spectrum showed two new peaks at 2063 cm
-1

 and 1990 cm
-1

 that corresponded 

to metal-carbonyls and confirmed the addition of the ruthenium complex.
 
 

The development of the second phosphonate compound, 4–(10-decyl phosphonic acid)-4’-methyl-2,2’-

bipyridine, started with the addition of the ligand. The synthesis started with 4,4’-dimethyl-2,2’-bipyridine that 

was used in a reaction with lithium diisoproplyamide in tetrahydrofuran at -78ºC. 1,9-dibromononane was 

added to the solution after the bipyridine anion was synthesized. The product from the completed reaction was 

reacted with triethylphosphite to perform the Arbuzov rearrangement. The solution contained 4-[diethyl(10-

decylphosphonate)]-4’-2,2’-bipyridine which was further purified to yield 4-(10-decylphosphonic acid)-4’-2,2’-

bipyridine. 

A full report on this research, including spectra of compounds synthesized (as required for CHEM 491) is 

available upon request. 

 

Budget 

The budget proposed at the beginning of the fall semester was for funding for the full academic year of 2011-

2012. To date, approximately $171 has been spent of the $750 awarded. This has been to cover the registration 

fees and travel for Karmel to present at the Mid-Atlantic Regional Conference of Undergraduate Scholarship 

and the South-Eastern Regional Meeting of the American Chemical Society. Unfortunately, a late order on last 

year’s undergraduate research grant has also been covered using this year’s funds. Expenses for registration for 

Karmel to present at the VA Section of the American Chemical Society meeting in April 2012 in 

Charlottesville, VA, will be incurred during the spring semester. We also anticipate purchasing research 

materials and supplies during the spring semester as needed for the project. Some funds may be used to cover 

fees for external labs to conduct surface analysis. 
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