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CHAPTER I:  INTRODUCTION  

1.1 Dibenzotetraaza[14]annulenes 

Dibenzotetraaza[14]annulenes (DBTAAs) (Figure 1a) have inspired research in a 

variety of areas since first being synthesized by Jäger1 in 1969 in a tetramethyl form 

(Figure 1b).  Studies have investigated such topics as their electropolymerization on 

electrode surfaces,2,3,4 interactions with DNA/RNA,5,6 electrochemical activity,7,8 

absorption onto carbon nanotubes,9 and catalytic abilities.10,11,12  There has also been a 

great deal of work focusing on synthesizing new asymmetric DBTAAs,13,14 with a variety 

of substituents.15,16  Metal  DBTAA complexes are highly attractive due to their ability to 

bind to small molecules such as CO2 and O2 as well as the ligand’s structural similarity to 

the useful and versatile porphyrin.  

N N

N N
H

H
N N

N N
H

H
N N

N N
H

H

Figure 1. (a)Dibenzotetraaza[14]annulene. (b) Tetramethyl substituted dibenzotetraaza[14]annulene in the 5, 7, 12, 14 positions. (c)
5,14-Dimethyl 7, 12-diphenyl substituted dibenzotetraaza[14]annulene.

(a) (b) (c)

 DBTAAs are formed through a template assisted condensation reaction between a 

β-diketone and a diamine.17  Metal acetate is required to bring the reactants into the 
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correct orientation for formation of the ring.  As an example, benzoylacetone is mixed 

with 1,2-phenylenediamine and nickel acetate to form the dimethyl diphenyl 

DBTAA(Figure 1c, Scheme 1). While it seems natural to assume that steric consideration 

would indicate that the synthesis of a dimethyl diphenyl DBTAA would produce the 

phenyl groups trans around the ring, this is not what occurs.  In reality, the cis product is 

preferred.18   

 

NH2

NH2
O O

NN

N N

Ni

CH3

CH3

+ Ni(C2H3O2)2 . H2O+

Scheme 1: Template condensation between Nickel Acetate, Benzoylacetone and 1,2-phenylenediamine
forming dimethyl diphenyl DBTAA.  

The sequence of the additions for this reaction is extremely important. The β-

diketone must be added in two separate molar portions in order to prevent the formation 

of a 1,5-diazepine.  This is the same product that would result if the reaction was 

conducted without the metal acetate (Figure 2a).  The reaction mixture is also heated in 

order to ensure incorporation of the second diamine for complete formation of the 

macrocycle (Figure 2b).19   
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N O

N O

R R

RR

Ni

Figure 2. (a) The 1,5-diazepine product of the DBTAA synthesis that results when the diketone is not added
in two molar portions or if a metal acetate is not used.  (b) Tricyclic product when experiment is conducted at
room temperature. 

(a) (b)

 

The complex can be demetallated simply by the addition of anhydrous HCl gas 

and neutralization of the resulting ligand (Scheme 2).  Virtually all other transition metals 

can then be inserted in the core.20,21    

  

NiDBTAA HCl (g)

acetone

Insoluble HCl
salts

Insoluble HCl
salts Na2CO3

H2O

CH2Cl2

CH2Cl2-insoluble salts
CH2Cl2extracts

CH2Cl2
extracts

roto-vap'd Metal-free
macrocycle

Scheme 2. Demetallation procedure of the DBTAA involving the bubbling of HCl gas and neutralization 
using a sodium carbonate solution and then solvent removed under vacuum.
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While DBTAAs and porphyrins appear to be structurally similar (Figure 3) there 

are a number of very important and interesting differences.  

vs.

Figure 3. Structural similarities between porphyrin (a) and DBTAA (b). 

(a) (b)
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Figure 3. Structural similarities between porphyrin (a) and DBTAA (b). 

(a) (b)
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The most obvious difference is the fact that the free DBTAA is not aromatic.  The core 

size (average distance from one nitrogen atom to another) for a DBTAA is smaller than 

that of a porphyrin.  For example, a tetramethyl substituted DBTAA has a core size of 

1.902Å, about 0.1 Å smaller than that of a porphyrin.22  While porphyrins are planar, the 

very crowded DBTAA, when complexed, adopts a saddle shape in an attempt to relieve 

strain, pushing the two benzenoid rings in the opposite direction of the diiminato chains.  

In the case of a dimethyl diphenyl substituted DBTAA the pendant phenyl rings rotate 

slightly to further reduce strain.  A number of the spatial carbon-carbon distances in the 

crystal structure, i.e. the spatial distance between the methyl carbons and the carbons on 

the phenyls of the marcrocycle, are around 3.00Å.23  These distances are close enough 

that steric considerations are relevant.  The smaller core size and saddle shape makes the 
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DBTAA an attractive molecule to capture and separate other substances in a stable 

environment.    

When containing a metal center, the metal is slightly pushed out of the nitrogen 

plane on the side of benzenoid rings leading to inequivalent metal bonding sites.  The  

displacement of the metal, which is a function of the metal radius, can range from around 

1.5Å for a tungsten complex24 to 0.035Å for a copper complex.23  This also leads to a 

shorter metal-nitrogen bond than compared to porphyrins.  Heavy metals bind to 

porphyrins very tightly with Zn(II), Cu(II), and Fe(III) having a binding constant of 

around 1029 M-1.  Only at extremely low pH will the binding be low enough to 

demetallate a porphyrin.25 Binding constants for the dimethyldiphenyl DBTAA are 

significantly lower26, but are still large enough to preclude demetallation under all but the 

most acidic conditions. The large difference is surprising in view of the shorter metal-

nitrogen distance.  This suggests it is feasible to use the ligand as a binding site in the 

design of chromatographic stationary phases (Table 1).  

Table 1: Binding constants for metal-nitrogen 

bond in Me2Ph2DBTAA26  

Metal  Constant (M-1) 

Zinc 4.15 x 105 

Copper 6.37 x 105 

Cobalt 2.03 x 105 

Values obtained from Job’s plot. Total 

concentration = 1x10-4M in acetonitrile. 
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1.2 Chromatographic separations based on metal porphyrins. 

Such chromatographic applications have been investigated for porphyrins by 

Meyerhoff et al. at the University of Michigan.  Metalloprotoporphyrin-silica phases 

have been used to separate amino acids, peptides,27 polycyclic aromatic hydrocarbons 

(PAHs)28,29 and fullerenes.30,31  Protoporphyrins with a variety of metal centers were 

tested for their ability to bind to and selectivity towards a variety of PAHs.  The strength 

of the interaction between the porphyrin linked stationary phase and the PAHs was 

greatly affected by the identity of the metal center with the order of largest capacity 

factor (k’) being: Cu(II)>Fe(III)>Ni(II)>H2>Zn(II).  The planarity of the protoporphyrins 

made them more selective to planar versus nonplanar PAHs.  The calculated selectivity 

factors (α) were much higher for the columns packed with 

metalloprotoporphyrin/protoporphyrin silicas than typical stationary columns.  Surface 

coverage of the protoporphyrin also affected the capacity and selectivity factors.  

Maximum capacity and selectivity factors were achieved when the surface coverage was 

above 1.0 µmol/m2.32  Further study indicated that lower surface coverage in conjunction 

with more homogenous distribution increased column efficiency.  Even distribution was 

accomplished by decreasing the number of amine sites used to link the porphyrin to the 

solid support.33 
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Since DBTAAs are nonplanar structures with a displaced metal center, it is 

expected that the selectivity of our stationary phases will be reversed in comparison to 

those prepared by Meyerhoff’s group with a nonplanar PAH interacting more favorably.   

 Immobilized metal ion affinity chromatography (IMAC) relies on the interaction 

of certain functional groups within a peptide with metals attached to a stationary phase 

through ligand bonds.34  Based on this principle, Meyerhoff investigated the usefulness of 

protoporphyrins in the separation of amino acids and peptides.  It was shown that the 

binding efficiency depended on the metal center; however, not in the same order of 

efficiency as PAHs.  The order of retention for these compounds was Fe(III)>Ni(II)> 

Cu(II)>Zn(II).  The main form of interaction between the metalloprotoporphyrin and the 

amino acid is a metal-nitrogen bond leading to a high selectivity towards L-histidine and 

most specifically, tryptophan.  Conventional IMAC phases are also highly selective to 

tryptophan due to metal ion affinity which also plays a role in the metalloporphyrin 

columns.  However, the planarity of the porphyrin ring and the aromaticity of the amino 

acid allows for π-π interaction.  The cooperative interaction, as seen in Figure 4, leads to 

an extremely high selectivity for tryptophan as well as, to a lesser extent, phenylalanine. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Meyerhoff also addressed the ability to 

adjustment of an organic modifier and pH.

DBTAAs will also interact with amino acids through a metal

selectivity for histidine as well as histidine containing peptides.  However, since the 

DBTAA is saddle shaped, these columns

when compared to the porphyrin since 

different orientation than with a planar compound.

1.3 Polymeric monoliths as chromatographic stationary phases 

A monolith is a fixed porous structure consisting of channels connected by pores, 

whose inner diameters are much smaller than that of the channels.  The overall structure 

Figure 4. Cooperative interaction between 
tryptophan and DBTAA.
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Meyerhoff also addressed the ability to affect retention times based on the 

adjustment of an organic modifier and pH.35  Due to their metal center, it is expected 

DBTAAs will also interact with amino acids through a metal-nitrogen bond and exhibit a 

selectivity for histidine as well as histidine containing peptides.  However, since the 

DBTAA is saddle shaped, these columns should have a different degree of selectivity 

when compared to the porphyrin since π-π interactions will still be possible but in a 

different orientation than with a planar compound. 

1.3 Polymeric monoliths as chromatographic stationary phases  

is a fixed porous structure consisting of channels connected by pores, 

whose inner diameters are much smaller than that of the channels.  The overall structure 

Figure 4. Cooperative interaction between 
tryptophan and DBTAA. 

affect retention times based on the 

Due to their metal center, it is expected 

nitrogen bond and exhibit a 

selectivity for histidine as well as histidine containing peptides.  However, since the 

should have a different degree of selectivity 

interactions will still be possible but in a 

is a fixed porous structure consisting of channels connected by pores, 

whose inner diameters are much smaller than that of the channels.  The overall structure 
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is rigid due to the crosslinking of polymer chains which makes the monolith porous to 

solvents useful in HPLC, as well as other chromatography applications.35,36  The pore size 

and pore distribution, however; can be affected by adjusting reaction conditions such as 

reaction temperature, concentration of initiator, concentration of monomer, and identity 

of porogen.37,33 It is therefore necessary to optimize one’s synthesis of monolith to insure 

the desired pore size and most homogeneous distribution.  A macroporous monolith 

synthesis consists of a porogen, crosslinking vinyl monomer, reactive monomer and 

initiator (Figure 5).  

(initiator) (porogen) (crosslinker) (monomer)

Figure 5.  Sample monolith reaction consisting of initiator, porogen, crosslinker and monolith. 

Divinylbenzene 4-Vinylaniline
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4,4'-azobis(4-cyanovaleric acid)
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When exposed to heat, the initiator decomposes, forming free radicals, and 

polymerization occurs.  The mixture is unstirred and takes on the shape of the container 

in which it is polymerized.32   Macroporous polymer monoliths present a number of 

advantages over bead packed columns as well as other solid supports.  Since monoliths 

can be synthesized directly in a chromatography column, no difficult packing procedure 

is necessary such as is required with beads.  In addition, no pretreatment to 
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capillary/column wall are necessary before polymerization as is with other options.  This 

leads to a simple one step polymerization procedure.  In HPLC, macroporous beads with 

a diameter of 10µm or less allow for fast separation; however, diameters less than 5µm 

cause back pressure to increase as well as making column-packing more difficult.  The 

micron sized channels of the monolith allow for increased mass transfer and flow rate as 

well as fast separation while the nanometer sized pores help to decrease the pressure. 

33,38,39  These benefits exist in all cases where monoliths are used regardless of their use.  

The bimodal nature of the pores naturally decreases the surface area of the monolith in 

comparison to beads; however, this can be easily remedied by grafting compounds with 

reactive groups onto the monolith without decreasing the permeability.  A pore of 1µm 

diameter contains a surface area of 8.5 m2/g which is sufficient for grafting.  This process 

ensures that the reactive compound is on the pore surface, making it accessible to the 

eluents.40  

The porous nature of monoliths is responsible for their many uses and is therefore 

an aspect that must be controlled during synthesis.  A number of components can be 

varied such as polymerization temperature, concentration of porogenic solvent and 

concentration of crosslinker.  It has been found for both the poly(styrene-co-

divinylbenzene)41 and the poly(glycidyl methacrylate-co-ethylenedimethacrylate)42 

monoliths that higher temperatures in polymerization produce smaller pore sizes.  Higher 

temperatures lead to more efficient decomposition of the initiator and formation of a 

greater number of free radicals.  This leads to a greater number of polymer chains 
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forming, and since the amount of monomer remains unchanged, these polymer chains are 

smaller.  Therefore a greater number of smaller globules become interconnected leading 

to smaller pore size.  A temperature of 70oC is ideal for most polymerization mixtures to 

produces pores of 1µm.41   

The effect of the concentration of porogenic solvent results from the polymer’s 

insolubility in the solvent.  Dodecanol is a very poor solvent for polymer monoliths and 

therefore the greater the concentration of dodecanol, the larger the pore size.  This effect 

can be reduced by the addition of a better solvent (such as toluene).  A mixture 

containing only dodecanol produces pore sizes of around 10 µm while the addition of 

only 10 wt% of toluene decreases the average pore size to 1µm.  The porogenic solvent 

controls the porous composition of the monolith by controlling the solvation of the 

polymer chains.  A better solvent competes with the precipitation of the polymer chains 

yielding smaller globules and smaller pores.41  Dodecanol is a popular selection as 

porogen because in comparison to other alcohols from butanol to octadecanol, dodecanol 

produces the smallest pores.43 

As an example of the effects of varying experiment conditions, Tripp et al. reports 

synthesis of a poly(chloromethylstyrene-co-divinylbenzene) using 1 wt% (relative to 

monomers) azobisisobutyronitrile, 1-dodecanol, and chloromethylstyrene and 

divinylbenzene (48wt% and 72 wt%).43,44  The average pore size was determined to be 

1.2 µm for the polymer above, based on mercury intrusion porosimetry.  The monolith 
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was then activated using 4,4’-azobis(4-cyanovaleric acid) for attachment of a 

combination of divinylbenzene and 4-vinyl-2,2-dimethylazlactone (VAZ).   

Tripp et al. varied the amount of monomer in the above procedure in order to 

determine the amount of grafted polymer and therefore its affect on capacity.  When 20% 

VAZ in toluene was used, a capacity of 0.18 mmol/g was achieved.  However when 40% 

VAZ was used, the capacity increases to 1.5 mmol/g which actually begins to fill the 

pores and negatively affects permeability.  In addition, when 2% divinylbenzene was also 

added to the 20% polymerization solution the capacity increased to 0.85-1.0 mmol/g 

without affecting permeability.  The addition of the crosslinker allowed any polymer 

chained created in the pores to become part of the grafted polymer via divinylbenzene.  

This indicates the importance of the use of a small amount of crosslinker in the grafting 

procedure to increase capacity without decreasing permeability.  The ability of the 

monolith to retain excess starting materials and byproduct is monitored via IR and the 

disappearance/appearance of peaks due to reacted monolith functionalities.44   

Viklund et al. determined that variation of the concentration of the crosslinking 

monomer not only affects the porous characteristic of the monomer but also its 

composition - the higher the crosslinking monomer, the smaller the pore size due to a 

more crosslinked polymer.  When using 50 wt% divinylbenzene the pore size distribution 

was found to vary in the order: <50nm (9.7%), -500nm (8.4%), -1000nm (21.7%), 

>1000nm (60.2%).  However when 70wt% of crosslinker is used the pore size 

distribution changed: <50nm (4.6%), -500nm (42.4%), -1000nm (52.7%), >1000nm 
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(0.3%).41  An obvious shift to smaller pore size is evident from the data.  Typically 60-

70wt% of crosslinker is used in a polymerization mixture.      

In recent years, monoliths have found uses in a number of research areas.  For 

example they can be used to immobilize catalysts,45,46 as a component to a bioreactor,47,48 

and as supports in capillary electrochromatography49,36 and high performance liquid 

chromatography.37,50,51  Monoliths employed as stationary phases can be divided into to 

three groups: poly(styrene-divinylbenzene), poly(methacrylate), and poly(acrylate) based, 

with glycidyl acrylate-EDMA being the most common.49  Disks of monolith can be also 

be used as scavengers in reactive filtration in the field of combinatorial chemistry.  

Helpful in drug synthesis, a monoliths is added to a reaction solution to serve as a solid 

phase auxiliary in order to separate excess reagents or byproducts.  These unwanted 

products react with the functionalities of the monolith, removing it from the reaction 

mixture.   

Monoliths can also be utilized in enantioselective capillary electro-

chromatography for chiral separation.  Such a monolith has been prepared by 

Lammerhofer et al. consisting of methacrylate and quinidine substituted monomers.35  

The polymer mixture contained 1 wt% (with respect to monomer) of 

azobisisobutyronitrile and 40% monomers and 60% porogens (1-docenanol and 

cyclohexanol).  The monomer solution consisted of a mixture quinidine substituted chiral 

monomer, methacrylate co-monomer and crosslinker (ethylenedimethacrylate).  

Characterization of the monoliths was done by using elemental analysis (capacity), 
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nitrogen adsorption/desorption (specific surface area), mercury intrusion porosimetry 

(pore size distribution) and scanning electron microscopy (images).  The concentration of 

the chiral monomer had a number of effects on the performance of the column.  First, the 

concentration of the chiral monomer had an inverse effect on the pore size with higher 

concentrations leading to smaller overall pore size.  Second, more than 10 wt% of the 

total monomer must be the chiral compound in order to obtain good separation.  And 

third, the greater the concentration of chiral compound the longer the retention time since 

more interaction on the column is possible.  All results indicate the importance of 

optimizing the grafting procedure of the reactive group in order to maximize the 

efficiency of a chromatography column.   

1.4 Goals of this project 

 This project entails the development of a synthetic procedure for a polymerizable 

DBTAA (Figure 6) and preliminary characterization of a DBTAA-modified polymer 

monolith. These results lay the ground work for use of such a stationary phase as a 

separation technique for such molecules as 1) polycyclic aromatic hydrocarbons 

(DBTAA in the free or complexed form), 2) proteins (DBTAA in complexed form), and 

3) amino acids (DBTAA in complexed form).  
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Figure 6. Styrene substituted in the seventh position 6, 17-dimethyl 8, 15-diphenyl dibenzotetraaza[14]annulene.

NN

N N

Ni

CH3

CH3

The first relies on pi-pi interactions where as the latter two can, not only take advantage 

of this interaction, but also a metal-nitrogen interaction through the axial positions.  In the 

future we also hope to explore the possibility of using these stationary phases for chiral 

separation through grafting a chiral group onto the phenyl ring of the macrocycle.52  

Our prepared monoliths should prove to be stable to a number of experimental 

conditions.  Poly(styrene-divinylbenzene) monoliths are known to be stable to 200 bar.  

The performance of such a column has been shown to remain unchanged even after six 

months of 60% formic acid as a mobile phase indicating its stability towards acid.  

Polyacrylate and silica columns exhibit significantly less resistance towards acid and high 

pressure indicating another advantage of our monolith over others used.53  The resistance 

of poly(styrene-co-divinylbenzene) to base is not reported in the literature.  The amide 

group in our monolith can by hydrolyzed by both an acid and a base; however, this 

requires severe conditions of extensive heat in 6 M HCl or 40% aqueous NaOH.54  These 
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conditions would not be present in a conventional high performance liquid 

chromatography (HPLC) setup.  

Our approach reaps the benefits not only of the inherent nature of the 

characteristics of a monolith, but also the structural differences between the DBTAA and 

the porphyrins studied by Meyerhoff.  The nonplanar aspect of the DBTAA22,24 should 

make them more selective towards nonplanar PAH whereas the planar porphyrin is 

selective towards planar PAH.28,29  This will also affect their interaction with amino acids 

containing aromatic groups.  The displacement of the metal center from the nitrogen 

plane will also make the metal more accessible for the axial metal nitrogen interaction 

that characterizes an IMAC column.27  All of these characteristics of a DBTAA grafted 

macroporous monolith will be advantageous for its use as a stationary phase in high 

performance liquid chromatography.  
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CHAPTER II:  PREPARATION OF DBTAA S 

2.1 Synthesis of M(II) - DBTAA complexes 

2.1.1Synthesis of Ni Me2Ph2DBTAA 

 Nickel acetate tetrahydrate and ethanol (anhydrous) were purchased from Fisher 

Scientific and used as received.  1,2-phenylenediamine (flakes, 99.5%) and diethyl ether 

(anhydrous, ≥99.7%) were purchased from Sigma Aldrich and used as received.  1-

Benzoylacetone (98%) was purchased from Acros Organics and used as received.   

 A mixture of nickel acetate (12.44g), 1-benzoylacetone (8.10g), 1,2-

phenylenediamine (10.80g) and dry ethanol (125 mL) was added to a 500 mL round 

bottom flask.  The solution was refluxed, with stirring, for four hours.  Another portion of 

1-benzoylacetone (8.10g) was added and reflux was continued for four more hours and 

then allowed to sit overnight.  The precipitate was gravity filtered and washed with 

portions of ice cold anhydrous ethanol and ice cold anhydrous diethyl ether.  Solvent was 

removed under vacuum for 12 hours at 70oC.  A green solid is produced.  The identity of 

the product was verified using 1H, and 13C NMR and EA.  The pattern of the NMR in the 

benzenoid region (~5.5-7.0 ppm) indicates the synthesis of the cis product versus the 

trans product.55  Literature also shows that the cis product is preferred to the trans product 

when synthesizing this product.23  1H-NMR (CDCl3): 2.21 ppm (s, 6H, -CH3), 5.02 (s, 

2H, =CH-), 5.57 and 5.92 (m, 4H, aromatic), 6.63 and 6.82 (m, 4H, aromatic), 7.26 (d, 10 

H, aromatic).  13C-NMR (CDCl3): 23.39 ppm(2C, -CH3), 113.13 and 113.11 (2C, =CH-),   

121.33, 121.86, 122.39, 122.91 (8C, tertiary benzenoid), 128.81, 128.97, 129.13 (10C, 
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tertiary phenyl), 139.33 (2C, quaternary phenyl), 147.68 and 147.86 (4C, quaternary 

benzenoid), 156.99 and 157.09 (4C, quaternary =C-).  Elemental Analysis: C (65.87%), 

H (5.44%), N (13.92%). 

2.1.2 Demetallation of Ni Me2Ph2DBTAA 

 Reagent grade acetone (99.5%) was purchased from Sigma Aldrich and dried over 

molecular sieves.  Ammonium chloride, sulfuric acid, and methylene chloride were 

purchased from Fisher Scientific and used as received. 

The Me2Ph2DBTAA (2.62g) was suspended in reagent grade dry acetone (100 

mL) in a 500mL round bottom flask and anhydrous HCl gas was bubbled through for 30 

minutes.  A three glassware setup was used to produce and bubble HCl gas.  In the first 

flask, solid NH4Cl was placed in the bottom of a two neck 500mL round bottom flask.  

Concentrated H2SO4 was dripped into the flask through one of the necks using an 

addition funnel producing HCl gas.  The other neck was attached to rubber tubing 

containing glass tubing on the other end.  The glass tubing was inserted into a hole in a 

stoppered filter flask so that it reached near bottom of the flask containing concentrated 

H2SO4.  This setup ensured that the produced HCl gas traveled from the first flask to the 

second flask where it is dried.  Rubber tubing on the side arm of the filter flask allows the 

dry HCl gas to travel into the two neck RBF containing the DBTAA (third flask) using 

more glass tubing.  The second neck contains more gas tubing and sends the used HCl 

gas into a NaHCO3 trap.  After 30 minutes of bubbling the reaction flask is stoppered and 

stirred overnight or longer.  The precipitate was collected using vacuum filtration and 
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washed with reagent grade acetone.  The solid was then suspended and rapidly stirred in 

200 mL of water and 200 mL of methylene chloride.  The mixture was neutralized using 

a solution of saturated aqueous Na2CO3.  The two layers were then separated using a 

separatory funnel and the organic layer was washed three times using 100mL portions of 

water and then dried using MgSO4.  The solvent was then removed under vacuum.  An 

orange solid is produced.  The identity of the compound was verified using 1H, and 13C 

NMR and EA.  The proton NMR for the demetallated complex is very similar to the 

metallated complex above with the exception of a shift to the left in peak location and the 

appearance of a small peak around 13ppm representing the hydrogens now attached to 

the nitrogens.  The 13C NMR is also very similar to the one described above.  Elemental 

analysis: C (79.41%), H (6.04%), N (11.85%).  There is a significant increase in the 

percentage of carbon pertaining to the absence of a transition metal.   

2.2 Synthesis of 7-styrlmethyl-6, 17-dimethyl-8, 15-diphenyl NiDBTAA complexes 

(polymerizable dimethyl diphenyl form) 

 The procedure for the synthesis of the polymerizable DBTAAS was developed by 

Brian Konzman and is shown in Scheme 3. Anhydrous ethanol was used as purchased 

from  Burdick & Jackson.  Potassium hydroxide pellets (85+%), 1-benzoylacetone (99%), 

vinylbenzyl chloride(97%) and 1,2-phenylenediamine (99.5%) were used as purchased 

from Sigma-Aldrich.  Nickel acetate (97%+) was used as purchased from Fisher. 
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 Potassium hydroxide (5.165 g) was added to ethanol (250 mL) and slowly heated 

until the salt had fully dissolved.  Dropwise, both 1-benzoylacetone (15.016 g) 

vinylbenzyl chloride (14.193 g) were slowly added.  The solution was allowed to sit for 

seven days and then vacuum filtered and solvent removed under vacuum.  The resulting 

solid was dissolved in hexanes (25 mL) and extracted with deionized water (25 mL), 2 M 

HCl (25 mL), and saturated aqueous sodium bicarbonate (25 mL).  The hexane layer was 
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dried using magnesium sulfate and solvent removed under vacuum.  The resulting solid is 

shown as the product from step 1 in Scheme 3.    In order to prepare the DBTAA, nickel 

acetate (6.223 g) and phenylenediamine (5.511 g) were added to ethanol (66 mL) and 

heated gently for 1.5 hours.  1-benzoyl acetone (4.096 g) was added to this mixture, and 

the solution was refluxed for 1.25 hours.  The styrene derivative diketone synthesized 

above (6.995 g) was added to this solution, refluxed for 5 hours, and refrigerated for two 

days.  The product was then gravity filtered, washed once with ice cold ethanol, and 

washed again with ice cold diethyl ether.  The crystals were dried in a vacuum oven for 

40 minutes under high vacuum at 70°C and recrystallized using 1:2 dichloroethane:n-

hexane. 

2.3 Synthesis of 7-styrlmethyl-6, 8, 15, 17-tetramethyl NiDBTAA complexes 

(polymerizable tetramethyl form) 

  The synthesis of the styrlmethyl derivative of the Me4DBTAA is shown in 

Scheme 4.  Potassium hydroxide pellets (85+%), vinylbenzyl chloride(97%) and 1,2-

phenylenediamine (99.5%) were used as purchased from Sigma-Aldrich.  Anhydrous 

ethanol and nickel acetate (97%+) were used as purchased from Fisher.  2, 4 

pentanedione (99+%) was used as purchased from Acros Organics.   

The methylstyrene substituted β-diketone was synthesized first by adding 

KOH(5.183 g) and anhydrous ethanol (250 mL) to a 500 mL three-neck flask.  The 

mixture was placed into a hot water bath and stirred for 20 minutes until the KOH 

dissolved.  Using an addition funnel, 2,4-pentanedione(9.51 mL) and then vinylbenzyl 
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chloride (13.11 mL) was added dropwise to the solution under nitrogen gas. The solution 

was allowed to sit for two days and then gravity filtered to isolate the solid and then 

submitted to rotary evaporation to remove excess ethanol.  The resulting solid was added 

to n-hexane (25mL) and extracted with deionized water (25 mL), 2 M HCl (25 mL) and 

saturated aqueous NaHCO3. The hexane layer was transferred to a beaker and dried using 

MgSO4.  To ensure the removal of all water, the above extractions were repeated using 

only 10 mL of each solvent. The hexane was removed under vacuum at room 

temperature.  The resulting solid is the product shown in Scheme 4 for step 1.   
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A solution of nickel acetate (6.222 g), phenylenediamine (5.512 g) and anhydrous 

ethanol (66 mL) was created and heated, under nitrogen, for 1.5 hours.  After being 

cooled to room temperature, 2,4 pentanedione (2.56 mL) was added to the mixture and 

refluxed for 1.5 hours under nitrogen gas.  The styrene β-diketone product (5.439 g) was 

added the solution and refluxed for an additional 5 hours.  The solution was stoppered 

and placed in the freezer for 3 days.  It was then vacuum filtered to retrieve the crystals, 

washed with ice-cold ethanol and diethyl ether and placed in a vacuum oven at 70oC for 
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40 minutes.  The product was then recrystallized using a 1:2 mixture of dichloroethane: 

n-hexane.56 
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CHAPTER III:  CHARACTERIZATION OF DBTAA S 

A systematic study of compounds of the type show in Figure 7 was conducted in 

which the solvent, metal center, and R-group substituent were varied.  Compounds not 

synthesized in our lab were provided by Richard Hotz, College of Mount St Joseph.  

Figure 7. Dimethyl diphenyl DBTAA where both the metal center and R group on the phenyl ring can be varied.
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Figure 7. Dimethyl diphenyl DBTAA where both the metal center and R group on the phenyl ring can be varied.
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Acetonitrile, dichloromethane (CH2Cl2), and dimethyl sulfoxide (DMSO) were 

used as solvents.  The R groups used were hydrogen, methoxy group, t-butyl group and 

fluorine.  The metal centers used were copper, cobalt and nickel.  These varied factors 

were used to determine if they had an effect on wavelength or absorbance.  Based on 

these results it was determined that substituent on the phenyl ring for a given metal center 

did not greatly affect the wavelength of absorbance and had a minimal effect on the 

extinction coefficient. The UV-visible spectra of all of these compounds exhibit a broad 

peak in the visible as well as at least three intense peaks in the UV region.  The metal 

center affects the wavelength of absorbance slightly appearing in the order ν(Co) <  ν(Cu) 

< ν(Ni) (358, 392, and 398 nm, respectively). 
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A preliminary determination of the stability of the Ni-DBTAA was performed and the 

results are shown in Figures 8 (a) and (b).  Figure 8 (a) shows that a saturated solution of 

0.1M Ni Me2Ph2DBTAA remained unchanged even after 24 hours in the presence of 2M 

HCl indicating the continued metallation of the DBTAA under harsh conditions.  Figure 

8(b) indicates the affect of a base such as KOH on an unmetallated ligand of dimethyl 

diphenyl DBTAA.  Five samples were prepared in DMSO and measured using UV-vis 

spectrometer: Me2Ph2DBTAA alone, 1:1 ratio of saturated solution of KOH and 10-4M of 

Me2Ph2DBTAA, and KOH pellet dissolved in 10-4M solution of Me2Ph2DBTAA 

(undiluted, diluted 1:1 and 5:2 using DMSO).  The stability constant of cobalt (109 M-1) 

Figure 8 (a). Absorbance of 0.1M Ni-Me2Ph2DBTAA in 

DMSO and 2M HClaq.  
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and copper (107 M-1) centered DBTAAs are also large (Kf>107) indicating their 

stability.26     

 

The various DBTAAs were also characterized using electrochemistry and cyclic 

voltammetry.  As in the UV experiments above, the metal center, as well as the 

substituents, was varied (M=copper, cobalt or nickel; R= hydrogen, methoxy, fluorine, or 

tbutyl).    Each sample was prepared at a concentration of 5x10-4M in dry 

acetonitrile/0.1M tetrabutylammonium tetrafluoroborate.  These experiments were 

carried out in a conventional three-electrode cell using a Pt (or film-modified Pt) working 

electrode, Pt auxiliary and Ag/AgCl reference electrode.  The cyclic voltammetric 

program used was 0.0 V → +1.5 V → - 2.0 V vs Ag/AgCl.  Each compound produced 

either three or four redox processes depending on the metal center (Table 2).   

 

 

Figure 8 (b): Absorbance of Varying Concentrations of KOH and 

Me2Ph2DBTAA in DMSO
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Table 2. Electrochemical properties of 1,4,8,11-substituted M(II)-dibenzotetraaza[14]annulenes 

Metal Macrocycle R-group on pendant phenyl Ec Ea,1 

Ni Tetramethyl -- -1.80 0.38 

 Dimethyldiphenyl t-Bu -1.74 0.62 

  H -1.72 0.62 

  F -1.64 0.62 

  OMe -1.74 0.60 

 Tetraphenyl -- -1.32 0.72 

Co Dimethyldiphenyl t-Bu -0.90 0.55 

  H -1.31 0.84 

  F -1.03 0.25 

  OMe -1.35 0.62 

 Tetraphenyl -- -0.55 0.84 

Cu Dimethyldiphenyl t-Bu -1.00 -- 

  H -1.22 0.7 

  F -1.15 0.65 

  OMe -1.17 0.55 

Two of these correspond to irreversible oxidation processes associated with the ligand,  

which occur at positive potentials, and one or two reversible processes associated with 

the metal center occur at negative potentials.   

 Fluorescence experiments were conducted on 10-4M dimethyl diphenyl metal 

centered DBTAA samples in acetonitrile.  The metal centers were varied to include 

cobalt, copper, manganese, nickel, lead, and zinc.  Measurements were conducted at an 

excitation wavelength of 355 nm and emission scan range from 390 to 650 nm.  Further 

measurement conditions were set as follows: excitation/emission slit width: 5 nm, 

integration time: 1 sec and wavelength interval:1 nm.  The fluorescence was measured 

shortly after the solution was prepared (Figure 9a) and then again 24 hours later (Figure 

9b).  Figure 9b shows the pronounced fluorescence of the cobalt complex after two days.  
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Figure 10 show the results of a timed fluorescence experiment that was conducted over a 

48 hour period using the cobalt dimethyl diphenyl DBTAA complex.  The identity of the 

fluorescent species and a more efficient method for conversion is requires for use of this 

reaction for quantitative purposes.  Experiments are underway using DMSO and CH2Cl2 

are underway in order to determine of axial ligation by the solvent is important.   

 

Figure 9 (a). Initial fluorescence of prepared solutions of 
DBTAAs in Acetonitrile.
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Preliminary solution binding studies have been conducted with two DBTAA complexes 

and two polyaromatic hydrocarbons (anthracene and naphthalene) using both 1H NMR 

and 2D COSY.  The nickel centered dimethyl diphenyl DBTAA, nickel centered 

tetramethyl DBTAA and demetallated dimethyl diphenyl DBTAA were tested.  NMR 

Figure 9 (b). Fluorescence of prepared DBTAA solutions in 
Acetonitrile after 48 hours. 
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Figure 10. Timed fluorescence of CoMe2Ph2DBTAA in 
Acetonitrile over a 48 hour period.
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shifts observed were greater for naphthalene, as expected based on steric considerations, 

but the shifts were minor (< 0.1 ppm).  As such, these were insufficient to draw 

conclusions as to through space interaction between the DBTAA and PAH.  Further 

investigation is required.    
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CHAPTER IV:  SYNTHESIS AND CHARACTERIZATION OF MONOLITHS  

4.1 Synthesis of Monolith 

 The initiator, 4,4’-azobis(4-cyanovaleric acid) (ACVA,>98%) was used as 

purchased from Fluka, stored under N2 and refrigerated until use.  4-vinylaniline (90%), 

divinylbenzene (80%, mixture of isomers), and 1-dodecanol (98%) were purchased from 

Sigma Aldrich and refrigerated until use.  Toluene (99%) and tetrahydrofuran (≥99.9%) 

were used as purchased from Sigma Aldrich.  

 1-dodecanol (1.593g) was measured into a 100 mL beaker.  Toluene (0.743mL) 

and divinylbenzene (0.985mL) were then added.  4-vinylaniline (varying ratios in 

comparison to initiator concentration) was then added and the solution was stirred and 

crushed with a spatula to bring all into solution.  The mixture was then stirred using a 

magnetic stir bar for 10 minutes to ensure dissolution.  When complete, the mixture was 

transferred into a 10 mL vial.    4,4’-azobis(4-cyanovaleric acid) was added to the vial 

and the vial was capped and tape was placed around the seam.  The vial was placed in a 

70oC thermostated heater for 20 hours.  The solid was then removed from the vial by 

breaking the glass gently and washed via Soxhlet extraction for 6 hours with THF 

(Scheme 5).  The polymer was air dried overnight and then placed in a vacuum oven for 

about 30 minutes at 70o C. 
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Due to the random polymerization of the crosslinking divinyl monomer and 

reactive monovinyl monomer the exact composition of the monolith is unknown.  

Therefore percent yield must be based on the mass of the two monomers as starting 

materials in comparison to the mass of the monolith.  The initiator and porogen are not 

considered in this calculation.  By definition, the initiator is recycled in the reaction and 

is not part of the final product.  The porogen is washed from the monolith during the 

soxhlet extraction.57  All yields were above 70%.   

4.2 Synthesis of 4,4’-azobis-4-cyanovaleryl chloride (ACVCl) 

 ACVA was purchased and stored as listed above.  Thionyl chloride (>99%) was 

used as purchased from Fluka.  Ethanol (anhydrous) and n-hexane (95%) were both used 

as purchased from Fisher Scientific. 

 ACVA was separated into its cis and trans isomer to increase the yield of 

chlorinated product.  The trans product was precipitated from 5.002g ACVA in 32ml 

ethanol and vacuum filtered.  The cis product was obtained by evaporation of ethanol.  

Each isomer was then refluxed in SOCl2 for 50 minutes (trans product) or 15 minutes (cis 

product) in a RBF equipped with a magnetic stir bar and a water bath.  After completion, 

the RBF was put into an ice bath until cold and then set aside to come to room 
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temperature.  The solid was then precipitated in cold hexane, vacuum filtered and washed 

with cold hexane.  The product was then dried on vacuum for 10 minutes.  The identity of 

the product was verified using FTIR by the disappearance of the –OH peak around 3300 

cm-1 and appearance of a chlorine peak around 810 cm-1 (Nicolet 380).    

4.3 Activation of Monolith 

 ACVCl was prepared as described as above.  Triethylamine(99.5%) and N,N-

dimethylformamide (99%), diethyl ether (anhydrous, ≥99.7%) were purchased from 

Sigma Aldrich and used as received.  The synthesis for this product is depicted in Scheme 

6.   
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A mixture (trans and cis) of ACVCl (0.472g), triethylamine (0.277g) and N,N-

dimethylformamide (0.833mL) was prepared.  The solution was added to approximately 

500mg of the prepared monolith and allowed to sit at room temperature for 48 hours.  

The solid was then washed via Soxhlet extraction for 6 hours using diethyl ether.  
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4.4. Characterization of monoliths 

 

Using a scanning electron microscopy (SEM), a range of pore sizes can be 

observed in the monolith.  Figures 11 and 12 both show larger channels as well as smaller 

pores contained in the monolith.  Channels were measured as large as 20 µm while the 

pores, on average, ranged from 1 to 4 µm; however many were measured in the 

nanometer range. 
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Characterization of size and uniformity of pore sizes was also undertaken using 

ultrasmall and small angle neutron scattering (USANS and SANS).  These techniques 

were employed using the facility available at the National Institute of Standards and 

Technology in Gaithersburg, MD.  This technique has not yet been applied to polymer 

monoliths.  SANS measurements were performed on the monolith disc (d=1.3 cm, 

thickness=0.5 mm) on the NG7 and NG3 30-meter SANS instruments at the NIST Center 

for Neutron Research in Gaithersburg, MD.58  Neutron wavelengths, λ, between 5.2 Å 

and 5.5 Å were used with wavelength spreads ∆λ/λ of between 0.11 and 0.15.  Scattered 

neutrons were detected with a 64 cm x 64  cm two-dimensional position sensitive 

detector with 128 x 128 pixels and 0.5 cm resolution per pixel. Data reduction was 
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accomplished using Igor Pro software (WaveMetrics, Lake Oswego, OR) with SANS 

macros developed at the NCNR.59  Raw counts were normalized to a common monitor 

count and corrected for empty cell counts, ambient room background counts, and non-

uniform detector response.  Data were placed on an absolute scale by normalizing the 

scattered intensity to the incident beam flux.  Finally, the data were radially-averaged to 

produce the scattering intensity I(q) to plot as I(q) vs. q curves. Ultra-high resolution 

small-angle neutron scattering (USANS) measurements were carried out on the Perfect 

Crystal Diffractometer of beam port BT5 at the NCNR.60  The data is desmeared, 

background subtracted, and converted to an absolute scale.  Figure 13a depicts the data 

across the entire range measure.  The x axis is represented by units q=2π/l where l is in 

Angstroms.  The rolloff at very low q in the USANS data indicates the longest scattering 

lengths are on the order of less than 10 microns.  Figure 13b shows the fit of the low q 

portion of the SANS data. The q-4 dependence of this range of data is indicative of a mass 

fractal, a smoothly growing surface with very small surface features.61  The SANS data at 

high q is fin in Figure 13c.  The small peak corresponds to the smallest scattering length 

of 14.5±0.13 Å.  The geometry of these features is not clear, but such a peak is consistent 

with the pores with a diameter of 14.5 Å, a hemispheric termination with a radius of 

curvature of 7.25 Å or porons with a diameter of 14.5Å.  
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Figure 13 (a). SANS and 
USANS data for 
monolith created with 
large excess of initiator.  
(Discontinuity due to 
detector geometry) 
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Figure 13 (b). Fit of 
low q SANS data. 
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Additionally, nitrogen adsorption and desorption isotherms were obtained on the 

same samples at 77K using a Quantachrome Autosorb-1 MP.  Monolith samples were 

outgassed at 343K for ~4-5 hours before measurements were performed.  Specific surface 

area values were obtained using the Brunauer-Emmett-Teller (BET) equation.  Nitrogen 

absorption results are listed in Table 3. 

 

 

 

Figure 13 (c). Fit of 
high q SANS data. 
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Table 3. Nitrogen absorption results for monoliths 

  

Surface 

Area (m2/g) 

Pore Volume 

(cc/g) 

Average Pore 

diameter (nm) 

(4*Vp)/SA 

Pore diameter 

(nm) BJH 

method 

Monolith (a) 14.4 7.96E-02 22.11 1.359 

Monolith (b) 14.06 6.14E-02 17.46 1.885 

Monolith (c) 16.99 9.16E-02 21.56 1.399 

Average 15.15 7.75E-02 20.38 1.548 

 

            Based on these results the monoliths were characterized as Type II isotherms 

indicating macropores (diameters>50 nm).   

Monoliths of polystyrene and divinylbenzene have been shown by prior 

investigations to have bimodal pore size with a median pore size of 1000 nm and a 

significant number of pores at around 7 nm.  External and internal specific pore volumes 

reported have been 1.71 and 0.81 mL/g.62  Methacrylate monoliths have also been 

reported to have bimodal pores of about 800 nm and 10 nm.32  Those monoliths with a 

mean pore diameter of 1000 nm (1 µm) have a specific surface of around 8.5 m2/g.38  

Monoliths with pore sizes no bigger than 100 nm have been synthesized by increasing the 

reaction temperature to 110oC.43  Lammerhoffer showed that specific surface area is 

inversely proportional to pore size by synthesizing monoliths with pore sizes ranging 

from 3166 to 510 nm.  These produced specific surfaces areas ranging from <1 to 13.5 

m2/g.35   



 
43 

 

 The data for the monoliths characterized is, therefore, relatively consistent with 

previously reported results for PS/PDVB monoliths.  It is curious that our mean pore 

diameters were so small; however, the monoliths were categorized as having mesopores 

indicating that they are indeed bimodal.  The USANS data in figure 12 (a) suggest that 

the diameters of the largest of these pores is on the order of < 10 µm.  The higher surface 

area is indicative of the smaller mean pore diameter.  Specific surface area is affected by 

pore size which we can manipulate through variation of a number of reaction conditions 

including the temperature and porogen concentration. 
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CHAPTER V:  ACTIVATION AND MODIFICATION OF MONOLITH  

5.1 Synthesis 

The monoliths were synthesized in a similar manner as described in chapter IV 

using 1 wt% AIBN but with monomer concentrations varying as such: 30:70, 50:50, and 

70:30.  Monoliths with varying monomer concentration were synthesized to determine its 

effect and which condition would be most conducive to modification.  The 70:30 

monolith was determined to be the most suitable since it produced the most cohesive and 

sturdy monolith in comparison to the other two.  This monolith was then activated 

according to the procedure described in chapter IV.     

5.2 Modification of 70:30 monolith with styrene substituted NiDBTAA 

 Toluene (99%) and tetrahydrofuran (≥99.9%) were used as purchased from Sigma 

Aldrich. The styrene substituted Ni-tetramethyl DBTAA was synthesized in the lab by 

using the synthetic approach described in Section 2.3.56  This procedure is depicted in 

Scheme 7. 
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 A solution of styrene substituted DBTAA was prepared in toluene and placed into 

a glass vial with a portion of an ACVCl activated 70:30 monolith.  The vial was capped 

and placed in a 70oC thermostated heater for 20 hours.  The monolith was then washed 

with THF for 6 hours using Soxhlet extraction.   

5.3 Characterization of Modified Monolith 

 SANS experimentation was conducted on the powdered, activated monoliths 

described in section 5.1.  The SANS data at low q indicates the shape of the pores to be 

of cylindrical shape with length longer than diameter (fitting of near q-4) as was indicated 

in the previous SANS data.  The results for the 30:70 and 50:50 data were both similar to 
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each other and to the previous SANS data.  The 70:30 monolith data could not be fitted 

with the models attempted to date and requires further investigation.    
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Figure 14 (a). Fit of low q SANS data for 30:70 monolith.  
–log slope=4.13 
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Nitrogen adsorption analysis was conducted on the 30:70, 50:50, and 70:30 

monoliths at 77K using a Quantachrome Autosorb-1 MP.  Monolith samples were 

outgassed at 343K for 20.2 hours (30:70), 2.025 hours (50:50) and 2.5 hours (70:30) 

before measurements were performed.  For the 30:70 and 50:50 monoliths the surface 

areas were determined to be 5.32 m2/g and 8.23 m2/g, the total pore volumes were 

determined to be 7.122x10-3 cc/g and 6.112x10-3 cc/g, and the average pore diameters 

were determined to be 5.358 nm and 2.971 nm, all values respectively.  As with the 
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Figure 14 (b). Fit of low q SANS data for 50:50 monolith.  
–log slope=3.83 
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SANS results, the 70:30 monolith could not be fitted as an isotherm and provided 

unusable results.  It is noted that these nitrogen adsorption results are lower than those 

previously obtained however the nature of the sample being a fine powder could have 

again played a role in these results.   

 

After synthesis, activation, and modification of the 70:30 monolith, x-ray photoelectron 

spectroscopy (XPS) was used to characterize the samples via their pore size and success 

of the DBTAA decoration procedure.  Visually it was apparent that the highly colored 

(dark green) styrene substituted Ni-tetramethyl DBTAA was attached to at least a portion 

of the monolith. 

  

Figure 15.  XPS data for 70:30 monolith, activated monolith 
and modified monoliths.
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For this reason samples for XPS characterization were taken from various regions of the 

modified monolith: one sample from where DBTAA presence was visible (sample 5), 

another from where it was not as visible (sample 6) and one sample from the center of the 

monolith (sample 7).  For comparison, two samples of plain 70:30 monolith (samples 1 & 

2) and activated 70:30 monolith (samples 3 & 4) were also characterized.  A peak 

characteristic for nickel (800 eV) could not be detected on samples 5-7.  This is not, 

however, surprising given that samples were ground powders and the surface areas 

exposed for the powders is much greater than that which would be available even for 

monolayer attachments.  Conclusions can, however be made based on the presence of the 

nitrogen (peak at 398 eV) and chlorine (peak at 272 eV) peaks. As seen in figure 15, 

samples 4, 5, 6 and 7 show the presence of the nitrogen peak after being activated and 

then modified.  As was expected, sample 2 did not show this peak since the monolith on 

its own does not contain nitrogen.  A small peak due to chlorine can also be seen in some 

of the samples after activation of the monolith due to impurities from the initiator.  The 

presence of the DBTAA complex is evidenced by the green color visible to the naked eye 

as neither the monolith, activator, or ligand are characterized by the intense green color of 

the complex.  The large peak for oxygen at 531 eV was exhibited for all samples; 

however, its greater intensity than that for nitrogen has yet to be explained since the 

presence of oxygen is mostly likely due to impurities from the initiator.       
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CHAPTER VI:  SUGGESTIONS FOR FURTHER INVESTIGATION  

Once the grafting procedure of styrene substituted DBTAA onto the monolith is 

optimized, a variety of calculations can be carried out.  Success of the grafting can be 

determined using FT-IR or quantitatively using elemental analysis and surface coverage 

can be calculated based on the increase in nitrogen content, determined using elemental 

analysis and Equation 1 below.63   

coverage (umol/m2) = 
%N x 106

(AM)n100(1 - %N(MW)/(AM)n100)S

Equation 1. Surface coverage equation where %N is the increase in bonded
nitrogen, AM is the atomic mass of nitrogen, MW is the molecular weight of the
bonded DBTAA, n is the number of nitrogen atoms present in DBTAA, and S is
the specific surface area of the monolith in meters squared per gram.

 

Further investigations of variations in pore size due to changes in the monolith 

synthesis procedure, such as the identity of the porogen can be exploited to vary the pore 

size and distribution.  The effect of these changes can then be detected visually using 

SEM and experimentally through nitrogen absorption and SANS/USANS.   

Once the full synthesis of DBTAA grafted macroporous monoliths is optimized 

and perfected by our lab, the monoliths will then be prepared in HPLC columns.  The 

entire synthesis can be conducted in the column and then put directly to use.  The 

columns will then be tested for the separation of PAHs, amino acids and peptides.  A 

selection of planar and nonplanar PAH pairs will be separated using the column to 

determine selectivity and capacity factors.  We will use perylene/α,α’-binaphthyl, 



 
51 

 

triphenylene/o-terphenyl, and chrysene/pyrene as did Meyerhoff et al.32  The current 

styrene substituted DBTAA is complexed with nickel; however, it will be of interested to 

test other metal centers in order to determine any affect they might have on selectivity.  

This type of procedure will be conducted for amino acids as well to determine selectivity 

and specificity.       

Similar work using porphyrins on the stationary phase has been conducted by 

Meyerhoff et al. at the University of Michigan.  Metalloprotoporphyrin-silica phases 

have been used to separate amino acids, peptides,27 polycyclic aromatic hydrocarbons 

(PAHs)28,29 and fullerenes.30,31  Protoporphyrins with a variety of metal centers were 

tested for their ability to bind to and selectivity towards a variety of PAHs.  The strength 

of the interaction between the porphyrin linked stationary phase and the PAHs was 

greatly affected by the identity of the metal center with the order of largest capacity 

factor (k’) being: Cu(II)>Fe(III)>Ni(II)>H2>Zn(II).  The planarity of the porphyrins made 

them more selective to planar versus nonplanar PAHs.  The calculated selectivity factors 

(α) were much higher for the columns packed with 

metalloprotoporphyrin/protoporphyrin-silicas than typical stationary columns.  Surface 

coverage of the protoporphyrin also affected the capacity and selectivity factors.  

Maximum capacity and selectivity factors were achieved when the surface coverage was 

above 1.0 µmol/m2.32  Further study indicated that lower surface coverage in conjunction 

with more homogenous distribution increased column efficiency.  Even distribution was 

accomplished by decreasing the number of amine sites used to link the porphyrin to the 
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solid support.33 For our studies, capacity and selectivity factors will also be calculated 

and dependence on metal center and surface coverage will also be investigated.  Capacity 

factors are calculated using Equation 2.  The longer a component is retained by the 

stationary phase, the greater the capacity factor.  

 

Selectivity factors are determined by comparing the retention times of solute 

pairs.  The retention time of the solute retained the longest is divided by the retention 

time of the component retained for a shorter amount of time.  The larger the selectivity 

factor the greater the separation of the pair.  The capacity and selectivity factors can then 

be compared to determine any dependence the identity of the metal center has on 

retention and separation. 

SANS/USANS can be employed further to determine the solvent accessible pore 

volumes using contrasting matching.  In these experiments, a mixture of D20/H20, 

CH3CN/CD3CN, or a combination can be used to match the neutron cross section of the 

monolith.  At that point, any remaining, inaccessible pores will be visible in the spectrum, 

thus providing more accurate porosity information. 
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It would also be beneficial to conduct Soxhlet extraction on the modified 

monoliths for longer and varying amounts of times to determine the existence of truly 

modified monolith versus one that has DBTAA simply adsorbed to the monolith surface.  

A longer Soxhlet extraction could also be beneficial for the XPS results in order to wash 

some of the oxygen and chlorine contaminates.    
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