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ABSTRACT 

Porous carbons materials are particularly attractive to study and utilize due to their high 

surface area, chemical resistance towards high and low pHs, and inherent thermal & electrical 

conductivity. However, many porous carbons are relatively devoid of reactive surface chemical 

functionality, primarily comprising sp2 C-C bonds (both planar or strained/curved) and sp3 C-H 

bonds, being both inherently hydrophobic and nonreactive towards chemical attack.  

Post-synthetic modifications instill new chemical groups on carbon surfaces to imbue new 

functionality. Covalently modified carbons are preferred to retain surface functionality over time 

relative to leachable non-covalently surface bound adsorbates. Catalyst and adsorbent 

regeneration, as well as operating conditions for electrodes call for the immersion of carbon into 

acid or base at concentrations which can degrade some material surfaces. Despite there being 

many covalently modified carbon materials, there is a dearth of knowledge regarding pH ranges 

which these can operate while retaining surface functionality.  

Ordered mesoporous carbon (OMC) hard templated from mesoporous silica nanoparticles 

were selected for primary amine surface modification by two methods—wet chemical oxidation 

and organolithium activation—to explore differences in etheric and carbon-carbon surface 

bonding. The former method installs surface hydroxyls through the Fenton reaction which then 

undergo a Williamson ether-like synthesis to furnish ether bonds. The latter technique furnishes 

C-C bonds be means of an alkyllithium to deprotonate C-H moieties on the carbon surface 

followed by an SN2 reaction with an electrophile. 

OMC and hydroxylated OMC were reacted with haloethylamines, giving rise to surface 

ethylamine groups appended by C-C and C-O-C bonds, respectively. Particle stability and 

surface amine presence were examined before and after immersion in in pH 14 (in sodium 
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hydroxide) and pH 0-3 (in hydrochloric acid). Particle physical characterization included 

nitrogen sorption, low-angle X-ray diffraction, and both scanning and transmission electron 

microscopy. The primary amine moiety was qualitatively identified by point-of-zero charge and 

quantified by a 4-nitrobenzaldehyde colorimetric assay, enabling the amine density on the OMC 

materials to be calculated. The aminated OMCs were proven to retain catalytic activity over 

multiple reaction cycles as a heterogeneous base catalyst for the Knoevenagel condensation 

reaction. Most importantly, the acid and base immersion results directly inform which pH 

environments these types of covalently modified OMC materials can, and cannot be used in. 

Knowledge from this dissertation’s research campaign may inspire scientists developing other 

types of functional carbon materials to consider their work beyond the scope of a singular 

application. 
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CHAPTER 1  STRATEGIES FOR POST-SYNTHETIC FUNCTIONALIZATION OF MESOPOROUS 

CARBON NANOMATERIAL SURFACES 

Modified from a paper published in Microporous and Mesoporous Materials1 

Nolan C. Kovach2,3, Glory A. Russell-Parks3, Brian G. Trewyn,4,5 

1.1 Abstract 

Most widely used carbon-based materials feature a bulk framework tolerant of extreme pH 

and temperature conditions while maintaining physical robustness, electrical conductivity, and 

biological relevance due to its inherent nontoxicity. At the nanoscale, the study of porous 

carbons has been of interest because of the enhanced accessible surface area relative to 

nonporous analogues. The evolution of synthetic techniques has developed structural allotropes 

with tunable internal pore diameter averages spanning from sub-nanometer to micron-plus sizes. 

Within the mesopore range, surface chemical phenomena abide by a kinetic-limited ruleset 

(ignoring the effects of bulk diffusion, as they do not pertain to this size regime). Further, 

mesopores provide sufficient volume and surface area for hosting relatively large guest species, 

including metal nanoparticles, polymers, organic molecules, and biomolecules like enzymes and 

DNA. These two unique features of mesoporous carbon drive interest in surface modifications to 

create new physicochemical functionality to these systems and their hosted species. As a result, 

the evolution of mesoporous carbon surface modification techniques has been scattered to 

disparate niches across the literature. Being the case, a large burden is placed into the hands of 

 

 

1 Reprinted with permission of Elsevier 2023. Microporous Mesoporous Mater. 2022, 329, 111453. 
2 Primary researcher and author 
3 Graduate student, Chemistry Dept., Colorado School of Mines 
4 Associate Professor, Chemistry Dept., Colorado School of Mines 
5 Research Joint Appointment, National Renewable Energy Laboratory (NREL) 
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applied mesoporous carbon material researchers to be thorough with literature precedent 

knowledge.  

There exist considerable differences between applied research fields when it comes to the 

conditions—be it temperature, pressure, or pH—in which functionalized mesoporous carbons are 

used. Additionally, the structure of modern research often relies on project funding to study a 

singular application, thereby forcing researchers to study functionalized materials in a limited 

scope. This dissertation chapter is structured to inform the reader on recent (within about a 

decade) publications of post-synthetically functionalized mesoporous carbon materials that are 

categorized by the surface chemical structures they possess, rather than the application in which 

they are studied. Abiding by the core tenet of chemistry being, “structure derives function”, the 

compilation of functionalized mesoporous carbon references by their functionalized surface 

structure is intended to enable researchers to take that information and utilize it for their own 

applications.  

1.2 Introduction 

The motivation to develop materials that can effectively address energy and environmental 

needs on the global scale is evermore necessary given the worsening inequity for humans on 

Earth. Among these material solutions reside the application of surface-modified mesoporous 

carbons. The shift away from polluting energy sources steered research towards flavors of 

advanced energy like H2 production/storage, Li/Na-S batteries, fuel cells, solar devices and 

bioreactors. The scarcity of clean water continues to pervade the world, as only 71% of the 

global population had access to potable water in 2017 according to the World Health 

Organization.1 To remediate this pervasive issue, water desalination with solid phase sorbents is 

currently undergoing a research revolution.2-4 Mesoporous carbon (MC) has been shown to sorb 
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recalcitrant organic pollutants that cannot be effectively removed by other carbonaceous 

structures,5-7 as well as behave as an electrode for microbe remediation from potable water 

streams, leveraging the uniquely inherent conductivity of carbon.8 Also, the Earth’s atmosphere 

is amassing record amounts of greenhouse gases whose negative effects will continue to 

deleteriously affect both nature and humanity. The environmental sequestration of the most 

harmful gases (like methane, carbon dioxide, and nitrogen oxides) into inert species via sorption 

or valorization are two modernly applied functionalized mesoporous carbon techniques.9, 10 The 

oil and gas industry is implements solid phase sorbents at large scale, used for sweetening 

(removal of hydrogen sulfide and carbon dioxide),11 desulfurization (removal of sulfur-based gas 

components),12, 13 and demurcuration14 processing steps. Moreover, modern medical research 

relies heavily on biocompatible composites for the improvement of theranostic imaging15 and 

targeted drug delivery.16 Amongst these global concerns, MCs also find use in other niche 

applications such as f-element separation,17-19 microwave absorbers,20 chemical warfare agent 

deactivation,21 in vivo sensing22 ,23 and commodity gas purifications.24 Each of these, and even 

more, research paths have a technological bleeding edge relying on the surface functionalization 

of mesoporous carbon nanomaterials. 

Chemical Features of Carbon in 3-D Allotropes 

The shape, size, topology and ordering of pores vastly differ amongst the types of MC 

nanomaterials. The different surface chemistries of MC materials are discussed in terms of 

commonly shared, exploitable carbon chemical functionalities imbued into a mesoporous 

scaffold. For most macromolecular carbon systems, the framework is composed of highly 

conjugated sp2 carbons in a mix of hexagonal and pentagonal arrangements.25, 26 The aromatized, 

planar constituents of the surface impart electrical conductivity to the framework; departure from 
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this flatness derives the 3-D topology and, oftentimes, a cylindrical pore network. The 

delocalized nature of the sp2 electrons present on the surfaces have a tendency to sorb hydronium 

(H3O
+) ions.27 Defects impinge flatness via sp3 carbon sites. To note, these defects are non-

crystallographic; MC materials exhibit amorphousness under high angle X-ray diffraction (XRD) 

analysis (20-35º 2θ). Low-angle XRD (LA-XRD) elucidates the presence of mesopore ordering 

(0.25-5º 2θ), and thus a signal can be obtained for this feature, though it is important to note that 

this does not imply crystallinity, only pore ordering. Carbon defects range from Stone-Wales 

(non-substitutional geometric rearrangement) and single point defects to multiple point defects 

and line dislocations (Figure 1.1).28  

A Stone-Wales defect is defined by a 90° twist in the central carbons, resulting in formation 

of two 5-membered and two 7-membered rings from four 6-membered rings whilst maintaining 

planarity, yet increasing strain. Single point defects impart buckling and exist as surface 

protrusions.29 These surface features are also hydrophobic but hamper electron mobility through 

the bulk material. Note the energy required to create two defects is only marginally higher than 

that for a single; double point defects are more common, as the average energy to induce a 

vacancy is about half of that for a single defect. C-H defects tend to be dispersed evenly 

throughout and preferentially at pore edges, providing points for potential functionalization via 

C-H activation chemistry. These energetic sites may quench with the carbon itself (creating a 

localized surface disruption) or combine with ambient oxygen (effectively doping the surface 

with oxygen in some form) which will be discussed later. 
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Figure 1.1. (a) A simplified model illustrating a Stone-Wales defect formation (b) Single point defect producing a highly strained, 

bent system with a characteristic “dangling bond” depicted by the dashed red line. (c) Double point defect morphing a flat carbon 

frame into a strained system alike to that made from single point defect. 
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Investigating the physiochemical properties of MCs often necessitates the combination of 

multiple characterization methods, with each technique providing another layer of information. 

Raman spectroscopy noninvasively probes the presence of disordered (D, sp3) and graphitic (G, 

sp2) carbons in a sample, which give rise to strong adsorption peaks centered around 1350 cm-1 

and 1594 cm-1, respectively. The ratio of the peak intensities (ID/IG) elucidates the structural 

rigidity of the bulk material. Disorder and defects are more prominent with a higher D/G ratio; 

features that disrupt aromaticity, reducing electrical conductivity.28, 30 Likewise, thermal 

conductivity is attenuated by the tendency of phonons to scatter at the defect sites. Secondary ion 

mass spectrometry (SIMS) presents similar information but relies on surface ablation of the 

sample to be ejected to a detector. The production of C2
- and C2H

- is inferred to arise from 

interior, planar carbons and edge, defect site carbons, respectively. Though considered quasi-

destructive, a SIMS experiment can provide insight on the relative polyaromaticity of the surface 

by the C2H
-/C2

- ratio, where a smaller value indicates a more planar surface.26 If available, low-

pressure nitrogen sorption allows for the determination of graphitic order. To obtain such data, a 

sorption instrument would need to be outfitted with transducers that can register low partial 

pressures (P/P0), as low as 10-7, where monolayer formation is observed. Manipulation of the 

original isotherm into its corresponding adsorption potential distribution allows for an accurate 

determination of the surface adsorption potential.31, 32 For carbons, this tends to fall between 4-10 

kJ · mol-1, with lower values indicating less graphitization. From a physical standpoint, the 

atomic roughness imparted by defects prohibits the packing of the dosed nitrogen. X-ray 

photoelectron spectroscopy (XPS) deconvolution of the parent C peak elucidates an averaged 

coordination environment of topical carbons. To obtain the most accurate carbon XPS 

information, the collected peak must be fit to the number of possible C-X bonding environments, 
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where X should include H, C and O, and any other element that could be present in the carbon 

matrix. Synthetically, nearly all engineered carbon fabrication methods rely on high 

temperature/pressure conditions; carbons produced at higher temperatures exhibit greater 

graphitization and thus conductivity at the cost of frame embrittlement and energy input. 

Surface Oxygen Speciation 

MC materials can contain a number of different oxygen moieties, typically as an 

inhomogeneous mixture in varying limited quantities (typically less than 10 at%). Both identity 

and amount of oxygenation are largely dependent on the methods of post synthetic treatment. A 

crowded representation of oxygen functional groups that occupy MC surfaces (Figure 1.2). The 

collection of functionalities is comprised of both acidic (red) and basic sites (blue). Surface 

basicity of a porous carbon replete of surface oxide has been measured as 0.59 meq · g-1.33 

Oxygenation can incorporate within the surface, increasing topical roughness, hydrophilicity and 

polarity. 

Porous carbons characterized with CO temperature-programmed desorption (TPD) can 

speciate carboxylic anhydrides, phenols, carbonyls, quinones and etheric components present 

while CO2 TPD elucidates carboxyl and lactone functionality.34 The Boehm titration method 

provides a handle to measure the acidity derived from phenols, lactones and carboxyls.  
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The precursors for MC and synthetic conditions dictate the degree of oxygenation of the final 

product, as well as post-synthetic protocols. The presence of oxygen on MC surfaces alters the 

hydrophilic nature and electron density of the material, which can influence overall performance. 

Unavoidably, oxygenation imparts topological deformation to the framework. As-made scaffolds 

commonly undergo an oxidation or reduction which changes the surface hydrophilicity. Acid 

chemical activation will tend to give rise to acidic functionality and imbue the carbon with 

increased micropore surface area. The quest to oxidize carbon nanomaterials with specific 

oxygen functionality in a single step is still being pursued; thus, most oxidations performed with 

current methods are considered “bulk” in that they incorporate multiple forms of oxygen groups 

into the carbon surface network. Determining which functional groups are present on a carbon 

surface is possible through a few characterization techniques. 

Figure 1.2. Molecular depiction of the most typical oxygen moieties found on carbon surfaces. 

For aesthetic purposes, oxygen (O) functional groups are pinned to the distal edge of the carbon 

and all reside within the page plane. 
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Spectroscopically identifying O-groups in bulk carbon substrates can be determined through 

Fourier transform infrared spectroscopy (FTIR) to uncover hydroxyl (~3500 cm-1) and carbonyl 

(~1700 cm-1) motifs, which can elucidate phenolics, carboxyls, ethers and ketones. When 

available, oxygen XPS can corroborate and clarify bond lengths of oxygen present, verifying its 

functional contributions. TPD is a non-spectroscopic technique where a sample is heated under 

an inert gas flow and a downstream detector senses the presence of decomposition products of 

various O groups originating from the MC surface (typically CO or CO2). There are reviews that 

detail carbon material oxidation and reduction, and these phenomena are beyond the scope of 

this review.27, 35, 36 Rather, this review will discuss the diversity of chemical transformations of 

common types of oxygen functional group found on MC surfaces and the implications in an 

applied scope. 

1.3 Physisorption Processes 

There exists a vast number of procedures to produce MC nanomaterials. The MC 

morphology, size, shape and surface chemical properties will all be unique to the given synthetic 

protocol (Figure 1.3).36 What is similar in all of these different MC is the internal porosity that is 

comprised of interconnected networks, sometimes ordered, where pore diameters range between 

2 nm and 50 nm. 
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Figure 1.3. Electron microscopy images depicting MC synthesis routes which highlights the 

diversity of possible architectures that can be made from different synthetic techniques. Scale bar 

is 1 μm for all images. (From top to bottom, all with permission) Adapted from Ref. 43. 

Copyright: Elsevier 2009. Adapted from Ref. 126. Copyright: ACS 2016. Adapted from Ref. 44. 

Copyright: Wiley 2011. Adapted from Ref. 45. Copyright: Elsevier: 2019. Adapted from Ref. 46. 

Copyright: ACS 2018. Reprinted from Ref. 47. 
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The mesoporous size regime is suitable for the non-covalent incorporation of metal 

nanoparticles (MNPs), biomolecules and polymers with a MC framework. From an atomic 

viewpoint, there are no explicit bonds that form between the adsorbate and the MC surface, and 

intramolecular distance is limited by sterics or electrostatics. Hydrophobic substrates lend well to 

sorption resultant of favorable intramolecular van der Waals forces. Alternatively, physical 

defect sites can initiate nucleation for metal clusters forming in situ or behave as deposition sites 

for pre-synthesized MNPs due to localized surface energy disruption. Since many 

physicochemical (catalytic) properties of metals, metal oxides and alloys emerge at the 

nanoscale, MCs with varying pore diameters can accommodate MNPs imparting drastically 

different reactivity. Enzymes encapsulated within MC pore framework observe activity at non-

biological conditions, which would otherwise deactivate the same unprotected enzyme. 

Macromolecular structures (polymers, metal-organic-frameworks (MOFs), covalent organic 

frameworks) are ubiquitous in applied science, and the fusion with MCs impart recyclability and 

durability to the guest structures (nanoparticles, metal clusters, DNA) akin to enzymes. In order 

to optimize the useful properties of physisorbed species, achieving monodispersion across the 

MC surface is key. Techniques utilized for achieving monodispersity will be discussed in later 

sections. Apart from conformally coated macromolecules, sorbed species must remain stationary 

on the surface; agglomeration due to surface mobility decreases the catalyst accessibility 

(activity), limiting the performance of the system. It is a known bottleneck for MC supported 

MNPs where the working conditions of these systems (requiring high temperatures, electrical 

potentials, extreme pH and/or biological duress) are also the conditions where 

nucleation/agglomeration arise. In other words, top performance has been demonstrated in 
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systems where the operating environment is very near the limits of physical deactivation of the 

adsorbate.  

Surface Coverage with Small Organics 

The ability of MCs to uptake and release bulky, 3-D molecular cargo is advantageous for 

many applications and is possible due to the tunable cavity dimensions of MC nanomaterials.37-47 

The inherent lipophilicity of MC poises it as an ideal carrier for low water-soluble compounds 

such as pharmaceutics. Small molecules are also utilized for decorating MC, though this 

phenomenon is not enabled or limited by the pore size. While small molecules diffuse through 

micropore networks, larger particles and molecules are restricted from diffusion into 

microporous (<2 nm diameter) materials. Unlike larger nanoparticles, which suffer substantially 

from intra-surface agglomeration, small molecules more often leach off the surface. For most 

applications with the exception of drug delivery, leaching is a hinderance to applied 

performance. In the case of multilayer sorption, the intermolecular π-stacking of the sorbent is in 

opposition to the molecule dissolution. Grafting onto unmodified MC nanomaterials, 

hydrophobic forces are tantamount to an adsorbates’ tendency to avoid leaching. The loading of 

small organics into MC pores is corroborated by nitrogen sorption; an experimentally-backed 

model which uses Langmuir adsorption has been developed to provide an accurate determination 

of lipophilic drug loading into MC pores.39 In contrast, the ability to sorb molecules makes MC 

nanoparticles ideal for water purification and for detecting trace organic compounds.48, 49As no 

gas-phase depositions are known, loading small molecules is performed in solution.  

Incipient wetness (IW) impregnation from a quantified (typically through ultraviolet-visible 

light spectrophotometry or GCMS) parent solution onto a suspension of MCs occurs following a 

period of equilibration between the surface concentration and solution concentration of deposited 
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analyte. Deposition from IW tends to be prescribed in aqueous solutions. Alternatively, 

evaporative drying takes a known amount of analyte dissolved in a volatile solution, introduces it 

to the MC material and mixes until evaporation is complete. Evaporative drying is analogous to 

IW loading, replacing the equilibration phase with solvent removal. In many cases, deliberate 

action is needed when performing aqueous IW depositions to pre-wet the MCs. Stirring samples 

over long periods of time (days) can achieve this, as can ultrasonication for hours. The wetting of 

mesoporous capillaries is understood through the Laplace equation, which established an inverse 

relationship between a pore diameter and the pressure drop along the liquid-solid interface.50 

Thus, adopting an IW method to a MC with a different pore diameter may require time 

adjustments to be made to the wetting step. Evaporative drying can avoid the wetting issue, 

permitting the analyte is sufficiently soluble in the non-aqueous solvent. Attempts to melt-cast 

compounds into MC pores have proven to be ineffective for two reasons: solid melts are too 

viscous to permit diffusion into the mesopores and the exterior-bound compounds tend to 

crystallize.51 

Both techniques furnish non-crystalline deposits that can be easily identified with differential 

scanning calorimetry (DSC) and XRD, the absence of characteristic adsorbate peaks from the 

spectra deduces this claim. Typically, a crystalline signal implies its crystallinity outside of a MC 

pore, meaning the alleged pore-loaded MC is contaminated with exterior-bound adsorbate 

agglomerations. Changes in porous material nitrogen sorption measurements can infer small 

molecule pore occupation. Electron microscopy energy dispersive X-ray (EDX) can corroborate 

small molecule loading when detectable elements are present in the adsorbed species. High-

resolution SEM and TEM can also identify exterior-bound agglomerates. 
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Metal Nanoparticle Modification 

The presence of O-groups is vital for placing metal nanoparticles (MNP) onto MC surfaces. 

Here, MNP broadly encompasses zero-valent (metallic), metal-oxide, metal-nitride, metal 

phosphide and polymetallic alloys. Many routes can achieve this modification. The state-of-the-

art for immobilizing MNPs is to integrate heteroatoms such as N, B and S within the carbon 

framework (referred to as heteroatom species in a carbon framework). The heteroatom islands 

serve as preferential nucleation points for common MNP precursors; the stabilization of metal 

salts to the heteroatom nodes reduces a growing particle’s propensity to migrate.52 These doped 

materials are carbon-heteroatom composites which have been extensively reviewed and will not 

be discussed in this review.52-58 

Nanoparticles synthesized ex situ can be introduced to a MC via post-grafting. Briefly, a 

suspension of MNPs is introduced to a MC host through an IW procedure. Penetration of the 

MNPs into a MC scaffolding relies on the MNP relative size to the host MC pore diameter. It is 

also to note that there is no evidence to show that the MNPs congregate at oxygen surface 

groups. Shape, size and composition of MNPs are synthetic handles that guide rational design for 

hybrid MNP-MC materials. While post-grafting methods rely on the same principle, nuances 

reside in preparing the MC and MNPs for implantation. Hydrophobically capped particles can be 

beneficial due to enhanced dispersion with the tradeoff of bulkiness. In order to remove any 

nanoparticle capping agents, inert atmosphere thermal treatment of post-grafted MNPs is used to 

strip those compounds.  

In situ growth of MNPs has been developed through an extension of IW precursor loading. A 

MC support is immersed in liquid solution of metal salt precursor(s) where metal salts undergo a 

concurrent reduction and nanoparticle ripening. Liquid phase reduction or evaporative drying 
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type processes are followed. Liquid phase reduction employs chemical reductants (citric acid, 

NaBH4, NaOH) for nanoparticle formation, with milder and nontoxic chemicals preferred for 

safety reasons. The surface hydrophilicity facilitates diffusion of aqueous reactants which 

enables MNP formation throughout the internal pore network. Methods for liquid phase 

reduction are commonly water or alcohol-based given the solubility of the metal precursors. 

Moreover, the relative size of nanoparticle to the MC support dimensions dictates the 

effectiveness of MNP dispersion. Electron microscopy illustrates MNP agglomerating and 

depositing outside of the pores for Pt2CuNi (Figure 1.4A), because of the MNP diameters 

exceeding that of the pore network.85 Alternatively (Figure 1.4B) shows ordered pores with no 

resolvable Pt nanoparticles.86 Upon further inspection by EDX, it is shown that the impregnated 

Pt MNPs (from glutathione-capped Pt clusters) are distributed throughout the MC framework. 

All the claimed TEM observations were corroborated with nitrogen sorption data, showing a 

negligible reduction in average pore diameter with an attenuation in surface area and pore 

volume. 

 

 



 

16 

Alternatively, the precursor solution may evaporatively dry, blanketing the MC with atomic 

metal salts. In these cases, alcohols and low boiling point organics are used as liquid carriers for 

the precursor salt deposition onto the MC. The metal loaded MC is then subjected to thermal 

treatment (200-500 °C) for nanoparticle formation. Treatments tend to use He, Ar, N2, or dilute 

H2 atmospheres for the reduction of metal salts to yield metallic sites. Reduction under inert 

gases liberates the surface oxides at the known decomposition temperatures; oxide loss under a 

dilute hydrogen atmosphere occurs at lower temperatures. Argon and helium are preferred, as 

heat treating under nitrogen has shown to incorporate nitrogen into carbon frames on the order of 

<0.5 at. %.62 The target temperature for MNP formation is most critical in terms of particle size, 

dispersion and surface composition, all of which are quintessential for use in fields such as 

heterogeneous catalysis, biosensing and water treatment. A notable departure from this protocol 

reported the synthesis of CoS2, FeS2 and Co0.25Fe0.75S2 onto a MC matrix. Prior to metal salt 

Figure 1.4. TEM images depicting MNPs deposited using an ex situ MNP synthesis (A), and 

MNP prepared by liquid immersion (B). (A) Reproduced from Ref. 85 with permission. 

Copyright: Elsevier 2020. (B) Adapted from Ref. 86 with permission. Copyright: Springer 

Nature 2020. 
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incorporation, the MC was first immersed in a Na2S2O8 oxidant for 8 hr. This was thermally 

treated at 240 °C in air to procure metal oxide species. The metal oxide-impregnated MC was 

then placed downstream from a crucible of elemental sulfur and heated to 350 °C to complete the 

sulfidation of the nanoparticles.63 This report was unique in that the MNP sulfidation employed a 

chemical vapor deposition (CVD)-like reactor setup and is the sole literature example of 

employing a gas-phase deposition process. Gas phase physical/chemical vapor deposition 

material fabrication demands highly polished, flat, reactive surfaces. Even with the 

inhomogeneity and porosity exhibited by MCs, opportunity lays in gas-phase deposition; gas 

analytes aren’t hindered by wetting and may enter the pores with less inhibition. 

The chemical and physical robustness of MC supports enables in situ MNP formation under 

harsh environmental conditions like microwave irradiation and ultrasonication.64-68 Because of 

this, MNP decoration can be achieved with these well-developed particle growth techniques 

geared to cut down on reaction time. The most detailed reports are explicit describing the full 

specifications of the sonication or microwave systems used. This point tends to be excluded 

although microwaves and ultrasonicators can have greatly disparate power ratings (wattage) and 

operating frequencies (Hz). One group assessed the effects of microwave heating (900 W) versus 

thermal treatment (450 °C) on titania-precursor embedded MC.67 Microwave sintering afforded 

smaller average particle size than thermal calcination. This study demonstrates that microwave 

heating can produce small <3 nm TiO2 nanoparticles, and that with longer irradiation times, 

particle size increases due to nanoparticle migration. A chief finding from this study was that 7 

MW irradiation gave rise to crystallites with fewer defects and strain in comparison to the 

nanoparticles produced with 14 MW power, a finding that was reported without a theoretical 

description. Working with other metal oxides is a logical extension to this method, as would 
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working with different performance rated microwaves. Influence of mesopore size for 

functionalization in sonicated or microwave irradiated environments has yet to be studied 

explicitly in these terms. A selection of diverse MNP functionalizations have been listed below 

(Table 1.1). Nanoparticle growth has been the main target, though other chemical conversions 

are expedited by the processes, namely polymer synthesis.  

Table 1.1. Examples of MNP deposition conditions onto MC supports. U=Ultrasonication. 

MNP 

Type 

Metal Precursor Deposition 

Solution 

Drying MNP 

Formation 

Carrier 

Gas 

MNP 

size 

Ag178 Ag(acac) Oleylamine/benzyl 

(1:2) 

50 °C, 

overnight 

vacuum 

LiBEt3H, 

30 min 

N/A 4 nm 

AgCu90 AgNO3 and 

Cu(NO3)2 3H2O 

(U) Water, 1 h 60 °C, 8 h 500 °C, 1 h 10% 

H2 in Ar 

2–9 nm 

AgFe90 AgNO3 and 

Fe(NO3)3 9H2O 

(U) Water, 1 h 60 °C, 8 h 500 °C, 1 h 10% 

H2 in Ar 

3–

10 nm 

NiO91 Ni(NO3)2 6H2O (U) EtOH, 1 h RT, until dry 350 °C, 6 h Ar NS 

NiP179 Ni(NO3)2 6H2O Water with 

(NH4)2HPO4 

110 °C, 

overnight 

650 °C, 0 h H2 10–

30 nm 

PdNiP179 Ni(NO3)2 6H2O and 

Pd(NO3)2 xH2O 

Water with 

(NH4)2HPO4 

110 °C, 

overnight 

550 °C, 1 h H2 5–

15 nm 

CeNi180 Ni(NO3)2 6H2O and 

Ce(NO3)2 6H2O 

Water, overnight RT, until dry 900 °C, 2 h 5% 

H2 in N2 

5–

10 nm 

Ce181 CeCl3 Water, NS 100 °C, 5 h 400 °C, 3 h N2 11.2 nm 

Pt2CuNi85 Pt/Cu/Ni(acac)2 Chloroform Vacuum 210 °C, 1 h 5% 

H2 in 

CO 

6–

10 nm 

Pd182 H2PdCl4 EtOH 80 °C, 12 h 300 °C, 4 h 10% 

H2 in Ar 

1.2 nm 

SnO2
94 SnCl2 2H2O (U) Water, 2 h 60 °C, 3 h 

vacuum 

350 °C, 1 h N/A 5 nm 
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Passivating with Polymers 

Unlike the aforementioned techniques for dispersing particles, porous MC materials become 

coated with polymers in a conformal manner. Polymers exhibit different surface polarity and 

functionality than carbon surfaces and are thus used to enable drug molecule and enzyme 

loading, modulate biocompatibility enhance CO2 capture, and imaging/sensing.46, 69-82 A non-

exhaustive list of polymers used in creating MC-polymer hybrids is displayed below (Table 1.2).  

Table 1.2. A list of non-covalently appended polymers to MC supports. 

Polymer type Structure Loading conditions 

(Temp, time) 

Polymerization 

conditions 

Workup 

Conditions 

Poly(N-

isopropylacrylamide)97 

 

N-isopropylacrylamide 

and AIBN in EtOH 

(RT, 2 h) 

80 °C, 24 h Chloroform  

EtOH, 80 °C 

Polyvinylpyrollidine100 

 

Ascorbic acid, PVP in 

water (80 °C, 4 h) 

N/A Water 3x 

Polyethyleneglycol100 

 

DSPE-PEG in 

chloroform (<30 °C, 

2 h) 

N/A Water 3x 

Polydopamine109 

 

Dopamine in tris 

buffer with bilirubin 

(Sonicate, 5 min) 

Dark, RT, 15 min Water  
NaOH in 

EtOH, 

Vacuum oven 

Polyethylenimine101 

 

PEI in EDC and NHS 

in MES buffer (RT, 

24 h) 

N/A Water 3x 

Polyethylenimine102 

 

PEI in MeOH (40 °C, 

4 h) 

N/A Rotovap 

Polyacrylamidoxime103 

 

2-butenenitrile and 

AIBN in DCM 

(Lyophilize) 

Dry, 120 °C, 8 h TCM then 

EtOH, 

vacuum oven 

Polyaniline106 

 

Aniline in 1 M HCl 

(Sonicate, 2 h) 

Added 

(NH4)2S2O8, 0 °C, 

12 h 

Water then 

acetone 

Polyglycerol93 

 

Succinic anhydride in 

pyridine (U, 1 h) 

140 °C, 24 h Dialysis, 

ultrafiltration 
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The disparity in chemical functionality within different bulk polymers allows these tailored 

carbons to be utilized in multiple applied fields from next generation energy storage to stimuli-

responsive drug delivery. Pre-made polymers of sufficiently small size (about 1 nm or smaller) 

to diffuse into the pores can be directly deposited onto MC surfaces. Otherwise, polymers are 

made in situ, atop the MC pore surface. Small sized monomers can infiltrate pores of the MC and 

produce composites which are best described as thin films passivating a MC core. Multi-tiered 

hybrid systems befit with additional MNPs, enzymes and small molecules are built off polymer-

MC composites, expanding the applied scope. Essentially every method of MC-polymer 

preparation begins with the adsorption of the to-be grafted monomer onto the carbon surface 

from a solution. Some syntheses call for lyophilization prior to initiation of the polymer on the 

MC. The polymerizations then proceed under necessary conditions (i.e. sans light for 

polydopamine83 or pH < 3 for polyethyleneamine (PEI)71) and workup. Removing 

excess/unreacted precursors from the as-made materials vary in time, reagent demand and 

complexity. Centrifugation with neat solvent washes is most typical, though membrane dialysis 

is another viable technique. Solvent removal via lyophilization is ideal when the penultimate 

workup is done in water; air drying is ample for relatively hydrophobic polymers and those that 

require organic solvent workups. 

Encapsulating Enzymes 

A major advantage of MCs is the ability to confine biomolecules within its pores. Notably, 

enzymes are of great interest for their innate substrate selectivity and rapid kinetics at optimal 

conditions. Researchers in the biofuel cell community have found that enzymes retain significant 

catalytic performance when incorporated into MC as cargo. The carbon nanomaterials are latent 

with active surface area and improved electron transfer rates.84 Bound enzymes also demonstrate 
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activity in non-biological conditions. It has been shown MC materials are robust carriers of 

therapeutic proteins and D/RNA strands. The purpose of MC for in vitro transportation of these 

biomolecules is to shelter them from biological deactivation, namely proteases and/or destructive 

labeling. Research on the biocompatibility of MC nanoparticles in human tissues has been 

conducted to delineate their effects on a systemic scale. To date, there are only a couple of noted 

examples of adsorptive protein loading on MC,84-89 perhaps due to the relatively weak 

attachment when compared to covalent linking. Enzymes loaded through IW will tend to 

maximize the contact of hydrophobic regions to the similarly polar carbon surface, which could 

hinder the accessibility of an active site located within the hydrophobic enzyme topology. One 

group found that an amide coupled lipase showed superior activity (31 U/g) over a physisorbed 

lipase deposited on the MC surface (8.6 U/g), likely due to the tendency for lipase to either 

dimerize or bury its active site into the carbon surface when physisorbed.90 Another study 

showed that enzyme loading is optimized with larger (~20 nm) pore sizes compared with smaller 

(7 nm and 12.5 nm) pored monoliths.91 This observation has shifted the focus of much 

bioapplied research away from using physisorptive methods to incorporate enzyme into MC 

materials. 

Despite the vast number of techniques for modifying MC materials through physisorptive 

means, there is a comparably large amount of research conducted on the covalent modification of 

the carbon surfaces.  

1.4 Chemisorption Chemistry 

Hugh S. Taylor introduced the term “activated adsorption” in the early 1930’s to support the 

observation that some gases only adsorb onto a surface at elevated temperatures.92 It was noted 

that the adsorbed gases were chemically bonded to the substrate. This observation led to the 
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emergence of the second surface phenomena relevant to MC decoration, chemisorption. 

Chemisorption implies covalency or covalent-like interactions between the adsorbent and 

adsorbate. Energetically, the activation energy associated with chemisorption falls between 40 kJ 

· mol-1 up to 400 kJ · mol-1. We see that MC surface reactions are derived from graphene (2-D) 

and carbon nanotube (1-D) science, where the surface chemistry is analogous, yet porosity and 3-

D features are nonexistent. Chemically linked compounds may either graft off of oxygen groups 

or “activated” carbon centers (C- or C·), which tend to be distributed across the MC topology 

uniformly, but in different concentrations. Reactions working with latent surface oxygens do one 

of two things, 1) chemically activate nucleophilic oxygens to couple with an electrophilic 

functionality present on the sorbate, or 2) convert the oxygen functional groups to a new moiety 

to undergo subsequent bond formation. Covalent attachment directly onto carbon centers has 

been realized through in situ diazonium and organolithium C-H activation pathways. 

Chemisorption is superior to physisorption in terms of the stability of sorbed species, at the cost 

of synthetic energy input. The diversity of oxygen groups on a carbon surface enables 

established solution phase chemical reactions to build off, which are outlined next. 

Oxygen as a Nucleophile 

Carboxylic acids and hydroxyl groups are the most commonly exploited oxygen groups when 

it comes to nucleophilicity—the former exhibiting both weak nucleophilic character relative to 

the electrophilic α-carbon. Perhaps the simplest conversion is the acidic workup of hydroxyls by 

way of sulfonation93 or phosphorylation94 over the timeframe of hours under reflux. Both 

procedures provide the intended inorganic acid group (-SO3H/-PO3H) but do so at the expense of 

adding other, different oxygen sites on the MC surface like hydroxyls, carboxylic acids and 
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aldehydes. For these reasons, oxidation is less used in an attempt to install inorganic acidic 

moieties in light of alternative, superior methods.  

The nucleophilic nature of hydroxyls enable linkage to an electrophilic carbon center located 

on the adsorbate of interest. Recently, a group had shown a chlorinated diglycoester to undergo 

attachment at surface hydroxyls under chilled conditions in tetrahydrofuran (THF). This 

attachment involved a selective oxidation which yielded a relatively high amount of hydroxyl 

groups compared to carboxylic acids and aldehydes. These materials demonstrated loadings of 

3% and 4.6% for two f-element complexants.19 

Following silica research, derivatization of surface hydroxyls with organosilicates is useful in 

MC science.95-97Unlike silica surfaces, the concentration of hydroxyls are magnitudes sparser on 

MCs. This scarcity means that trialkoxysilane linkers will likely only hydrolyze once; whereas 

hydroxyl dense silica surfaces allow for multiple hydrolyses, giving rise to more links between 

the surface and silica. Essentially all research using silane capped MC supports utilize the first 

linker for a second coupling.98-101 There are still many functional silanes that have yet to be 

derivatized onto MC surfaces. 

Silanes allow for functionalities to reside on MCs that would otherwise be nearly impossible 

to install with relative synthetic ease. Some studied MC-tethered silanes are shown (Figure 1.5), 

where the functional groups were utilized for subsequent transformations. Nonfunctional silanes 

could be explored to impart novel surface properties like reducing pore size with long 

hydrocarbon chains or improve lipophilicity. 
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Other Oxygen Transformations 

Aside from the hydroxyls, carbonyl compounds offer potential for other reactions to proceed. 

The carboxylic acid group is especially useful in immobilizing biomolecules. It is known from 

decades of solution phase chemistry that N-terminal amino acids (e.g. lysine) on proteins can 

couple with a carboxyl functional group in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) to form a stable amide bond. In the case of enzymatic 

attachment, it is beneficial that MC surface -COOH groups are dilute on most MC surfaces given 

their large size, as to prevent overcrowding. If the functional groups occur closer together, 

analyte accessibility would be impeded. This EDC chemistry is commonly used in a two-step 

process to furnish peptide coupling (Figure 1.6)102. A notable change in focus from enzymes in 

the bio realm is a recent report showing the covalent linking of single-stranded DNA (ssDNA); a 

hexylamine group was appended to the DNA to allow for amidation with the carboxylic acids.103 

Figure 1.5. Surface hydroxyl functionalization with functional trialkoxysilanes. 
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The decorated MC outperformed its unmodified counterpart in Nd3+ adsorption, providing a 

proof of concept for rare earth element separations. Electrophilic activation of carboxyls via 

chlorination provide means for amidation, and this chemistry was used to grow covalent organic 

polymers (COPs) within carbon frames.104 Expanding the set of COPs, MOFs or other 

coordination-framed materials grown from acyl-modified -COOH on MCs is a viable direction 

for this method due to the common use of primary amines in these compounds. 

 

Figure 1.6. Schematic of an EDC coupling of a peptide to an MC support. Reprinted with 

permission from Ref. 126. Copyright: Elsevier 2019. 

 

C-H Activation 

In order to chemically build off of a carbon center, C-H activation with reductive 

organolithium agents or an in situ reduction with diazonium salts is necessitated. The first 

method is deemed a defect-mediated functionalization, as sp3 and aryl defects on the MC are 

targeted by an added organolithium base such as n-butyllithium, or n-BuLi, performed in dry 

ether or THF. Next, a compound possessing an electrophilic center is dropped into solution, 

undergoing an SN2 substitution at the base-generated carbanion site. This method originally 

showed grafting of electrophilic bromoethylamine onto n-BuLi treated carbon nanotubes 

https://www.sciencedirect.com/science/article/pii/S1387181121005795#bib126
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(CNTs).105 A short time later, this reaction was applied to an MC substrate grafting a bromo-

bipyiridine (bpy) ligand (Figure 1.7).106, 107 

 

 

Only a few other embodiments of this C-H activating pathway have been reported, both for 

catalytic applications.108, 109 A hallmark of C-H activation procedures is the preservation of the 

morphological and structural integrity of the MC frame, contrary to coupling via oxidation. One 

potential drawback to this method, however, is the necessity for the grafted group to be soluble 

in dry ether. The nascence of defect-mediated C-H activation research in MC surface science 

opens doors for expanding the fundamental substrate scope of this route. A more studied method 

for C-H activation is anchoring by in situ diazotization. First reported in the late 20th century on 

glassy carbon electrodes, the electrochemical reduction (ER) of substituted aryl diazonium salts 

afforded covalent bonding to C-H defect sites.110 Unfortunately, surface quantification was not 

Figure 1.7. Two-step process for grafting a bipyridine (Bpy) ligand onto MC through 

organolithium C–H activation. Reproduced with permission from Ref. 130. Copyright: American 

Chemical Society 2014. 

https://www.sciencedirect.com/science/article/pii/S1387181121005795#bib130


 

27 

possible due to a lack of knowledge on the structure of activated carbon. Around the same time, 

Cabot Corporation was granted a patent that enabled the method’s use on a wide range of aryl 

and alkyl diaza salts and precursors. The electrical conductivity of MC is the primary driver for 

the advancement of the method. Nowadays, ER does not require use of expensive diazonium 

salts through the formation of the reactive diaza in situ from a solution of to-be-grafted amine 

and some acid source. The liberation of N2 gas confirms the radical activation and concurrent 

attachment. Prior to the development of the ER method, sulfonation was only possible through 

harsh H2SO4 oxidation. The first report of ER grafting onto MC was in 2007; a mesoporous 

carbon substrate with 4-benzene-diazoniumsulfonate was immersed in cold water:ethanol bath. 

Addition of hypophosphorous acid afforded the final sulfylaryl grafted MC.111 There are some 

recent examples of in situ ER on MCs (Table 1.3), where a range of loading amounts have been 

achieved for various substrates.111-119 

Table 1.3. A list of recently reported diaza-linked molecules onto MC substrates. 

Grafted group Co-reagents Reaction 

Conditions 

Loading 

(mmol · g-1) 

Sulfanilic acid145 NaNO2, HCl 80 °C, 12 h 3.11 

Sulfanilic acid138 NaNO2, HCl 70 °C, 10 min 0.72 

4-benzenediazonium sulfonate135 H3PO2 4 °C, NS 1.93 

4-benzenediazonium sulfonate136 HCl 5 °C, 3 h 1.49–1.72 

4′(4-aminophenyl)-2,2’:6′,2″ 

terpyridine139 

NaNO2, HCl 0 °C, 1 h NS 

4-aminoacetophenone oxime137 Isoamyl nitrite 60 °C, 10 h 2.16 

p-Aryl diazonium salts134 NaNO2, HCl ER in acetonitrile NS 
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The ER method is superior to others with respect to reaction time, being less than an hour. 

The loadings using the ER method on MCs shows surface coverage of less than 5 mmol · g-1 for 

most examples. The substrate scope, however, is constrained to diazonium salts which can stably 

adopt a radical charge; thus, it is unlikely that ER coupling would be viable with non-aromatic 

diaza salts. 

Halogenation 

Debatably the harshest of post-synthetic protocols from a chemical activation standpoint, 

halogenation has been studied. Imbuing a halogen (X) onto the surface of a MC frame yields 

marked material changes such as hydrophobicity without much structural compromise to the 

parent material. Examples of chlorinated120, 121, brominated122, 123, fluorinated124, 125 and even 

iodinated126 MC materials are reported, with the latter largely incorporated into an N-doped MC. 

Halogenations proceed through energetic intermediates formed in situ at carbon sp3 defects, 

similar to that of in situ diazonium C-H functionalization. Many halogenated MC materials do 

exist, though they are formed during the synthetic step, where the carbon precursor material 

contains the choice dopant element.127-131 There are many more examples of halogenation in the 

graphene (2-D) research realm,132-145 and these methods could likely to be translatable to MC 

science. EDX is usually chosen over solid-state 19F/37Cl/79Br nuclear magnetic resonance 

(ssNMR) to assess halogen coverage due to the availability of microscopes relative to ssNMR 

systems. The relative dearth of halogenated mesoporous carbon research will likely see a reversal 

in research focus as the surface properties of the materials can be more thoroughly understood. 
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1.5 Conclusion and Outlook 

In just two decades, mesoporous carbon nanomaterial surface science has evolved to employ 

an arsenal of functionalization methods that consistently enhance many applied fields. The oil 

and gas processing industry are under intense scrutiny and has some technologically flaws where 

MC could improve the state-of-the-art. Particularly, natural gas separations demand a series of 

(typically) tandem reactions that sequester non-hydrocarbon gases to purify the methane stream. 

Sorbed polymers in a controlled pore size MC could provide a more effective route to 

dehydration over hydrophobic surfaces. Acid gases like CO2 and H2S react readily near ambient 

conditions with Lewis acids as well as certain metals. Thiol or noble metal functionalized MC 

could be effective in the capture of trace Hg from natural gas which is a necessity for pipeline 

corrosion abatement.   

Though not covered in this review, computational chemistry is an indispensable tool for 

predicting structures and benchmarking experimentally determined values (e.g. surface energies, 

bond lengths and topology metrics). There are a gamut of molecular models used, where the 

information gleaned from each primarily ranges in terms of dimension and time. For example, 

some commonly utilized computational tools for nanoparticle analysis (with associated space 

and timescales) include: Quantum mechanical methods (0.1-1 nm, ps), all-atom molecular 

dynamics/fluid dynamics/Monte Carlo simulations (1-10 nm, ns), coarse grained/dissipative 

particle dynamics modeling (10-100 nm, ns-µs), and continuum based modeling (1-10µm, µs-

ms). As technology is on track to obey Moore’s Law, larger unit cell volumes will be computable 

on timescales that are feasible in terms of cost, time, and accuracy for computational researchers. 

At the time of this dissertation’s writing, published works leveraging computational chemistry to 

corroborate experimental data for mesoporous carbon materials are for ordered porous structures. 
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To this end, the utility of mesoporous material molecular modeling relies on structure knowledge 

derived from physicochemical measurements like electron microscopy, X-ray diffraction, and 

porisometry. On one hand, ordered materials are simpler to model relative to disordered, 

randomly oriented porous structures. On the other hand, the lion’s share of industrially applied 

porous materials comprise disorganized pore frameworks, so the applicability of computational 

methods for these particles are necessarily lacking. 

Running two separate modifications, for example carboxyl coupling and then MNP 

physisorption, in succession is a relatively unexplored synthetic realm given the vast number of 

potential combinations that exist. Nanoparticle syntheses are advancing in terms of 

morphological control and scalability while remaining cost-competitive; this will only open more 

doors for nanoparticle anchoring onto MCs. A less exploited, yet inherent property of all carbon 

nanomaterials is photothermia, the transference of energy from visible light to the infrared 

regime is enabled from the relative size of MC pores to the impinging waves. Once absorbed, the 

heat can dissipate with ease given the thermal conductivity of MCs. Preferentially, heat could be 

transferred to surface sorbed nanoparticles, injecting hot electrons to drive select catalysis. Gas 

storage could be more feasible with MCs exploiting the photothermal effect, as desorption 

increases with temperature. The future of applied mesoporous carbon nanomaterials has 

immense opportunity given the diversity of surface modifications which enable their dominance 

in many relevant, globally impacting fields. 

The state-of-the-art for mesoporous carbon fabrication and post-synthetic modification of 

these structures is well established experimentally, from which modern analytical techniques can 

readily assess on a range of physical and chemical scales. As researchers strive to optimize 

surface-functionalized mesoporous carbons for a given application, there is a dearth of 
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knowledge regarding the limitations of said materials across applied fields. While success is 

routinely achieved for a specific application, the concept of material optimization may be subject 

to the pitfall of Goodhart’s Law, “when a measure becomes a target, it ceases to be a good 

measure”. In other words, much of applied mesoporous material research is convergent towards 

only one studied function.  

This dissertation aims to denude the aforementioned blinders unintentionally donned by 

mesoporous carbon material scientists. Given the growing number of published works for 

applied mesoporous carbon materials, there exists a need for greater communicability for said 

materials to be potentially utilized in different fields.  
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CHAPTER 2  OMC AMINATION BY ORGANOLITHIUM ACTIVATION TO CONFER C-C 

LINKAGES WITH PENDANT PRIMARY AMINES 

Manuscript submitted to ChemCatChem. 

Nolan C. Kovach1,2, Scott E. Massimi1, Brian G. Trewyn3,4 

 

2.1 Abstract 

Developing heterogeneous catalysts with more robust active sites that withstand numerous 

reaction cycles and/or strong conditions while maintaining original activity is key to realize these 

materials in many applications. We report the synthesis of ordered mesoporous carbon (OMC) 

nanoparticles functionalized with covalently bound ethylamine moieties (EtNH2@OMC) that 

catalyze the Knoevenagel condensation reaction (90% conversion, >95% selectivity) between 

benzaldehyde and malononitrile under mild conditions in air. No benzoic acid oxidation side-

product was detected for the amine-modified OMC reactions, attributed to the hydrophobic 

mesopore environment unique to OMC. Carbon surface modification was afforded by 

organolithium-mediated surface activation, presenting 0.4 wt% N content by elemental analysis 

and a confirmed coverage of 100 µmol · g-1 -NH2 by the 4-nitrobenzaldehyde colorimetric assay. 

We believe the confluence of surface chemistry and mesopore size enable the novel 

EtNH2@OMC performance in the Knoevenagel condensation reaction. These studied aminated 
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OMC scaffolds are explored further in the following chapter to ascertain a pH range for which 

they can be employed while maintaining the primary amine functionality. 

2.2 Introduction 

Carbon-carbon bond formation is an inordinately important reaction for fine chemical, 

pharmaceutical, cosmetic, and agrochemical industries.1-4 Large scale manifestations often 

require high temperatures and pressures, highly corrosive reagents, and/or neurotoxic and geo-

scarce metals.5-6 An attractive approach to ameliorate these hazards is by engineering novel 

catalysts employed in the Knoevenagel condensation pathway (Figure 2.1). Knoevenagel 

catalysts have multiple pathways to form carbon-carbon bond transformations. One pathway is 

by Lewis base catalyzed deprotonation of the active methylene reactant, enabling subsequent C-

C bond formation with the aldehyde carbon. Another catalytic mechanism is to stabilize the 

reactant aldehyde oxygen, increasing the carbonyl susceptibility towards nucleophilic attack by a 

carbanionic methylene reactant. 

 

         

Figure 2.1. Elementary depiction of the Knoevenagel condensation between an aldehyde and an 

“active” methylene reactant containing electron withdrawing groups (EWG). 
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The Knoevenagel condensation reaction has been exemplified in industry using either 

pyridine or piperidine as a homogeneous catalyst to deprotonate the acidic methylene moiety or 

form a Schiff base (imine) to initiate the reaction. Cyclic amine toxicity and volatility have 

inspired researchers to look at various alternatives to these compounds.7 

One perspective is to swap out amine catalysts with Lewis acidic metal chlorides like 

SnCl2, CeCl3, FeCl3, InCl3, or NbCl5.
8-12 Using metal chlorides requires extra synthetic steps to 

segregate soluble metal catalysts from product streams, leading to a surge of interest in 

employing metal-containing solids. Ionic liquids benefit inherent solvent-catalyst dual behavior, 

maintain structure over multiple reaction runs, but often require distillation to separate catalysts 

from final products.13-16 Metal oxides show reasonable activity, yet the best performing examples 

use toxic HgCl2 or CdCl2.
17-20 Less-toxic solids like zeolites, clays, metal-organic-frameworks 

(MOFs), and metal nanoparticles embedded onto porous support surfaces are effective for the 

Knoevenagel condensation.21-27 For many of these porous solid catalysts, internal pore 

dimensions can restrict reactant transport to active sites located through sufficiently narrow 

nanochannels, thereby limiting the activity of the catalyst. Thus, supports with larger pores are 

sought to improve upon the mass transfer inadequacies inherent to microporous scaffolds. Metal-

contrived scaffolds used for Knoevenagel condensation have an extra hurdle to overcome, 

proving there is no leaching and/or nanoparticle agglomeration upon recycling. To circumvent 

these issues, mounting interest in using metal-free catalysts for Knoevenagel condensation 

reactions has emerged. 

In 2012, metal-free heterogeneous catalysis was shown using platelet-shaped mesoporous 

graphitic carbon nitride (gCN) nanoparticles, hard templated from INC-2 mesoporous silica.28 In 

the absence of any structure-directing-agent, gCN presents itself as nonporous stacked sheets. 
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The gCN research used microwave heating to promote reaction progress (90% conv, 99% sel., 

0.2 hr, 120 °C). Despite impressive yields with such a short reaction time, irradiation greatly 

adds to the system cost and accessibility. The templating method for gCN has been realized with 

other mesoporous silica types like KIT-6 and SBA-15.29-30 Earlier reports attributed gCN 

catalytic activity to edge-localized primary amines, while later research pointed out the 

importance of the 1-amino/imino-1,2,4-triazole moiety that tends to dominate gCN structure 

when synthesized below 400 °C.31 Our understanding of nitrogen functionality on carbonaceous 

surfaces impacting Knoevenagel condensation catalysis is primarily from gCN--—a majority of 

gCN compositions exhibit N/C ratios close to 1. Notably less Knoevenagel condensation 

research has been reported on nitrogen-doped carbon materials where and N/C ratio is often 

below 0.1. Perhaps the first example of nitrogen-doped ordered mesoporous carbon materials 

(NOMC) for Knoevenagel condensation catalysts was in 2018.32 Their NOMC reaction needed 

only a slight temperature elevation to react effectively (best: 87% conv., 99% sel., 4 h, 40 °C). 

The N-OMC comprised 3.6 nm mesopores measured by nitrogen sorption and presented lamellar 

planar stacking via TEM analysis. They posited graphitic nitrogen surface sites were responsible 

for the initial methylene activation in the Knoevenagel condensation, supported by XPS analysis. 

Albeit the fact graphitic nitrogen doping is thought to be a basic active site for KC activity, it has 

been demonstrated that primary amines functionalized atop carbon surfaces can impart basic 

activity.33 

The most applied functionalization route for porous carbon materials is wet chemical 

oxidation. Employing strong oxidants (like HNO3, (NH4)2S2O8, and H2O2), chemical groups like 

hydroxyls, ketones, carboxylic acids, ethers, and lactones populate the surfaces exposed to the 

chemical treatment.34-37 These functionalities give rise to improved hydrophilicity which can 



 

48 

covalently react with subsequent compounds. Other materials with surface hydroxyls (i.e. 

zeolites, silicas, clays, metal oxides) have nucleophilic oxygen groups which condense with 

functional silicas. The pore space must be sufficiently large to sterically accommodate 

organosilanes, a common example being 3-aminopropyltriethoxysilane for introducing primary 

amine basicity.38-40 Wet chemical oxidation installs numerous functional groups at the expense of 

structural degradation in many, but not all cases.34-35, 41 On the standpoint of chemical stability, 

the Si-O-C bond is susceptible to basic and acidic hydrolysis.42-43 Another route for installing 

functional groups into OMC, organolithium C-H activation, was first realized in 2014, and the 

bipyridine-functionalized surface was used to chelate Pt2+ and Cu2+ for electro/catalytic 

applications.44-45 

We sought to create a base-functionalized porous carbon material that would retain 

mesoporous structure following amination that would be effective for Knoevenagel condensation 

catalysis. Our OMC was templated by sucrose carbonized within mesoporous silica nanoparticles 

(MSN) comprising hexagonally packed mesopores (P3m crystallographic space group) 

interconnected by radial micropore tubules. The OMC pore walls are made up of hexagonally 

arranged carbon nanorods that were initially enshrouded by silica; likewise, the OMC pore 

space, being surrounded by carbonaceous rods, is the denuded volume that the silica solid 

originally resided. This hard-templated OMC exhibits both microporous and mesoporous 

features, with a surface able to undergo organolithium activation and subsequent electrophilic 

grafting of ethylamine groups. The concomitant introduction of acidic oxygen groups in 

proximity to the primary amines by the defect-mediated route enabled denuded activity on an 

OMC surface that showed no activity without such molecular decoration. 
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2.3 Material Synthesis 

MSN were fabricated following a previous publication.46 First, 7.0 g pluronic P104 

surfactant was added to 225 mL 1.6M of aqueous HCl, stirred at 550 rpm for 1 h at 55 °C. To 

this clear solution, 10.4 mL TEOS was added rapidly, forming an opaque milky solution after a 

few minutes. After stirring for 24 h, the contents of the flask were transferred to an autoclave and 

placed in an air-convection oven at 150 °C for 24 h. The suspension filtrate was then filtered 

over a medium frit funnel, and the solid particles were dried in a 70 °C oven for 6 h. The dried 

material was then placed into a ceramic crucible and calcined at 550 °C for 6 h in a muffle 

furnace. The calcined silica was washed with water twice, then ethanol, and allowed to dry in an 

oven overnight. 

Ordered Mesoporous Carbon Fabrication 

Templating the mesoporous silica involves four successive wet impregnations of sucrose. 

Two grams of MSN were added to a ceramic crucible along with a certain amount of sucrose and 

dry mixed. Then, 14 mL Nanopure™ water was mixed to produce a slurry, to which 0.5 mL of 

36% HCl was added. This suspension is placed in an air convection oven at 110 °C for 6 h then 

raised to 160 °C for 6 h. The amounts of sucrose added in each step was: 2.628 g, 1.614 g, 0.324 

g and 0.446 g. Following this, the silica:carbon composite was placed into a quartz boat for 

carbonization in a tube furnace under 150 sccm Ar flow from RT to 600 °C in 1.5 h, from 600 °C 

to 900 °C ramped up over 6 h, and held at 900 °C for 6 h. The silica from the composite was then 

etched by splitting the sample into two polypropylene tubes and then adding 40 mL 10% HF, 

allowing to sit overnight after manual agitation. The etched material was then suspended in 

methanol and stirred at 550 rpm for 24 h to remove residual silica-fluoride salts. The as-made 

material was then centrifuged for 10 min at 4400 ×g and decanted, with wash/spin cycles 
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repeated three times with water and once with methanol. Finally, the OMC was dried at 70 °C 

overnight. 

Covalent Ethylamine Functionalization 

First, 0.250 g carbon was added to a 100 mL RBF outfitted with a short neck drop funnel 

with an applied nitrogen stream. The apparatus was submerged in 110 °C oil bath overnight. A 

chloroform/N2 slurry was prepared to maintain -77 °C. Next, 25 mL diethyl ether was added to 

the RBF and stirred at 350 rpm for 5 min. The flask was sonicated in an ice bath for ~1 min to 

disaggregate the OMC. After returning to the cold bath, 2.5 mL 2.5 M n-BuLi in hexanes was 

added and allowed to stir to RT over the course of 5 h. Then, 3.0 mmol (0.13 g) of 

bromoethylamine hydrobromide was added and allowed to stir for 16 h. The product was then 

split into two polypropylene centrifuge tubes and spun at 4400 ×g for 10 min and decanted. The 

materials were then washed thrice with methanol and dried at 70 °C overnight. 

2.4 Physicochemical Characterizations 

Nitrogen Adsorption Isotherms 

Nitrogen sorption measurements were recorded on a monthly-calibrated Micromeritics 

Tristar II gas adsorption tool to determine specific surface area and porosity predicated by 

outgassing at 150 °C for 6 h using a Micromeritics SmartPrep unit under N2 flow. Experiments 

were conducted at 77 K with N2 probe gas. Specific surface area was measured following the 

Brunauer-Emmett-Teller (BET) method assessing the partial pressure (P/P0) range of 0.10-0.22. 

While the BET method fails to accurately model monolayer adsorption for materials containing 

micropores, the validity of the theory stands for mesopores with pore widths greater than 4 nm. 

The studied OMCs are predominantly mesoporous with a relatively small (~10% of total surface 
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area) contribution from micropore domains. For this experimentation, the BET surface area 

values are assumed to mostly reflect the changes to the mesopore space in the OMCs and will be 

interpreted as such. All mesopore pore size distributions and mesopore volumes were calculated 

by the Barrett-Joyner-Halenda (BJH) method on the isotherm desorption branch. The t-plot 

analysis can provide an estimate on the extent of micropore functionalization. 

Scanning Electron Microscopy 

Scanning electron micrographs were obtained on native samples (no Au sputtering coat) 

using an Amray 3300 Field Emission Scanning Electron Microscope by a secondary election 

detector. OMC samples were imaged using a high tension of 20 kV. For imaging the silica 

template, a lower operating voltage of 10 kV was necessary to avoid charging artifacts. 

Transmission Electron Microscopy 

An FEI Talos F200X field emission scanning/transmission electron microscope was used 

to collect all TEM images. Samples were measured on Ni grids with lacy carbon. 

4-Nitrobenzaldehyde Assay 

Surface-functionalized primary amines were assessed by the 4-nitrobenzaldehyde (4-NB) 

assay modified to accommodate 15 mL polypropylene centrifuge tubes.47 All samples were 

assessed in triplicate. Approximately 5 mg of carbon was added to a 15 mL tube to which 2 mL 

of 50 mg · mL-1 4-NB in methanol was added and shaken in an incubator-shaker at 45 °C at 350 

rpm for at least 8 h. Then, the carbon was separated by centrifugation at 4400 ×g for 5 min. The 

carbon was then rinsed thrice with 10 mL methanol to remove excess, unreacted 4-NB, waiting 

at least an hour after initial contact. Finally, surface-reacted 4-NB (in the form of a Schiff base) 
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was hydrolyzed three times by immersing the carbon in 10 mL of 50:50 methanol:water. The 

supernatant from each hydrolysis was subjected to UV-Vis spectroscopy to monitor the n→π* 

transition of 4-NB.48 

Elemental Analysis 

Carbon samples were analyzed for C, H, O and N by combustion elemental microanalysis 

contracted by Hazen Research, Inc. (Golden, CO) following a 6 h degassing at 100 °C. Nitrogen 

content was assessed by the Dumas method. 

Thermogravimetric Analysis 

A QA Instruments Q500 Thermogravimetric Analyzer assessed the carbon mass loss in 

an alumina sample pan. All experiments used 10 sccm air with 20 sccm nitrogen and a ramp rate 

of 10 °C/min from RT to 800 °C without a temperature hold. 

Low-Angle Powder X-ray Diffraction 

Powder diffraction scans were obtained with a Malvern Panalytical Empyrean 

diffractometer operating in reflection mode using Bragg-Brentano geometry with a Cu X-ray 

source (40 kV, 40 mA). To maximize detector counts with the small sample volumes, the sample 

stage was not rotated. Samples were measured on a zero-diffraction Si-111 holder.  

Fourier-Transform Infrared Spectroscopy 

All Fourier-transform infrared spectroscopy (FTIR) spectra were obtained by attenuated-

total-reflectance (ATR) on sample powders over the range 400-4000 cm-1. A total of 50 scans 

were collected for each sample, with a spectral resolution of 4 cm-1. 
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Knoevenagel Condensation Catalysis 

For the Knovenagel condensation catalysis, batch reactions were performed. A 30 mg 

sample was charged into a flask and dried in an oven at 110 °C for 1 h. Next, the vessel was 

regulated at 40 °C and stirred at 400 rpm. In sequential order, 3 mmol malononitrile (167 µL), 

6.0 mL methanol, and 2 mmol benzaldehyde (204 µL) were added and left to react for 4 h. The 

product suspension was transferred to a polypropylene centrifuge tube and spun at 4400 ×g for 

10 min. An aliquot of decanted liquid product was diluted 1000 X in methanol for gas 

chromatography-mass spectrometry (GCMS) analysis. 

The initial rate of reaction was also tested for three reaction cycles, where the same 

reaction conditions were employed as above, but the powder catalyst was thoroughly regenerated 

between each reaction step by two immersions in methanol, and one rinse step with 0.1M HCl in 

methanol. Reaction aliquots were taken at t=0, 1, 2, 3, 4, 5, and 10 minutes to determine the 

initial velocity of the catalyst. 

Gas Chromatography-Mass Spectrometry 

Liquid products were analyzed on an Agilent 7890B/5977A with GC/MSD with an ALS 

injector outfitted with an HP-5 GC (95%-5%) column. For every trial: Tempinlet: 275 °C; 

Tempcolumn: 75-300 °C; timerun: 10 min; carrier flow: 1 mL · min-1. Quantification of 

benzylidenemalononitrile product was achieved by external calibration. 
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2.5 Results and Discussion 

Nitrogen Sorption Isotherms 

All OMC samples exhibited a type IV isotherm, embodying H4-type hysteresis according to 

the International Union of Pure and Applied Chemistry classification (Figure 2.2). These features 

represent a hierarchical microporous-mesoporous structure. As considered such, we followed 

recommendations by Rouquerol et al. to report BET surface area for materials exhibiting 

microporosity.49 Pore size distribution plots derived from BJH desorption showed an OMC 

mesopore diameter centered around 5.3 nm (dFWHM=0.3 nm). Attachment of EtNH2 resulted in a 

pore diameter reduction to 4.2 nm (dFWHM=0.2 nm) and a diminution of pore volume from 1.39 

to 0.79 cm3  · g-1, implying the OMC  pore surfaces were coated, to some extent, with molecular 

cargo. Likewise, the surface area of OMC was lowered from 1060 m2 ·  g-1 to 560 m2 · g-1 for 

EtNH2@OMC (Table 2.1). No determination of micropore volume could be made due to t-plot 

slope analysis yielding negative pore volume values. 

Table 2.1. Nitrogen sorption-derived BET surface area (0.10<P/P0<0.22) and BJH desorption 

pore volume and pore size distributions. 

 BET Surface 

Area (m2 ·g-1) 

Pore Volume 

(cm3 ·g-1) 

Pore Diameter 

(nm) 

OMC 1060 1.39 5.3 ± 0.3 

EtNH2@OMC 560 0.79 4.2 ± 0.2 
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Scanning Electron Microscopy 

Bulk morphology and particle size dispersity were qualitatively observed by SEM. The 

displayed micrographs (Figure 2.3) show representative particles that were observed. The MSN-

10 silica has similar internal pore structure to SBA-15, but MSN-10 particles are truncated at a 

nearly spherical aspect ratio whereas SBA-15 is more wormlike and tubular with a higher aspect 

ratio.52 We observed that the OMC morphology is preserved from that of MSN-10 template at a 

particle-scale, though no conclusions on the mesoporosity for either the template or OMC could 

be observed by SEM. 

Figure 2.2. Nitrogen sorption isotherms for OMC (solid black trace) and EtNH2@OMC (dotted 

red trace) materials with a BJH desorption pore size distribution plot (inset). 
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Transmission Electron Microscopy 

The lateral spatial resolution of transmission electron microscopy is sufficient to visualize the 

perpendicularly-aligned carbon nanorod scaffolds comprising the OMC nanoparticles. The 

hexagonal shaped particles were oriented such that the lamellar orientation of mesoporous 

channels were clearly visualized (Figure 2.4). Seeing that all particles are sized on the submicron 

scale, the observed mesoporous features on the collected isotherms confidently pertain to 

porosity contained within these nanoparticles rather than intra-particle porosity. 

Figure 2.3. Scanning electron micrographs showing particle morphology preservation between 

the MSN-10 template (left) and OMC (right). Scale bar: 1 µm. 
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Figure 2.4. Transmission electron micrographs of OMC (left) and EtNH2@OMC (right). 

 

4-Nitrobenzaldehyde Assay 

Both assayed samples were tested in triplicate and a blank sample tube was tested to ensure 

negligible competitive adsorption occurs onto the plastic tube sidewalls. The amine surface 

density was calculated by dividing the total amount detected 4-NB in solution and dividing that 

by the measured BET surface area of each material. The unmodified OMC registered near-zero 

amounts of surface amine groups, exhibiting less than 0.005 mmol/g. Surface amination 

imparted a modest 0.100 mmol · g-1 (4.4 mg・g-1) of primary amines, which is in close 

agreement to the wt. % N detected by elemental analysis (4 mg・g-1). 

Low-Angle X-ray Diffraction 

The LA-XRD scans were performed on the OMC materials before and after surface 

functionalization (Figure 2.5) to make a judgement about the presence of mesopore ordering. For 
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ordered mesoporous materials, diffraction features are observable at 2θ angles well below those 

utilized to determine crystallographic atomic lattices. Both OMC materials exhibited a peak 

prominence centered around 1.10°, ascribed to [100] ordering of adjacent carbon nanorods 

(mesopore walls) corresponding to a d100 spacing of 8.03 nm. The lithiation-amination procedure 

shows no change towards the topological ordering given no difference in peak center between 

OMC and EtNH2@OMC.  All higher-order diffraction peaks (pertaining to the [110], [200], 

[210], and [300] indexes) were undetected for the OMC material, and therefore the scan ranges 

were truncated from 0.5-5° to 0.5-1.5°. The identified low-angle powder X-ray diffraction peak 

feature at 1.1° is analogous to that measured for hard-templated OMCs prepared from a similar 

mesoporous silica template (SBA-15).56,57 

 

 

Figure 2.5. Powder XRD patterns of OMC and EtNH2@OMC. Step size: 0.002°; scan rate: 0.50 

sec/step. 
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Attenuated Total Reflection FTIR 

Attenuated total reflection FTIR spectra from 400 cm-1 to 4000 cm-1 was assessed for each 

catalyst to detect signals corresponding to specific functional groups (Figure 2.6).50 Unmodified 

OMC shows three signals at 690 cm-1, 715 cm-1, and 745 cm-1 attributed to phenyl C-H 

stretching. Ligand attachment occurring at deprotonated aryl sites would diminish this signal, 

observed for the EtNH2@OMC sample. Further, the humplike feature c.a. 1025 cm-1 and c.a. 

1580 cm-1 are signals for a C-N stretch and a primary amine N-H bend, respectively. 
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 EtNH2@OMC presents ridges at 2850 cm-1 and 2925 cm-1 representing symmetric and 

asymmetric methylene C-H stretches arising from the ethyl chain. The additional peak emerging 

at 2960 cm-1 is likely a methyl group C-H stretch and may belong to butyl groups appended via 

Figure 2.6. FTIR-ATR spectra obtained for unfunctionalized OMC and EtNH2@OMC 

highlighting motifs pertaining to the amination. 
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carbometallation. In light of nitrogen sorption measurements, FTIR offers some evidence 

towards the presence of ethylamine moieties atop or within the OMC scaffold.  

It is understood that organolithium reagents “activate” carbon centers by either deprotonation 

or carbometallation mechanisms.51 Deprotonation gives rise to one lithiated aryl C-H site, while 

carbometallation creates a lithiated site adjacent to a carbon that received a butyl addend (from 

n-butyllithium). In our case, the strongly nucleophilic C-Li bond on the activated OMC reacted 

with bromoethylamine, added to the synthetic vessel, and oxygen, adsorbed from atmosphere, 

into the stirred ether during that synthetic step. Thus, three different modifications are 

anticipated: ethylamine, butane, and phenolic oxygen. 

Thermogravimetric Analysis 

The TGA curve of OMC showed one mass loss inflection starting at 500 °C, ascribed to the 

carbonization of the carbon frame (Figure 2.7).  

Figure 2.7. Thermogravimetric traces obtained for OMC (black trace) and EtNH2@OMC (dotted 

red trace) under 10 °C · min-1 ramp rate. 
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After the ethylamine functionalization, a new feature was present from 275 °C up to the 

decomposition temperature of 450 °C, evidencing the presence of combustible functionality 

before OMC framework decomposition. For EtNH2@OMC, the mass reduction beginning 

around 190 °C is believed to arise from thermal decomposition of CO2 conjugated with the 

primary amine functional groups or direct surface decarboxylation from carboxylic acids 

appended during the butyllithium protocol. The derivative of mass loss per temperature for 

EtNH2@OMC (Figure 2.8) shows an increase in mass loss from around 150 °C which continues 

until an abrupt mass loss feature around 390 °C, believed to arise from CO2 desorption and 

ethylamine decomposition. 

Elemental Analysis 

Elemental analysis results (Table 2.2) show the unfunctionalized OMC to mainly comprise 

carbon, and a small amount of oxygen and hydrogen. EtNH2@OMC registered an enrichment of 

nitrogen after ethylamine grafting, accompanied with an increase in detected oxygen and 

hydrogen wt. %.  

Figure 2.8. TGA and DTG curves for EtNH2@OMC. 
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If the grafted ethylamine (C2H6N) groups were to substitute one in every four C-H sites, then 

the resulting surface would see an increase in hydrogen content by a factor of 2.25; We observed 

a 2.45 difference in hydrogen mass content, justified by the inclusion of butyl groups (C4H9) at 

some C-H sites. The assumption is that the doubling in oxygen content is reminiscent of 

oxidation from atmospheric carbon dioxide during the amination protocol. The disparity between 

the summed mass percentages of detected elements and 100.0% wt. % is thought to be due to the 

prominence of non-detected elements; potentially residual silica and fluorine for the case of 

OMC (from the MSN template), or fluorine, silica, lithium, or bromine from the butyllithium 

amination procedure. 

Table 2.2. Elemental microanalysis (wt. %) for the analyzed elements. Nitrogen content obtained 

by the Dumas method. 

 Carbon Hydrogen Oxygen Nitrogen 

OMC 96.1 0.8 2.0 0.0 

EtNH2@OMC 91.5 1.7 4.2 0.4 

 

Knoevenagel Condensation Catalysis 

The catalytic results show significant product formation after 4 h of reaction (Figure 2.8). A 

blank reaction of benzaldehyde and malononitrile sans catalyst showed no conversion of 

reactants and trace amounts of benzoic acid. When OMC was used as a catalyst, the GC 

chromatogram showed benzoic acid with unreacted benzaldehyde and malononitrile and no 

benzylidenemalononitrile. The absence of chemical transformation is likely contributed to the 

OMC surface’s trace oxygen content, which was insufficiently acidic to stabilize and activate the 

carbonyl reactant nor basic enough to abstract an active methylene hydrogen to undergo reaction. 
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Since the autooxidation of benzaldehyde to benzoic acid occurs under atmospheric conditions, 

the OMC was likely non-participatory in benzoic acid formation. A microporous (dpore < 1 nm) 

Darco activated carbon (AC) was chosen because its activity gives insight on the participation of 

surface functional groups and pore size on catalysis. The mixture of phenols, carboxylic acids, 

and lactones on AC showed some conversion, though benzoic acid was detected too. These two 

materials however, produced significant amounts of benzoic acid and showed no reactant traces 

after catalysis.  

 

 

Figure 2.9. Conversion to benzylidenemalononitrile using various solid porous catalysts. 

Reaction conditions: benzaldehyde (2 mmol), malononitrile (3 mmol), MeOH (6.0 mL), 550 

rpm, 40 °C, 4 h. 

 

We believe the surface chemistry of AC was relatively inert towards activating reactants 

while also being prone to benzoic acid production enabled by water residing nearby hydrophilic 

oxygen functional group surface sites. An amine-enriched AC, EtNH2@AC, showed an 

EtNH2@AC AC EtNH2@OMC OMC 
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improved conversion relative to AC, but to far less of an extent than EtNH2@OMC and with the 

production of benzoic acid side-product. When EtNH2@OMC was employed, only 

benzylidenemalononitrile was detected by GC with a yield of around 90% of product. These 

results indicate primary amines on EtNH2@OMC are responsible for this observed increase in 

activity. We propose the mechanism where Schiff bases formed between benzaldehyde and 

surface amine coupling (Figure 2.9) mediate the active methylene abstraction similar to other 

amine-modified porous materials;52 it’s the same reaction mechanism which underpins the utility 

of the  4-nitrobenzaldehyde assay.21 Further, the dearth of benzoic acid in the product stream 

evidences that benzaldehyde is protected from oxidation when reacted into its Schiff base form.  

 

 

 

 

Figure 2.10. Proposed mechanism of the Knoevenagel condensation mediated by surface-bound 

primary amine groups on OMC involving an imine formation to initiate the abstraction of the 

acidic malononitrile hydrogen. 
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Catalytic Recyclability 

The catalytic reaction was performed five times, with only one centrifugation after each 

reaction to collect the product. The conversion to benzylidenemalononitrile by EtNH2@OMC 

over 5 reaction cycles (Figure 2.10) is shown below. While 90% conversion was achieved for the 

first cycle, a decline of conversion over subsequent reactions was observed, likely due to 

adsorptive blocking of pore apertures.54-55 This is thought to be a prominent factor in the decline 

in product formation because of the relatively strong interactions between the non-charged OMC 

surface and the non-charged benzaldehyde and malononitrile (reactants) and 

benzylidenemalononitrile (product). We believe a more rigorous rinsing protocol using an acid to 

protonate the amine groups would give rise to a relative electrostatic repulsion between the 

surface and neutral charged adsorbates (driving desorption of molecules from the pore walls), 

which would attenuate the declining conversion seen for EtNH2@OMC if active site blocking 

was to be the case. 

    

Figure 2.11. Catalyst conversion over five cycles for EtNH2@OMC. 
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Following the supposition that the decrease catalytic activity as measured by product 

conversion is related to insufficient regeneration between reaction cycles, the initial rates of 

catalyst were assessed for three cycles of reaction cycles including an additional washing step 

using 0.1 M HCl in methanol to regenerate the EtNH2@OMC surface. The initial apparent rate 

constant associated with this catalytic system is nearly identical for the first three reaction trials 

after the acidic regeneration protocol (Figure 2.11). The apparent rate constant for the first three 

reaction trials are 110, 112, and 111 µM min-1 indicating highly conserved catalytic activity for 

EtNH2@OMC. 

 

 

Figure 2.12. Initial rates of product formation for three rounds of catalysis. 

 

2.6 Conclusion 

We showed that amination by organolithium-mediated surface activation of a mesoporous 

carbon modifies the material and instills necessary acidic-basic reactivity that was proven 
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effective in Knoevenagel condensation between benzaldehyde and malononitrile under mild 

conditions. The lithiation procedure did not incur measurable changes to the OMC particles, in 

other words, the ordered mesoporous structure is retained following functionalization. Also, by 

detecting virtually no benzoic acid, the EtNH2@OMC catalyst is ideal for converting 

benzaldehyde and avoiding the oxidation side-reaction.  

While this covalently modified ordered mesoporous carbon was proven effective as a 

heterogeneous base catalyst under mild reaction conditions, the utility for primary amine-based 

MCs pervade fields which employ highly acidic or highly basic environments. As such, C-C 

bonded aminated MC surfaces are suitable candidates to withstand a wide range of pH conditions 

due to the a priori recalcitrance of the alkane bond. The following dissertation chapter illustrates 

this notion by testing the acidic and basic compatibility of the alkane bond on EtNH2@OMC by 

a multitude of characterizations ranging from particle-scale down to the surface atomic scale. 
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CHAPTER 3  ASSESSING THE ACIDIC AND ALKALINE STABILITY OF COVALENTLY 

BOUND SURFACE AMINES ON ORDERED MESOPOROUS CARBON SCAFFOLDS 

Modified from a paper submitted to ACS Langmuir 

Nolan C. Kovach4,5 , Scott E. Massimi4, Jayson Foster4, Svitlana Pylypenko6,7, Brian G. Trewyn,6,7 

3.1 Abstract 

While solid carbonaceous materials are known to withstand strongly acidic and strongly 

basic conditions, there remains a significant amount of uncertainty on the chemical stability of 

surface bonded functionalities on modified mesoporous carbon. Applied research tends to focus 

on testing a material in reaction conditions relevant to a specific application which 

unintentionally ignores the potential for that material to be employed in a different condition 

and/or field of research. Ordered mesoporous carbon (OMC) scaffolds were covalently modified 

with primary amine groups by means of oxidation-coupling, yielding C-O-C bonds, or 

organometallic activation-coupling, yielding C-C bonds. The aminated OMCs were stressed by 

immersion in either 1M hydrochloric acid or 1M sodium hydroxide solutions at room 

temperature and characterized by nitrogen sorption, electron microscopy, low-angle X-ray 

diffraction, thermogravimetric analysis, and amine groups were quantified using 4-

nitrobenzaldehyde assay. Results demonstrate aminated surfaces of OMC by butyllithium 

grafting are stable towards both 1M HCl and 1M NaOH, whereas the oxidation-aminated OMC 

surfaces can withstand 1M NaOH. We found that OMC with ether-type surface bonding undergo 

acidic hydrolysis at pH 2 and below. This study illustrates the importance of chemical testing to 
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supplant chemical intuition when tailoring carbon surfaces for applications where strong acid or 

base are employed. This is especially emphasized for carbonaceous materials because of the 

electronic and structural differences exhibited by various carbon allotropes (i.e. metallic CNTs 

versus insulative CNTs; planar graphene versus porous activated carbon).  

3.2 Introduction 

Designing porous solid materials to withstand harsh acidic and basic chemical 

environments is necessary to achieve long-term operability. Heterogeneous catalysts and porous 

sorbent materials oftentimes use highly acidic or highly basic rinse steps to electrostatically 

desorb surface-bound compounds in between uses. While porous carbon (pC) materials exhibit 

inherent stability over pH ranging from 1-14, this is not always the case for functional groups 

appended to the surfaces of pC. Surface modifications to pC materials are garnering more 

attention because these change the chemical environment of the carbon surface, which enable 

new functionality for a wide range of applications.1 Covalently-modified carbon materials are 

preferred for many applications due to the relative strength of covalent surface binding against 

non-covalent (physisorptive) modified surfaces. The latter class of materials suffer from surface 

adsorbate leaching after multiple applied cycles.  

Of course, there many are porous materials which exploit the reactivity of surface-bound 

chemical functional groups under specific conditions. The most prominent published examples 

include materials intended for chemotherapeutic drug delivery, where porous materials having 

bulky structures gating (or covering) the entrance of pore apertures contain S-S bonds which are 

readily and selectively cleaved in the presence of glutathione, a biomolecule expressed 

significantly in cancer cells. Similarly, intentional degradation of themo-, enzymatic-, or pH-

responsive moieties are employed to enable release of pore-entrained therapeutics in vivo. The 
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understanding of the conditions in which biologically-labile surface species on porous scaffolds 

react is relatively thoroughly understood. The temperature and enzymatic conditions within cells 

are relatively unique to mammalian creatures, being that temperatures tend to reside within 5 

degrees C of “body temperature”, and the enzymes present inside cells are almost never 

encountered anywhere else in the environment. Therefore, temperature-responsive and 

enzymatically-reactive materials intended for biological applications need only be tested in the 

ranges relevant to cells. Moreover, the pH conditions within most mammalian cells only range 

from about 6.8 to 7.4, limiting the design of pH-labile functional groups to this small H+ 

concentration window. On one hand, considering the large number of functionalized porous 

materials for drug delivery and biosensing, it is apparent that these systems are unlikely to find 

utility in fields which employ temperatures or pHs that reside far outside of biological limits. On 

the other hand, there is an enormous number of functionalized porous materials intended for 

adsorptive, catalytic, and electrochemical applications that perform in more extreme temperature 

and pH conditions.  

While carbon allotropes like fullerene, graphene, and carbon nanotubes are structurally 

understood to the atomic scale, the reactivity for each of these materials are based on the unique 

structures each of these materials possess.2-3 The higher-order dimension (e.g. 3-D) carbons like 

activated carbon, carbon black, and nuclear graphite are relatively more complex in terms of 

porous architecture and surface chemical functional groups.4-5 For these commercial carbons, the 

internal pore structure is randomly tortuous, comprising a heterogeneous distribution of void 

dimensions, shapes, and connectivity.6 Upon inspection of these material surfaces, there exists a 

wide range of functional groups depending on the carbon material precursor (source) and 

synthetic conditions.7-8 Perhaps the most utilized surface groups are oxygen species, i.e., 
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hydroxyl, carboxyl, lactone, quinone, and ether, since these can become incorporated into the 

carbon framework depending on the synthetic procedure.9-10 Essentially all modifications that 

target carboxylic acid modification to prepare esters or amides will be susceptible to hydrolysis 

at much milder pH conditions than O-C linkages in ethers. So, a carbon surface modification 

originating from hydroxyl groups to create ether functional groups will embody greater 

acidic/alkaline resistance than carboxylic acid tethered groups. An exception to this surface 

hydroxyl linkage strength would be surface hydroxyl silanization, where the Si-O-C bond is 

susceptible to acidic hydrolysis, though this is a popular choice for carbon modification.11 

Similarly, the Ti-O-C bond is known to cleave at pH=1 conditions.12 To date, there is one 

example in literature describing an etheric covalent functionalization on mesoporous carbon, 

where Kleitz, et al. in 2017 tethered diglycoamide (DGA) moieties onto oxidized (hydroxylated) 

MC for rare earth element sequestration. They showed, at pHs 1.9 and 1.2, lanthanum uptake 

was severely limited and ascribed this to “the functionalities on the surface of the carbon 

probably tend to be positively charged (H+), resulting in electrostatic repulsions between the 

surface and metal ions”. No efforts were made to assess the MC surface structure following these 

low pH conditions, and their supposition is called into question as to whether the covalently 

tethered functional groups are still present, or if the functional groups underwent acidic 

hydrolysis. 

The dearth of information directly investigating the stability of mesoporous carbon 

surface ether bonds in basic or acidic conditions inspired us to compare the acidic and alkaline 

durability of etherized OMC and carbon-carbon functionalized OMC surfaces head-to-head since 

these are the strongest bonds for covalently tethering moieties onto carbon surfaces. Both C-C 
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and C-O-C bonds are, a priori, resistant towards highly basic pHs (~14) and capable of 

withstanding very low pHs (~0). 

Organic chemistry teaches that ether (C-O-C) bonds are resistant to both strong base and 

strong hydrohalic acid lysis, except for hydrobromic and hydroiodic acid.13 The reason that 

hydrochloric acid cannot cleave the ether bond lies in the fact that Cl- is a significantly less 

aggressive nucleophile compared to Br- and I- towards a primary carbon, and therefore the SN2 

displacement necessary for the ether to lyse will not occur with Cl-. Upon this premise, the 

functionalization of a porous carbon surface with ether bonds was of interest to test their 

chemical stability when exposed to strongly acidic conditions. Some notable applications of 

carbons where ≥1M HCl is encountered are as electrodes where the working electrolyte is HCl 

and as heavy metal adsorbents where chemical regeneration conditions employ HCl.14-15  

The selective functionalization of carbon surfaces to install hydroxyl groups can be 

accomplished in multiple ways (Figure 3.1).16-18 

 

Figure 3.1. Methods for selective hydroxylation of carbon surfaces by means of (A) Fenton 

reaction using FeSO4·7H2O and 30% H2O2, (B) Nitric acid oxidation followed by sodium 

aluminum hydride reduction, and (C) Sodium aluminate surface complexation followed by 

NaOH hydrolysis. 



 

79 

The availability of all reagents, relative non-toxicity of FeSO4 to NaAlO2 and NaAlH4, 

and fewer synthetic steps designated path A optimal to utilize. The Fenton reaction is an Fe2+-

catalyzed decomposition of peroxides into primarily hydroxyl radical species (HO·) which then 

scavenge electrophilic/aromatic regions on carbon surfaces, thereby appending the hydroxyl 

moiety. The surface groups then underwent a Williamson ether synthesis-style conversion, where 

the surface alcohol was deprotonated to which a solution of haloalkylamines was added.18-19  

The organolithium activation method was chosen for installing ethylamine onto OMC 

because of the synthetic method’s proven utility on OMC, with examples demonstrating covalent 

surface modification with 2,2-bipyridine, 1,10-phenanthroline, and triethylamine.20-22 Illustrated 

in Scheme 2, “activation” refers to the deprotonation of surface sp3 (C-H) defect sites by an 

organolithium base, like n-butyllithium. The resulting anionic C-Li locations on the OMC 

surface then completes an SN2 reaction at an electrophilic carbon species to yield C-C linkages 

between surface and adsorbate. 

3.3 Experimental Section 

OMC Fabrication 

The method for OMC synthesis described in Chapter 3 was also used for this experiment.  

Organolithium OMC Amination 

The lithiation-coupling protocol in Chapter 3 describes this process. 

OMC Oxidation-Amination 

The OMC was oxidized by means of the Fenton reaction to selectively install surface 

hydroxyl moieties. About 300 mg OMC was suspended in 300 mL water, to which 297 mg 
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FeSO4·7H2O was added and stirred for 30 minutes. Then, 45 mL 30% H2O2 was added over the 

course of 2 min and left to stir for 6 h at RT. The solid was then centrifuged at 4400 ×g for 3 min 

and liquid decanted. The oxidized OMC (oxOMC) was then rinsed with 30 mL MeOH 

containing 1.0 mL of 3M HCl then finally washed with MeOH and dried overnight at 75 °C. The 

amination protocol was slightly modified from Gray, et. al. to install ethylamine groups at base-

activated surface hydroxyl groups.19 First, 150 mg oxOMC was suspended in 1.0 M NaOH in 

MeOH for 6 h and then decanted by centrifugation at 4400 ×g to obtain a surface hydroxyl Na-

exchanged oxOMC. Next, 150 mL of a methanolic solution containing chloroethylamine 

hydrochloride was added and stirred overnight at room temperature. The final product, 

EtNH2@oxOMC was then washed with methanol three times and dried at 75 °C. 

Acid-base Immersion Testing 

Between 20-50 mg of sample was contacted with either NaOH (pH 14) or HCl (pH 0, 1, 2 and 

3). The NaOH exposed samples are denoted with the prefix B-, where the HCl treated materials 

show the prefixes A0-, A1-, A2-, and A3- for pH 0, 1, 2, and 3, respectively. The 

EtNH2@oxOMC materials were tested at pH 0, 1, 2, and 3, while EtNH2@OMC was only tested 

at pH 0. 

3.4 Material Characterization 

Boehm Titration 

For the oxidation-amination synthetic route, surface hydroxyl groups are required as 

nucleophilic sites to attack and couple with a haloalkylamine analogous to the Williamson ether 

synthesis reaction. To better understand the chemical groups appended to OMC following the 

Fenton oxidation procedure, the Boehm titration was chosen as it can quantitate accessible 
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surface carboxyl, lactone, and phenol groups.26 The titration begins with immersion of a solid 

sample in a standardized 0.01M reaction base solution of either NaHCO3, Na2CO3, or NaOH. 

These bases are intended to selectively deprotonate surface carboxylic acids, carboxylic acids 

and lactones, or carboxylic acids, lactones, and hydroxyls. Following, the solutions are acidified 

with a quantitative amount of 0.01M HCl, from which these solutions are back-titrated with 

0.01M Na2CO3. A blank vessel sans material is prepared concurrently and also titrated. The 

difference in amount of titrant added to reach pH equivalence between the sample and blank is 

used to calculate the amount of surface functional groups (3.1). 

 

 

(3.1) 

Where nFG, measured in µmol · g-1, representing the amount of surface functional groups 

determined from the difference in volumes to reach equivalence for the sample, eqsamp, and 

titration blank, eqblank. The quantification of functional groups is simply determined for 

carboxylic acids (3.2), lactones (3.3), and hydroxyls (3.4) 

 

(3.2) 

 

(3.3) 

 

(3.4) 

Where the amount of carboxylic acids, nc, is directly measured by the NaHCO3 trial. The 

amount of lactones, nl, and hydroxyls, nh, are made possible by comparison of results from 

various titrations. 

 

 

𝑛𝑙 = 𝑛𝐹𝐺,𝑁𝑎𝑂𝐻 − 𝑛𝐹𝐺,𝑁𝑎𝐻𝐶𝑂3  

𝑛ℎ = 𝑛𝐹𝐺,𝑁𝑎𝑂𝐻 − 𝑛𝐹𝐺,𝑁𝑎2𝐶𝑂3 

𝑛𝑐 = 𝑛𝐹𝐺.𝑁𝑎𝐻𝐶𝑂3  

𝑛𝐹𝐺 =
𝑒𝑞𝑠𝑎𝑚𝑝 − 𝑒𝑞𝑏𝑙𝑎𝑛𝑘

𝑚𝑠𝑎𝑚𝑝
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Point-of-zero-charge measurement 

All materials were subjected to point-of-zero-charge (pzc) measurements to corroborate the 

presence of basic functional groups identified in the 4-nitrobenzaldehyde assay. 24 Assessing the 

net surface charge of a material at a given pH is made possible by a point-of-zero-charge (pzc) 

pH drift experiment.25 Briefly, 20 mL 0.05 M NaCl solutions were prepared and adjusted to pH 

values 2-11. Then, about 4 mg of sample was added to each container and sonicated until 

sufficiently dispersed into solution. After 24 h of immersion, the pH of liquid from each vessel 

was measured and the ΔpH) was determined (pHf – pHi) and plotted against pHi. The point 

where the trace for a given material crosses ΔpH = 0 (x-axis) is the ascribed pzc for a measured 

sample. 

3.5 Results and Discussion 

Point-of-zero-charge determination 

The surface of carbohydrate-based OMC materials can contain acidic oxygen groups, 

typically on the order of one percent (at. %) or less when fabricated above 800 °C.32 For these 

carbons, the average pKa—or pzc—of all surface groups on OMC are less than 7 (Figure 3.2). 

Compared to OMC, a carbon surface appended with amines will embody an increased surface 

basicity, or a higher pzc value. Our OMC exhibits a slightly acidic pzc of 5.5, likely due to the 

presence of surface carboxylic acid or phenolic groups in light of the Boehm titration and 

elemental analysis results. The substantial increase in pzc to pH 8 indicates a successful surface 

grafting of base functionality from the ethylamine groups. For aqueous applications, the pzc is 

useful to elucidate electrostatic adsorbate-adsorbent interactions at a given solution pH. 
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Figure 3.2. Point of zero charge assessment by the pH drift method. 

 

Boehm Titration 

Both the identity and the quantity of surface oxygenation is important for many carbon 

surface modifications. Conveniently, the Boehm titration is effective in assessing three main 

types of oxygen groups: phenols, carboxylic acids, and lactones/anhydrides. The titration was 

performed on oxOMC for the purpose of quantifying hydroxyl groups that were subsequently 

converted into etherized ethylamine moieties. The results for the NaOH trial (Figure 3.3) 

identified a surface density of hydroxyls of 130 µmol · g-1. The Na2CO3 and NaHCO3 trials are 

seen in Figure 4.S1, where the amount of surface lactone and carboxylic acid concentrations are 

less than 15 µmol · g-1 and 5 µmol · g-1, respectively. 
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Figure 3.3. Boehm titration results for NaOH treated oxOMC using 0.01N Na2CO3 as the titrant 

solution. 

 

Nitrogen Adsorption Isotherms 

From nitrogen sorption, it is apparent that the amine functionalized OMC materials underwent 

mesopore surface modification based on the significant reduction in BET specific surface area, 

pore volume, and average pore diameter compared to the unmodified samples. The isotherms 

and BJH desorption pore size distributions (Figure 3.4) and the computed BET surface area, BJH 

desorption pore volume, and BJH desorption pore size distributions from the isotherms provide 

initial evidence towards aminated OMC surface reactivity (Table 3.1). Before amination 

protocols, OMC and oxOMC displayed BET surface areas which then by 42% and 29%, 

respectively after amination. To a similar extent for both OMC and oxOMC, the BJH desorption 

pore volume lowered by 48% and 24%, respectively. The BJH desorption branch yielded an 

average pore diameter constriction of approximately 1 nm which is interpreted as the ethylamine 
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moiety residing on the OMC and oxOMC surfaces. Given the low partial pressure limitation of 

N2 isotherms (with the available sorption instrument), the extent of micropore modification could 

not be quantitatively ascertained. However, an indication of micropore functionalization was 

inferred by the reduction in low P/P0 uptake (adsorption) observed for the aminated OMC 

materials when compared to that of the parent materials. The acid and base immersions did not 

incur a measurable change towards EtNH2@OMC based on isotherm shape and pore size 

distributions. For EtNH2@oxOMC, the acid conditions effected a large change in surface area, 

pore volume, and average pore diameter. This provides preliminary evidence towards the 

scission of etherized ethylamine groups by acid hydrolysis. 

Table 3.1. Nitrogen sorption derived porosity metrics for all materials, before and after testing. 

The BET SA was calculated between 0.02 and 0.18 P/P0. *BJH desorption branch derived 

values. 

 

 BET Surface 

Area (m2 · g-1) 

BJH Pore Volume 

(cm3 · g-1)* 

Pore Size 

(nm)* 

OMC 1050 1.40 5.5 

EtNH2@OMC 605 0.73 4.5 

A0-EtNH2@OMC 605 0.73 4.5 

B-EtNH2@OMC 595 0.69 4.5 

oxOMC 770 1.10 5.9 

EtNH2@oxOMC 550 0.84 4.8 

A0-EtNH2@oxOMC 750 1.11 5.2 

B-EtNH2@oxOMC 590 0.91 4.8 



 

86 

 

Figure 3.4. Nitrogen adsorption isotherms for OMC (A) and oxOMC (B) materials before and after functionalization, and after acid 

and base exposure. 
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The sorption results from the preliminary strong acid (pH 0) and strong base (pH 14) 

conditions reveal a clear susceptibility of ethylamine tethered by surface ether functionality. 

Given the sole reactivity exhibited by EtNH2@oxOMC, this material was subsequently tested at 

three more pH conditions to ascertain a more precise threshold of reactivity. The nitrogen 

sorption isotherms and pore size distributions for EtNH2@oxOMC exposed to pH 1, 2, and 3 

(Figure 3.5) reveal similar changes for the etherized OMC at pH 1 as observed for the pH 0 

condition. A bimodal pore size distribution is observed for OMC and EtNH2@OMC, likely 

reminiscent of the MSN template pore walls having a slight prominence of 4.9 and 5.6 nm. The 

OMC pore size distribution appearance is considered a normal variation of expected OMC 

structure, where other MSN templated OMC batches could exhibit a more or less symmetric BJH 

desorption distribution of measured pore widths. 

 

Figure 3.5. Nitrogen sorption isotherms with BJH desorption pore size distribution inset for 

EtNH2@oxOMC tested at pH 1, 2, and 3. 
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 The tabulated BET surface areas, pore volumes, and average pore diameters (Table 3.2) 

similarly corroborate the pore surface changes to the etherized OMC as seen in the above 

isotherm. The sorption data shows preliminary indication that the surface ethylamine groups are 

undergoing changes at pH 1. 

 

Table 3.2. Porosity metrics for EtNH2@oxOMC exposed to pH 1, 2, and 3. 

 

 

Low-Angle X-ray Diffraction 

The topological ordering (Figure 3.6) for both OMC and oxOMC is made apparent with the 

diffraction feature c.a. 1.10 °2θ, corresponding to the [100] plane. Given the congruency of the 

[100] feature between OMC and oxOMC, the Fenton oxidation protocol seems to have no effect 

on the carbon mesopore wall spacing. Furthermore, both EtNH2@OMC and EtNH2@oxOMC 

exhibited a similar peak prominence which was interpreted as ordering topology being preserved 

after both amination protocols. There is also no difference in the peak position for A-

EtNH2@OMC, B-EtNH2@OMC indicating that the OMC pore ordering was recalcitrant towards 

both 1M HCl and 1M NaOH conditions. The same can be said for B-EtNH2@oxOMC. For A-

 BET Surface 

Area (m2 · g-1) 

BJH Pore Volume 

(cm3 · g-1)* 

Pore Size 

(nm)* 

oxOMC 807 1.16 5.5 

EtNH2@oxOMC 540 0.87 4.5 

A1-EtNH2@oxOMC 702 1.12 5.4 

A2-EtNH2@oxOMC 482 0.88 4.5 

A3-EtNH2@oxOMC 472 0.88 4.5 
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EtNH2@oxOMC, the 1M eliminated the [100] diffraction feature, indicating topological 

destruction of the OMC surface. This destruction may be resultant of the hydroxylation towards 

the nanotubules connecting the larger carbon rod domains together. Another possibility is that 

the protonated hydroxyl groups in 1M HCl underwent condensation-like surface cleavage at the 

surface followed by a disintegrating rearrangement of carbon bonds. 
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Figure 3.6. Low-angle X-ray diffractograms for the tested OMC materials before and after acid and base testing. 
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Transmission Electron Microscopy 

The transmission electron microscopy results (Figure 3.7) indicate that the aminated 

OMC materials retained the particle structures, sizes, and morphologies that were observed for 

OMC and oxOMC. Representative particles imaged along a side-on view were selected to 

observe any potential changes to the pore spacing. While both oxidative and organolithium 

functionalization protocols incurred negligible changes to the spacing between adjacent carbon 

rods (which form the walls of the mesopores) for both OMC and oxOMC, the TEM and LA-

XRD data show clearly that the oxOMC materials undergo a framework shrinkage following 

exposure to 1M HCl, and more notably after 1M NaOH immersion. The LA-XRD scans for A-

EtNH2@OMC and A-EtNH2@oxOMC showed attenuated [110] diffraction features while both 

B-EtNH2@OMC and B-EtNH2@oxOMC diffraction peaks were easily discernible. For the acid 

immersed materials, despite the decrease in measured diffraction ordering on the front-face of 

the OMC pore system, the particles remained wholly in-tact with directly observable corrugated 

mesopores (Figure 3.8). While no attempts were taken to discern the degree of pore entrance 

degradation by TEM, the images show that the OMC particles were resilient towards the tested 

acid and base conditions. 
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A B 

C D 

Figure 3.7. Bright field transmission electron micrographs showing particle size and shape 

similarity for OMC (A) and oxOMC (B), as well as the aminated versions, EtNH2@OMC (C) 

and EtNH2@oxOMC (D). Scale bar = 100 nm. 
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4-Nitrobenzaldehyde Assay 

This colorimetric assay is a quantitative measure for primary amines including those 

tethered to a solid material surface. The assay benefits from excellent reactivity between the 

nontoxic 4-NB molecule and primary amines to generate Schiff base complexes at mild 

conditions. The main drawback for it is the inability for the 4-NB probe to react with primary 

A 

C D 

B 

Figure 3.8. Transmission electron microscope images showing preservation of parallel 

mesopores after acid exposure (left) and base exposure (right) for EtNH2@OMC (top) and 

EtNH2@oxOMC (bottom). Scale bar = 100 nm. 
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amines sites buried in sterically non-accessible microporous cavity. Thus, the 4-NB assay is a 

measure of chemically accessible primary amines on the surface for both EtNH2@OMC and 

EtNH2@oxOMC show functionalization with values of 100 µmol · g-1 and 101 µmol · g-1, 

respectively (Table 3.3). Similarly to the LA-XRD and physisorption data, the 4-NB assay for A-

EtNH2@OMC and B-EtNH2@OMC resulted in a negligible reduction in surface-reactive 

primary amine content. The expectation that C-C bonds were resistant to strong acid and base 

conditions held true. The same was observed for B-EtNH2@oxOMC, registering a minor 

reduction in surface accessible primary amines, but this loss was negligible compared to the 

original measured amount for EtNH2@oxOMC. Interestingly, A0-EtNH2@oxOMC experienced 

a near complete loss in primary amine content. Based on organic chemistry principles, ether 

bonds should be resilient towards HCl cleavage—there exists 2M HCl in diethyl ether. The O-C 

linkage on the surface of EtNH2@oxOMC is apparently susceptible to acidic hydrolysis in HCl 

acidified environments of pH 0 and pH 1, where the measured primary amine content is very 

close to that of unfunctionalized oxOMC. This observation suggests that the chemical reactivity 

of carbon surface groups cannot be predicted with so-called chemical intuition, and we suggest 

that all covalently modified carbon materials undergo chemical tests to ensure the recalcitrance 

of grafted functionalities. A scarcity of available material for pH 1, 2, and 3 tests caused for 

single sample values; the error values associated with the triplicate measurements are expected to 

be similar for the singular measurements, allowing for a relatively definitive conclusion for the 

amounts of accessible -NH2 to be made. 
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Table 3.3. Results from the 4-Nitrobenzaldehyde colorimetric assay for materials at all stages. 

 

 

Thermogravimetric Analysis 

 Comparing both OMC to EtNH2@OMC and oxOMC to EtNH2@oxOMC (Figure 3.9), the 

aminated TGA profiles include a new, lower mass loss region ascribed to the combustion of the 

ethylamine surface groups.  

   Amount of detected -NH2 (µmol · g-1) 

 Unfunctionalized Aminated pH 0 pH 1 pH 2 pH 3 pH 14 

OMC 3 ± 1 100 ± 10 98 ± 5 -- -- -- 98 ± 8 

oxOMC 10 ± 1 101 ± 2 19 ± 6 17 98 95 92 ± 9 

Figure 3.9. Thermogravimetric decomposition for OMC, oxOMC, EtNH2@OMC, and 

EtNH2@oxOMC performed under air flow. 
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Also, the Fenton oxidation altered the decomposition behavior of OMC, rendering the 

scaffold less thermally stable due to the presence of surface oxygen groups responsible for 

combustion. For both EtNH2@OMC and EtNH2@oxOMC, the onset of thermal degradation was 

lesser than that of the OMC and oxOMC, respectively. If the amount of surface ethylamine groups 

is assumed to be 100 µmol・g-1, then the mass loss associated with this decomposition, between 

250 °C to 350 °C, would be about 0.4 wt.%. The thermal scission of surface ethylamine groups 

may be immediately followed by further combustion of the OMC surface, reflected by a greater 

than 0.4 wt. % loss observed. For EtNH2@OMC, there could have been an enrichment of surface 

carboxylic acid groups following the lithiation procedure, since the reaction vessel was not 

protected under inert gas for that portion of surface modification. Carbon surface -COOH moieties 

often decompose (decarboxylate) above 200 °C, which may be responsible for the observed mass 

loss deviation for EtNH2@OMC versus OMC. 

Fourier-transform infrared spectroscopy  

Attenuated total reflection FTIR spectra from 400 cm-1 to 4000 cm-1 was analyzed to detect 

various functional group signals (Figure 3.10). Unmodified OMC shows three signals at 690 cm-

1, 710 cm-1, and 730 cm-1 attributed to phenyl C-H stretching. Ligand attachment at these aryl C-

H sites diminishes this signal, observed for the EtNH2@OMC sample. Further, broad humplike 

features c.a. 1020 cm-1 and 1585 cm-1 represent C-N stretch and primary amine N-H bends, 

respectively. EtNH2@OMC present features at 2850 cm-1 and 2925 cm-1 evidencing symmetric 

and asymmetric methylene C-H stretches in the grafted ethyl chains, signals which are absent in 

OMC. The additional peak emerging at 2960 cm-1 could be a methyl C-H stretch belonging to 

some butyl groups appended via carbometallation in EtNH2@OMC. Taken together with sorption 
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results, the 4-NB assay, and TGA analysis, FTIR corroborates the presence of ethylamine groups 

associated with the OMC scaffold. 

 

 

Figure 3.10. FTIR spectra exhibiting signals for methylene-CH motions (top) and N-H bending 

and aryl C-H motions (bottom) for OMC and EtNH2@OMC. 
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X-ray Photoelectron Spectroscopy 

XPS characterization of the surface was performed for its high surface sensitivity (~3-

10nm) of chemical speciation. The overlaid C 1s and O 1s spectra in Figure 9 of EtNH2@oxOMC 

and EtNH2@OMC show an increase in surface oxidation primarily ~286-287 eV and ~530-532 

eV. Curve-fitting analysis of the C 1s (Figure 3.11) was performed using well established C 1s 

fitting protocol.43 The C 1s spectra in Figure 9 and respective components in Table 3 reveal subtle 

differences due to post HCl and post NaOH treatments in carbonaceous species at the surface. 

Notably, sp3 type C-C bonding is significantly higher in EtNH2@OMC indicative of more ethyl 

ligands present. C-O, C=O, and O-C=O functionalities are also reportedly an increased surface 

presence for EtNH2@oxOMC than EtNH2@OMC. The N 1s spectra (Figure 4.S2) shows a lack 

of amination at the surface. However, this is to be expected that the majority of the ethylamine 

groups with the OMC scaffold are within the pore and outside of the information depth for lab-

based spectrometers. 
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Figure 3.11. Curve-fitted XPS spectra of the C 1s core level for EtNH2@oxOMC and EtNH2@OMC, post HCl and post NaOH 

treatment. On the right, overlaid C 1s and O 1s of EtNH2@oxOMC and EtNH2@OMC spectra that has been background subtracted 

and normalized at peak maximum to emphasize differences due to treatment. 
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Elemental Analysis  

The primary indicator of amination from the elemental analysis (Table 3.4) for the samples is the 

detection of nitrogen.  Prior to functionalization, the amount of nitrogen detected was very small 

for OMC and oxOMC. Following amination, the nitrogen content for both EtNH2@OMC and 

EtNH2@oxOMC was significantly enriched, which alludes the presence of amines in these 

materials. The differences in nitrogen detected for the EtNH2@oxOMC materials following acid 

and base exposure corroborate well with the 4-NB assay results. The nitrogen amount for 

EtNH2@oxOMC-A was the same as oxOMC, and the nitrogen detected for EtNH2@oxOMC-B 

was very similar to that of EtNH2@oxOMC, and, indicating surface amine scission following acid 

exposure, but not base. While the nitrogen content EtNH2@OMC-A and EtNH2@OMC-B were 

still elevated from that of OMC, there is a slight decrease in nitrogen amount for these two samples 

relative to EtNH2@OMC. The diminished nitrogen detected for these samples may be due to the 

limitations of the measurement only analyzing analyzing C, H, and N. The possibility of 

undetected residual elements, like Cl from HCl and Na from NaOH, may have affected the mass 

balance obtained for EtNH2@OMC-A and EtNH2@OMC-B.  
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Table 3.4. Detected wt. % of selected elements by elemental combustion microanalysis. 

 

 

 

3.6 Conclusion 

Covalently modified OMC surfaces were investigated for their robustness towards varying 

HCl concentrations and 1M NaOH. From a nitrogen sorption porosity and LA-XRD topological 

ordering standpoint, both etherized and organolithium-modified OMCs were able to withstand 

1M NaOH, which incurred negligible changes to the material by these measurements. The 4-NB 

assay quantitatively proved the retention (>90% starting amount) of surface amines for all of the 

base-exposed aminated OMC materials. The same can be claimed for the organolithium-

modified OMC under acid conditions, from both physicochemical characterizations and the 4-

NB assay, which was expected. The etherized OMC was lysed in hydrochloric acid conditions at 

pH 0 and pH 1, contrary to solution-based organic chemistry ether stability, showing the 

importance of chemical testing on covalently-modified porous carbon materials. Since the 

electronic environment on a given carbon material is unique, the reactivity for a given functional 

group (i.e., ether) cannot be predicted by organic chemistry knowledge alone, and therefore 

researchers utilizing a given type of covalently functionalized carbonaceous material should 

 Carbon Hydrogen Nitrogen 

OMC 96.1 0.8 0.0 

EtNH2@OMC 91.5 1.7 0.4 

EtNH2@OMC-A 92.8 1.3 0.3 

EtNH2@OMC-B 91.9 1.2 0.2 

oxOMC 92.6 2.7 0.1 

EtNH2@oxOMC 85.6 3.0 0.7 

EtNH2@oxOMC-A 92.6 0.6 0.1 

EtNH2@oxOMC-B 83.0 1.1 0.6 
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systematically experimentally determine for which pH condition the surface functional groups 

are labile in.  
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Supporting Information 

The following figure (Figure 3.S1) shows the Boehm titrations showing a miniscule 

difference between the oxOMC sample and titration blank titrant volumes to reach pH 

equivalence for the NaHCO3 trial, and approximately 0.13 mL difference for the Na2CO3 trial. 

For the Na2CO3 titration, the amount of detected surface lactones is 13 µmol g-1. This value 

allows for the amount of surface hydroxyl groups to be computed. 
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Figure 3.12. Boehm titration NaHCO3 and Na2CO3 trial results for oxOMC. 
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Figure 3.13. N 1s spectra of EtNH2@oxOMC and EtNH2@OMC, both post HCl and post NaOH. 
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CHAPTER 4  EXPOUNDING THE APPLIED SCOPE OF THE ORGANOLITHIUM AND 

HYDROXYLATION-ETHERIZATION METHODS 

4.1 Abstract 

The documented dissertation research comprises the significant finding regarding the acidic 

reactivity of etherized ethylamine groups on OMC surfaces. These findings will inform the 

future use of etherized OMC and OMC-like porous carbon materials. This dissertation’s research 

scope was designed to elucidate the pH stability of a primary ethylamine functionalization and 

static (room temperature) exposure to pH 0-3 (HCl), and pH 14 (NaOH) on hard-templated 

OMC. Attempts to alter the degree of organolithium C-C functionalization was conducted by 

means of changing OMC carbonization temperatures and varying the pore dimensions of 

mesoporous silica template; These synthetics attempts were unsuccessful in that the preliminary 

data showed no differences in material properties (by N2 sorption and TGA analysis) for the 

aminated OMCs. However, a variety of other techniques for controlling C-H defect density could 

be assessed. Also, the hydroxylization method by Fenton reaction was comparable in terms of 

degree of ethylamine functionalization relative to the organolithium method for this research, so 

no changes or optimization to the Fenton protocol was pursued. Despite this, many synthetic 

alterations could be studied in order to control the amount of surface hydroxyl groups installed to 

OMC surfaces. 

4.2 Improvements to the Organolithium Method 

The organolithium-mediated functionalization for carbonaceous materials beyond 

fullerene, CNTs, and graphene since 2010 has only been published upon a handful of times. In 

2014, Joglekar, et. al, showed OMC treated with n-butyllithium covalently grafted 2.5 mmol · g-1 

bpy ligands, from which bound Cu2+.1 Two years later, the same procedure was utilized to screen 
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metal chelating ligands to bind Pt2+ on OMC for use as a direct-methane fuel cell anode.2 

Researchers in 2018 used the same method to install approximately 0.7 mmol g-1 triethylamine 

groups onto OMC as a transesterification base catalyst.3 The reliability of the data’s 

interpretation is called into question when the rationale for reduced catalytic activity over four 

cycles could be due to “evaporation of amine functional groups by sequential drying at the 

temperature of 80 °C”, where such temperature is insufficient to decompose a covalently bonded 

triethylamine and also far below the boiling point of the amine precursor, 2-(diethylamino)ethyl 

bromide hydrobromide (208 °C). Further, the researcher’s rinsing protocol would have been 

sufficient to remove any non-reacted precursor, so the boiling phenomenon is unlikely. The 

triethylamine-functionalized research was synthetically novel in that the amine precursor was a 

salt, whereas the previous OMC publications used bromo-2,2-bipyridine. The bromo-2,2-

bipyridine is fully soluble in diethyl ether, while organic salts do not solubilize well in ether; it’s 

believed that the miniscule solubility into ether could be sufficient to contact with the highly 

reactive C-Li sites over 6 hours of contact. 

OMC surfaces comprise a significant degree of planar sp2 carbon bonding with varying 

amounts of oxygenated functional groups and some number of sp3 defect sites embodying 

surface-terminated C-H moieties. The abundance of each of these features rely on the synthetic 

conditions applied to create the OMC. It has been experimentally observed that an increase in 

carbonization temperature results in an enrichment of sp2 bonding and a diminution of surface 

oxygen groups.4 However, there remains a challenge in controlling the density of sp3 defects 

when fabricating carbonaceous solids. Some successful procedures for intentionally installing sp3 

defects utilize nitrogen-doped carbons, as in the transformation of N-doped highly oriented 

pyrolytic graphite (HOPG) to a highly sp3 “defective” D-HOPG5 or salt vaporization of ZIF-8 
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MOFs to create a sp3-enriched N-doped carbon.6 The identification of sp3 sites on carbon 

surfaces is largely evidenced from computational support and are possible for materials with 

very well-defined architectures, like HOPG and ZIF-8.  

Identifying sp3 defects in larger carbonaceous structures, like OMC, has not been realized 

computationally. However, one significant step was made in 2022 when F. L. Sebastian, et. al. 

demonstrated for the first time a positive relationship between the measured Raman disordered to 

graphitic (D/G) ratio of and the defect density on fluorescently labeled CNTs.7 This 

breakthrough research is the first to establish this relationship for a non-planar carbon material, 

and this information is an a priori proxy for anticipating sp3 defect densities on curved OMC 

surfaces. It is understood that during the carbonization step of synthesis, a higher temperature 

drives graphitization, resulting in a lower Raman D/G ratio for most carbons.8 A 2019 study 

clearly show the Raman D/G ratio evolution for 3.3 nm pore sized OMC carbonized at 500, 600, 

700, and 800 °C.9 With this established notion, it was predicted that 5 nm pore sized OMC 

fabricated at increasing temperatures would embody a decreasing amount of surface-accessible 

C-H defect sites suitable for organolithium activation. From this notion, OMC produced at 700, 

800, and 900 °C were aminated by the organolithium method followed by addition of 

bromoethylamine hydrobromide. Nitrogen sorption isotherms indicated that the reduction in 

surface area, pore volume, and pore diameter reduction for every aminated OMC were identical 

across the synthetic temperature range. Also, by TGA, the amount of weight loss measured for 

all aminated OMCs prior to structural degradation were much alike. These first two 

characterizations suggest the carbonization temperatures between 700-900 °C do not 

significantly affect the amount of derivatizable sp3 defects on the material surface by means of 

organolithium modification. 
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4.3 Improvements to Hydroxylation-Etherization 

Since the hydroxylation protocol was adopted from CNT research, there is an opportunity 

for the Fenton reaction to be studied with respect to hydroxylating MC structures. Investigating 

the rate of hydroxyl group formation as a function of temperature and reactant concentration on 

MC surfaces would provide researchers with a synthetic handle on hydroxylation extent. While a 

longer reaction time should yield greater -OH functionalization, determining a maximum amount 

of grafted hydroxyl groups by this method would be useful to know for applications which 

utilize surface hydroxyl groups directly.  

The high temperature fabricated (> 800 °C) OMC surfaces is predominantly aromatic in 

nature with a small (< 2 at. %) amount of C-H defects and oxygenation. Generally, a carbon 

surface’s chemical makeup is relatively unreactive towards forming new chemical bonds. Since 

covalent carbon modification requires surface reactive functional groups, researchers have 

discovered how to enrich carbon surfaces with oxygen-containing moieties by oxidation. The 

lion’s share of oxidations are chemically derived, where concentrated oxyacids (HNO3, H2SO4), 

oxidants (H2O2, Na2S2O8), bases (NaOH, KOH), and combinations of thereof are shown to 

install a plurality of functional groups like carboxylic acids, phenols, lactones, ketones, and 

ethers.10-14 Physical activation, primarily through high temperatures and a reactive gas (CO2, 

H2O, CO, steam) can generate similar surfaces at the expense of an energy consumptive heating 

process.15-16 For OMC, oxidations inherently constrict the dimensions of pores and can 

physically degrade the OMC superstructure.11, 17 Oxidized carbons represent a large amount of 

functional carbons in fields like water filtration, aqueous electrochemistry, and heterogeneous 

catalysis. For aqueous applications, oxygen groups introduce carbon surface polarity, and 

thereby enables water contact as opposed to a carbon surface devoid of such oxygenation.18 
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Additionally, in catalysis, the acidity of carboxylic acids and phenols can act as acidic active 

sites and can also affect the sorption of molecular substrates/products. Hydrophilicity imparted 

by oxygenation also facilitates contact with aquated metal cations, which improves metal 

sorption for remediation as well as improves metal ion dispersion during metal nanoparticle 

synthesis.19-20 

 One notable utility of oxidized carbons is to covalently react certain oxygen surface 

groups with an adsorbate to introduce new functionality. Of the known oxygen groups to occupy 

carbon surfaces, only a handful are regarded as covalent attachment sites. Researchers have 

converged to convert carboxylic acids into esters and amides, and phenols into ethers. In these 

cases, every other surface oxygen not participating in the targeted reaction will be unreactive and 

fill surface space which could otherwise be occupied by a reactive oxygen group. To this end, 

methods to imbue carbons selectively with carboxylic acids or phenols have been developed.  

 Two recent studies used carboxylated OMC materials to covalently tether 

oligonucleotides for rare earth element (REE) sequestration. Predicated by success in adsorbing 

REEs with phosphate-modified OMC, the researchers wanted to study the sorptive effects of 

tethering amine-terminated a 20 thymine unit oligo, a 100 thymine unit oligo, and a 2000 base 

pair long ssDNA.21 Carboxylic acids on carboxylated OMC underwent amidation with the N-

terminus of the oligos and then utilized as Nd3+ sorbents. While the unfunctionalized OMC could 

adsorb 3.4 mg · g-1 Nd3+, all of the oligo-grafted OMC exhibited >9 mg · g-1 Nd3+.13 XPS 

analysis measured shortened Nd-O and Nd-P distances, indicating these features of the 

oligonucleotides as adsorption sites. Another group similarly tethered a 100 thymine unit oligo 

strand onto OMC and showed by XPS that oxygen is primary binding functionality in oligo-

grafted OMC for Dy3+ and La3+.14 
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 State-of-the-art selective hydroxylation methods are available for CNT and graphene, 

where fewer have been proven for mesoporous carbon.22-31 Albeit so, one notable example of 

covalent tethering onto OMC surface hydroxyls came from F. Kleitz, et.  al. in 2017; while the 

functionalization targeted the hydroxyl functionality, the group utilized an oxidation which 

installed a plurality of oxygen groups onto the OMC.32 They showed the covalent grafting of 

chlorinated diglycoamide molecules, reacting at nucleophilic -OH sites, forming metal chelating 

sites for aqueous REE extraction.  More recently, a mesoporous carbon templated by spherical 

CaCO3 nanoparticles exhibited both surface carbonyl and hydroxyl groups33. While this 

procedure gave rise to two functional groups, both hydroxyls and ketones are suspected active 

sites for forming surface hydroxy-negative anions to improve contact with alkaline electrolytes 

as a supercapacitor electrode. While the effect The dearth of OMC research to install surface 

hydroxyls can be rationalized by the burgeoning variety of surface modifications which 

researchers can choose from. Further, the size of the OMC community is relatively smaller than 

the research population studying other carbon allotropes. There is clearly an unfilled gap in 

OMC research regarding surface hydroxylation and using hydroxyl groups as sites for grafting 

functional molecules. 

Historically, functionalizations of OMC have drawn upon the knowledge procured by 

researching surface reactions on other carbon allotropes. After surveying the reaction scope of 

surface hydroxylation for graphene, nanodiamonds, and CNTs, there emerged three protocols 

which were synthetically feasible by means of chemical activation. A majority of these 

publications feature the Fenton reaction (Fe2+, H2O2) to confer hydroxyl groups by means of 

radical addition with unsaturated surface C=C sites. The reactions which the Fenton-generated 
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radicals undergo on nanodiamond, graphene, and CNT are precedent to the Fenton reaction’s 

applicability for OMC surfaces.  

 This reaction has been proven on fly-ash derived activated carbon, which inherently 

contain hydroxyls and carboxylic acids.34 The authors claimed the creation of both ethers and 

esters (Figure 4.1). However, the reported basic (NaOH) reaction conditions are inappropriate to 

esterify a carboxylic acid, so it’s believed that only etherized groups were created. This research 

was seminal in showing that etherization by means of substitution between nucleophilic porous 

carbon hydroxylates and an electrophilic primary carbon-halogenated functional group. 

 

 

Greater comprehension of hydroxyl derivatization came from a 2021 study by F. Herold, et. 

al. who synthesized hydroxylated amorphous, mesoporous polymer-derived carbon (PDC) and 

performed etherizations and esterifications.35 The hydroxylation was achieved by an initial bulk 

oxidation with HNO3 followed by a chemical reduction by LiAlH4 to reduce surface ketones and 

carboxylic acids to hydroxyl groups. Notably, this research was performed on amorphous 

Figure 4.1. Proposed reactions for preparation of the amine-enriched fly ash sorbent. 
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carbon, which bears surface chemical resemblance to OMC. The surface reactions they 

performed targeted specific functional groups to derivatize and subsequently quantify (Figure 

4.2). Only O-PDC-LiAlH4-COOH registered near-quantitative functionalization, where the 

hydroxyls in O-PDC-LiAlH4-BzCl and O-PDC-LiAlH4-Me only partially reacted to form esters 

and ethers, respectively. They found the thermal stability of the etherized functionality on O-

PDC-LiAlH4-COOH was greater than that of carboxylic acid moieties alone on carbon surfaces. 

On the other hand, the thermal decomposition temperature for both phenyl and methyl esters 

were lesser than that of reported surface lactones and ethers. This observation was attributed to 

the thermal reactions which occur during TPD including: Carboxylic acid condensation to 

anhydrides, formation of lactones between carboxylic and hydroxyl groups, and the Boudouard 

equilibrium process.36 

Figure 4.2. Introduction of phenyl esters, carboxylic acids or methyl ethers by utilizing hydroxyl 

surface groups of a reduced carbon as nucleophiles. 

https://www.sciencedirect.com/topics/engineering/surface-hydroxyl-group
https://www.sciencedirect.com/topics/engineering/surface-hydroxyl-group
https://www.sciencedirect.com/topics/materials-science/nucleophile


 

115 

 

Amines have emerged as versatile functional groups, being applied across a range of fields. A 

few notable uses of primary amines include: Active sites for base catalysis, coordinating metal 

cations for water purification and to improve metal loading for nanoparticle formation, 

chemisorbing CO2 for gas purification, electrostatic binding sites for pollutants or 

pharmaceuticals, conjugating with acyl-chloride amino acid C-termini to install proteins or 

enzymes, and coupling with fluorophores for medical imaging applications. 

 From our study comparing the reactivity of covalently-grafted ethylamine OMC 

materials, it is apparent that pHs 0 and 1 at room temperature under static conditions deaminates 

etherized surfaces. It is hypothesized that under the excess acidic environment, both the amine 

and etheric oxygen are protonated. The protonated ether allows for nucleophilic displacement to 

occur at the adjacent 1 carbon, rendering the hydroxylated OMC as the reaction’s leaving group 

along with a chloroethylamine molecule (Figure 4.3).  

 

 

Figure 4.3. Mechanism of ethylamine surface cleavage occurring at the etheric oxygen. 

   

Alternatively, the sterics of the ethylamine moiety allow for amine back-bending, where 

the etheric oxygen lone pair interacts with the hybridized σ* C-N bond located on the 1° carbon 
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to the protonated amine, allowing for a nucleophilic displacement to occur giving rise to a 

strained oxirane ring on the OMC surface and an ammonia leaving group (Figure 4.4).  

 

Figure 4.4. Mechanism for amine liberation by means of SN2 attack by the etheric oxygen. 

 

One other considered case, involving an SN2 displacement of ammonia by the chloride 

anion in concentrated HCl solution, was envisaged but deemed unlikely since C-C bonded amine 

groups remained after acid exposure (Figure 4.5). Computational chemistry would provide 

energetic and mechanistic insight into the reactivity of etherized ethylamine groups on OMC, 

indicating which decomposition route is most likely to occur. 

       

Figure 4.5. Mechanism of deamination from chloride SN2 attack on the amine α carbon. 

 

To understand the mechanism by which the material reacts would require more extensive 

surface analysis to probe the connectivity of the surface groups present after the acidic exposure, 

but surface-sensitive characterizations such as XPS, SAXS, and WAXS cannot unambiguously 
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identify functionality, which many solution-based analyses do routinely. Alternatively, the liquid 

retentate following acidic exposure could be assessed by GCMS, mass spectrometry, liquid 

FTIR, or 1H/13C NMR to elucidate whether ethylamine or ammonia is produced. In the case of 

ammonia being a reaction product, the supernatant could be titrated against a weak base to 

quantify the amount of liberated ammonia. The surface chemistry of the reacted OMC could be 

characterized by means of carbon and nitrogen XPS, only if the surface concentration of 

analyzable elemental groups provides sufficient count statistics to provide meaningful curve-fits. 

The Boehm titration would be able to identify hydroxyl presence, cluing acidic cleavage at the 

etheric oxygen. Chemically probing whether the aminated OMC decomposes by path B would be 

possible by either an acid or base mediated ring-opening of the epoxide to generate an ether bond 

with a new chemical signature. This selective functionalization can be followed by 

thermogravimetric analysis, to quantify the degradation of newly appended functionality, and 

FTIR to fingerprint the new etheric chemical signature. Under either basic or acidic ring-opening 

conditions on an oxirane-terminated OMC surface, there would be no such reaction on a 

hydroxylated OMC surface. In order to maximize the TGA detectability of the reaction product, 

a long-chain alkoxide, like sodium hexoxide, would be selected for reacting with the oxirane 

OMC surface—this way, the surface product would be a heavy hexyl ether, where a surface with 

100 µmol · g-1 hexyl functionalization would exhibit a well-resolvable 1.5 wt.% mass loss prior 

to framework fragmentation. Furthermore, the FTIR signals for C-H stretching would be easily 

differentiable for a hexyl-appended OMC versus a non-functionalized (hydroxylated) OMC 

surface.  

 Just as important as elucidating the reaction mechanism for etherized OMC surfaces 

would be finding the minimum concentration of acid required to cleave surface groups. If this 
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condition could be determined, it too could be informative towards determining which 

mechanism proceeds. It would also be interesting to see if the surface ether bond can be 

decomposed by human biologically-relevant acid conditions like the stomach (approximate HCl 

concentration: 150 µM). If so, an OMC could be fabricated such that the pore apertures are gated 

by means of bulky molecular complexes tethered by ether bonds that react only when in the 

stomach’s environment. In this embodiment, the pH-responsive gated OMC would act as a 

protective carrier for pharmaceuticals with a high risk of insufflation abuse.  

4.4 Final Remarks 

While a majority of this dissertation’s concern is with observing the acidic reactivity of 

etherized OMC material surfaces, a reasonable outset to this research includes determining 

whether covalently etherized OMC materials possess superior applied capabilities compared to 

OMC with C-C covalently tethered surface groups. Surface ether oxygens can improve 

wettability, and thereby contact with dissolved aqueous compounds. For both catalysis and 

aqueous adsorption, material hydrophilicity plays a large role in facilitating adsorptive-surface 

attraction. Thus, a comparison of C-C and etherized OMC in either of these broad applications 

would be beneficial to understand how near-surface OMC polarity influences its applied 

functions.  

 The rationale for studying primary amine surface functionalization was previously 

introduced, as was the application (Knoevenagel condensation catalysis) for the studied OMC 

materials. There are other functions permitted by a primary amine however, like transition metal 

cation coordination, C-terminus amino acid coupling, and conversion to azides (N=N). The 

attraction of primary amines towards divalent metal cations means that aminated OMC materials 

would act as chelation sites for dissolved metals in aqueous solution. While this has direct 
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implications towards aqueous metal sequestration, the surface metal affinity can be utilized for 

attracting metal precursors to the OMC surface for nanoparticle formation. There is plenty of 

literature precedence showing how porous aminated materials are superior to non-functionalized 

materials for dispersing and covalently tethering metal nanoparticles. Lastly, converting amines 

to azides would open up a much greater collection of surface reactions to occur, namely azide-

alkyne “click” chemistry which is proven applicable to CNTs and other porous carbons.37-40 The 

click chemistry reaction scope opens numerous pathways to covalently link compounds to OMC 

scaffolds as opposed to reactions off of primary amines alone.  

 Lastly, this research illustrated the effectiveness of both the organolithium and 

hydroxylization-etherization protocols to install ethylamine groups onto OMC. It was 

serendipitous in that both types of aminated OMCs embodied similar amounts of assay-detected 

primary amine groups. Because of this, the modified materials could be compared directly 

(gravimetrically) with one another without mass correction. However, the levels of amine 

enrichment fall about an order of magnitude below what other publications claim for surface 

amine density. For the organolithium method, finding out how to tune the amount of surface 

derivatizable sp3 defects by synthetic or post-synthetic means would be helpful to increase the 

degree of functionalization. Being the case, the knowledge emerging from the CNT and 

graphene communities will be instrumental in guiding the development of surface defect 

engineering with OMC materials.  
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APPENDIX A    PERMISSIONS FROM PUBLISHERS 

 

 

 

Figure A.1. Copyright permission obtained for “Strategies for post-synthetic functionalization of 

mesoporous carbon nanomaterial surfaces”, modified for Chapter 1. 

 

 

 

Figure A.2. Copyright permission given for the manuscript in which SAXS data was discussed in 

Chapter 2. 
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Figure A.3. Copyright permission granted for reuse of the manuscript for Figure 5.1. 
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Figure A.4. Copyright permission received for reuse of Figure 5.2. 
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APPENDIX B    PHYSISORPTIVE DECORATION OF OMC BY N,N,N,N-

TETRAOCTYLDIGLYCOAMIDE FOR F-ELEMENT SEQUESTRATION 

B.1 Introduction 

This project was funded by the United States Department of Defense, Defense Threat 

Reduction Agency for preliminary research pertaining to microscale separations of transuranic 

elements present in nuclear fission products. The interest in creating a solid-liquid extraction 

extraction system comprising a porous solid to heterogenize organic molecule extractants small-

scale separations arose from the infeasibility of miniaturizing liquid-liquid separation systems.  

The high surface area of molecularly-accessible pore apertures renders OMC as a candidate 

for supporting f-element extractants because of three physiochemical characteristics inherent to 

OMC: 1) Carbon materials are inherently stable in strongly acidic (Molar) chemical 

environments,1 2) The hydrophobicity of carbon surfaces enable noncovalent interactions with 

lipophilic groups2 (which constitute some classes of f-element chelator molecules), and 3) The 

OMC structure can attenuate the degradative effects of γ-radiolysis present in all “hot” nuclear 

material.3    

Inherently hydrophobic OMC was selected for this aqueous extraction because of van Der 

Waal forces and London dispersion forces which arise between the OMC surface and the 

lipophilic portion of a metal extractant molecule (adsorbate). When immersed in water, the 

relative strength between the OMC and hydrophobic adsorbate can be greater than that between 

water (reaction medium) and the adsorbate. In 2019, E. R. Bertelsen, et. al. used OMC physically 

impregnated with bis(2-ethylhexyl) phosphate extractant as a microcolumn and demonstrated 

separation of Eu3+ and Nd3+, proving the utility of metal chelator surface-functionalized OMC 

for chromatographic, intra-group lanthanide extractions.4 To gain a more fundamental 
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understanding on the binding of metals with f-element extractants physically adsorbed on OMC, 

a different thoroughly investigated liquid-liquid phase chelator was selected.  

The dynamics of N,N,N,N-tetraoctyldiglycoamide (TODGA) as a trivalent lanthanide and 

actinide chelator is well known, as it is used extensively in nuclear fuel reprocessing in ALSEP 

(Actinide Lanthanide SEParation),5 EURO-GANEX,6 and innovative-SANEX processes.7   

Apart from liquid-liquid extractions, TODGA heterogenized by physical adsorption onto a 

polymeric ester-based resin (Amberchrom GC71) is a commercially available f-element 

adsorbent. Similarly, TODGA can be adsorbed onto OMC and used to sequester actinides. This 

is made possible by the abundant hydrophobic-hydrophobic interactions between the TODGA 

octyl chain and OMC surface. Since OMC is lipophilic, utilizing it as an acidic aqueous 

adsorbent brings about wettability issues, making it prohibitive to initial water contact for many 

hours. Thus, the addition of a wettability agent is necessary to improve the OMC hydrophilicity 

and promote water contact. The molecule 2-octanol, in liquid-liquid extractions, acts as a 

wettability agent for TODGA, by introducing a secondary hydroxyl juxtaposed with the TODGA 

octyl tails. Concomitantly, alcoholic diluents prevent aggregation of TODGA molecules. In the 

TODGA OMC system, 2-octanol improves wettability throughout the material and also acts as a 

TODGA dispersant.8 

B.2 Probing Eu3+ Uptake on TODGA Modified OMC 

To understand the impact of pore confinement and phase modifier on heterogeneous actinide 

sequestration, a series of OMC materials with 5 nm pore diameters loaded with varying wt. % of 

TODGA and 2-octanol were fabricated. Also, a commercial resin impregnated with TODGA and 

TODGA/2-octanol supplied by Eichrom Technologies (Amberchrom GC71) was assessed 

because the resin material possesses large, 25 nm pores, where pore confinement effects are 



 

129 

assumed negligible. To probe the sub-nanometer scale of molecular interactions of Eu3+, 

TODGA, and material surfaces, synchrotron beamline measurements were conducted at 

beamline 12-ID-B (small-angle X-ray scattering, SAXS, and wide-angle X-ray scattering, 

WAXS) of the Advanced Photon Source at Argonne National Laboratory. The X-ray analyses 

were performed on the adsorbent materials before and after contact with different amounts Eu3+. 

The SAXS and WAXS data both displayed notable differences between OMC and resin 

materials, irrespective of 2-octanol addition. The SAXS profile of TODGA and TODGA/2-

octanol modified OMC, at highest Eu3+ uptake, exhibited diffraction peaks (0.31 Å-1, 0.289 Å-1) 

indicating a non-crystalline to crystalline phase transformation of Eu within the OMC pores 

(Figure 2.1). The diffraction profile originating for the high Eu3+ loading, indicated by the dark

traces, is only present for the confined TODGA OMC system, whereas no such peak pattern is 

observed for the TODGA GC71 resin material. Another SAXS study showed similar behavior of 

polyoxoanion complexes in mesoporous carbon scaffolds.9 The scattering profiles of Eu-loaded 

TODGA resins were devoid of diffraction features, with only a correlation peak identified for the 

resin with highest Eu3+ uptake. 
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Figure B.1. SAXS profiles for 34 wt.% TODGA OMC (left) and 40 wt.% TODGA GC71 commercial resin (right). 
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The microcrystalline-like Eu3+ domains observed for functionalized OMC materials are 

confidently ascribed to the confinement imparted by the mesoporous structure, whereas the 

functionalized resins comprised pores which were too large to induce crystal formation. This 

exciting observation is a first step towards improving solid-liquid extraction technologies, where 

pore size-tuned materials could be developed to selectively crystallize a select cation from a 

mixed solution.  

It would be useful to understand the minimum pore dimension which results in the 

microcrystallization-like phenomena observed for 5 nm pore OMC. Another interesting 

comparison could be made between mesoporous materials with similar pore dimensions, but 

different surface chemistries. There are examples of OMC-polymer composites, where OMC 

scaffolds are enshrouded by a polymer coating, covering both pore surfaces and particle exterior. 

However, not all polymers are suited for mesopore infiltration. If the conditions for infiltrating 

OMC pores with a monomer and initiator for a given polymer allow for the polymerization to 

proceed such that a surface coating is obtained; otherwise, aggregations of polymers can occlude 

pore entrances and exclude internal surface area. So, if the synthetic conditions permit, the 

polyester of Amberchrom GC71 could conformally coat OMC to create a resin-like material with 

ordered mesoporous structure. Furthermore, it is not clear whether the linearly aligned OMC 

pore structure promoted the SAXS observed crystal-like domains or if the pore dimensions alone 

facilitated the crystallization. Since other, less costly mesoporous carbons exist, it could be 

useful to understand the differences between Eu3+ crystallization in OMC and disordered 

mesoporous carbon solids. Lastly, given the time limitations in collecting synchrotron beamline 

data, the study of TODGA/2-octanol on OMC and Amberchrom CG71 resin was only possible 

for Eu3+ complexation. An obvious future direction could determine whether the pore 
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confinement crystallization effect is reflected with other f-element extractant molecules, such as 

P,P’-di(2-ethylhexyl)methanediphosphonic acid (DIPEX) or octylphenyl-N,N-diisobutyl 

carbamoylphosphine oxide (CMPO) commercially employed on resins similar to Amberchrom 

GC71.10, 11 The 2-ethylhexyl moiety on DIPEX and octyl chain on CMPO are the same 

functionality found on HDEHP and TODGA, respectively, so these extractants are likely to 

physisorb strongly onto OMC. 

B.3  Towards the Covalent Grafting of f-Element Extractants 

While the physical adsorption of extractants onto porous supports is the state-of-the-art for 

solid-liquid extractions, the long-term recyclability of these adsorbents is predicted to be lesser 

than that of materials with covalently-bonded extractants due to leaching. The funding for 

research on TODGA/2-octanol functionalized OMC materials with Dr. Erin Bertelsen terminated 

following the SAXS publication. A low hanging fruit for developing covalently-modified OMC 

surfaces with an extractant such as N-(2-hydroxyethyl)ethylenediamine-N,N’,N’-triacetic acid 

(HEDTA).12 Utilizing the organolithium mediated functionalization, there are two viable 

synthetic pathways to achieve covalent linkages between HEDTA and OMC. One possible 

synthesis starts with lithiated OMC (Figure 2.2), is relatively simple compared to the numerous 

transformations/purifications required in the HEDTA bromination synthetic pathway (Figure 

2.3). Synthetic hurdles for steps beyond ethylamine functionalization could include: 1) 

Uncontrolled reaction propagation between the haloethylamine and EtNH2@OMC, resulting in 

polymeric ethyleneamine chains rather than ethylenediamine@OMC, 2) Incompletely reacting 

all available amine groups with chloroacetic acid in the final step, and 3) unambiguously 

characterizing the surface functionality of the material after each synthetic step.  
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Figure B.2. Covalent attachment synthetic route for covalently tethering HEDTA onto OMC starting with lithiated OMC. (1) 

Attachment of bromoethylamine, (2) Reaction with bromoethylamine, and (3) reaction with chloroacetic acid. 

 

Figure B.3. Covalent attachment of HEDTA by means of brominated and carboxyl-protected HEDTA with lithiated OMC. (1) 

Protection of carboxylic acids with benzyl (Bz) functional group and purification, (2) bromination of Bz-protected HEDTA and 

purification, (3) reaction with lithiated OMC, and (4) chemical deprotection of Bz group. 
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The bottom synthetic route is rather tedious compared to the top pathway, primarily due to the 

need to add protecting groups to the acetate pendants on HEDTA in order for the bromination 

conditions to only transform the primary hydroxyl group and not brominate the carboxyl species 

too. Benzyl-protected carboxylic acids are recalcitrant towards strong base nucleophilic attack 

and should allow for the brominated, Bz-protected HEDTA to only react at the electrophilic 

primary carbon on the bromoethyl group.13 The protection and bromination steps would also 

require small molecule purification (i.e. column chromatography), but would benefit by the 

ability to ascertain the product structure by solution state 1H/13CNMR. Also, if the brominated, 

protected HEDTA is sufficiently soluble in diethyl ether, then the organolithium grafting onto 

OMC will be viable. 

Going forward with the pursuit of covalently enriching OMC materials underwent a change in 

scope with respect to the material’s final application, going from f-element separation to 

heterogeneous catalysis, with the ultimate manifestation of developing surface reactivity 

fundamentals under a range of pH conditions. 
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APPENDIX C    RAW DATA FOR PREVIOUS CHAPTER MEASUREMENTS 
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Figure C.1. Gas chromatography traces used for the calibration curve of 

benzylidenemalononitrile (BMN). 

Figure C.2. Calibration curve for BMN by gas chromatography. 
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Figure C.1. First round of BMN product formation for the Knoevenagel condensation (associated 

with Figure 2.11). 
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Figure C.3. Evolution of BMN over time for the third round of catalyst reuse (associated with 

Figure 2.11).  

Figure C.2. Second round of catalyst use for the Knoevenagel condensation reaction (associated 

with Figure 2.11). 
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Figure C.4. Raw UV/Vis 4-nitrobenzaldehyde assay calibration curve data. 
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Figure C.5. Processed calibration curve for the 4-NB assay. 
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Figure C.6. Representative sample data for the 4-NB assay used to compute surface -NH2 

amounts. The absorbance difference between the 275 nm peak maximum and the baselined 

absorbance at 400 nm was taken to quantify 4-NB amounts present. Then, the amount detected 

(µg mL-1) was converted into an amine density by dividing that number by the amount of 

material used in each trial (mg mL-1) to yield accessible -NH2 (µg mg-1, µmol g-1). 

 


