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 Over the past several decades, mesoporous silica nanoparticles (MSNs) have 

attracted a tremendous deal of interest in areas such as catalysis, drug delivery systems 

(DDSs), sensing, environmental remediation, and nanoelectronics due to their unique 

structures and properties. Since their discovery, research focused on MSN-based drug 

delivery systems has increased exponentially each year.1 The current body of work 

utilizes MSNs as a delivery vehicle to host a variety of quaternary ammonium 

compounds (QACs) for biomedical applications. The results reported herein demonstrate 

that the combination of porous materials with QACs can have a significant synergistic 

effect on the antimicrobial properties of the resulting material which paves the way for 

further studies to build upon this enhancing effect. 

 In chapter 2, benzalkonium chloride (BAC) was used as a template to synthesize 

mesostructured silica nanoparticles for antimicrobial applications.1 The synthesized 

material comprised a relatively high density (0.56 g per 1 g of SiO2) of BAC and a high 

surface area (1500 m2 g-1) after calcination. In the physiologically-relevant pH range of 
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4.0 to 7.4, BAC was released in a controlled manner showing dependence between pH 

and rate of release. The material demonstrated inhibition of the gram-positive 

Staphylococcus aureus and the gram-negative Salmonella enterica at 10 and 130 mg/L, 

respectively. Taking into consideration a ca. 36 wt.% loading content of BAC within the 

BAC-SiO2 material, this correlates to an inhibition of S. aureus with 4 mg/L BAC which  

is a 10-fold enhancement compared to the minimum inhibitory concentration (MIC) of 40 

mg/L for pure BAC. These results indicate that either the release of an antimicrobial drug 

(e.g., BAC) from the MSNs is not mandatory to achieve bactericidal efficacy or the host-

guest relationship between BAC and silica MSNs boosts antimicrobial activity. 

 In chapter 3, cetylpyridinium chloride (CPC) was complexed with ZnCl2 to yield 

cetylpyridinium tetrachlorozincate with a stoichiometry of C42H76Cl4N2Zn where zinc 

exists as [ZnCl4]2- tetrahedra. This novel material demonstrated parity antimicrobial 

efficacy as compared to pure CPC despite the fact that ca. 16% of the material is replaced 

with bacteriostatic ZnCl2. A technique to load the novel material into porous frameworks 

was proposed and yielded a material with ca. 9.0 and 8.9 wt.% of CPC and Zn, 

respectively. 

 In chapter 4, a complex comprising chlorhexidine (CHX) with N-

cyclohexylsulfamate (i.e., cyclamate) was synthesized yielding a stoichiometry of 

[C22H32N10Cl2][C7H13O3S]2. This newly discovered material demonstrates excellent 

antimicrobial activity with a minimum inhibitory concentration (MIC) of 2.5 µg/mL for 

Streptococcus mutans. Moreover, this material is advantageous as compared to the 

indispensable chlorhexidine gluconate since the inactive gluconate ion is substituted with 
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the bioactive artificial sweetener (i.e., cyclamate) which has the potential to mitigate the 

bitter taste commonly associated with chlorhexidine.  
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CHAPTER 1 

Ordered Mesoporous and Nanoporous Inorganic Materials via Self-

Assembly 

1.1. Introduction 

Since their discovery in the early 1990s, mesoporous silica materials have 

captured the attention of researchers worldwide because of their unique properties as well 

as their potential applications in catalysis, drug delivery, chromatography, separations, 

environmental remediation and nanoelectronics. Their properties and applications are 

largely dependent on their nanoporous structures and high surface areas, which allow the 

materials to support or carry various functional groups (e.g., drug molecules). 

Furthermore, their properties can easily be tailored, as needed, by a simple modification 

of their surfaces with various functional groups. In this chapter, a brief historical 

background on mesoporous materials and the major synthetic methods used to make 

various mesoporous materials with different structures are discussed. Several notable 

mesoporous materials and their fundamental properties and potential applications in areas 

including catalysis, drug delivery, nanomedicine, and nanoelectronics are also included. 

Some of the unique advantages of these materials for various applications are highlighted 

by presenting some examples, such as stimuli-responsive, on demand delivery of 

anticancer drugs to targeted cells. Finally, conclusions and perspectives on where the 

field of mesoporous materials currently stands and what more may have to be done to 

fully utilize these materials in various commercial products are discussed. 
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1.1.1. Nanoscience and Nanotechnology 

Nanoscience and nanotechnology, defined as the study and manipulation of 

matter with nanoscale sizes, still remain among the most rapidly advancing fields of 

science and technology today. According to most definitions, nanosized materials are 

materials with sizes in the range of 1-100 nm in at least one dimension, regardless of their 

compositions. But this definition should not be viewed in the strictest sense since 

materials below 1 nm and above 100 nm can still display related trends in properties as 

those having sizes within the traditional size range in the definition. In other words, 

matter with sizes below 1 nm or above 100 nm may still show nanoscale properties, 

rather than molecular or bulk properties, respectively.  

Nanomaterials are captivating researchers’ attentions mainly because of their 

inherent, unique nanoscale associated so-called quantum size properties and scalable 

nanoscale related features (e.g., high surface areas and relatively large number of surface 

exposed atoms due to their small sizes). Thus, their properties not only are entirely 

different from those of their atomic/molecular or bulk counterparts but also change 

depending on their size, shape, morphology, etc. For example, nanomaterials with the 

same composition but different sizes can show colors that are different from one another 

or different from their molecular and bulk counterparts. They can also show much higher 

magnetic anisotropy than their bulk counterparts, etc. Hence, they are fascinating systems 

to study and explore. Furthermore, many of their unique properties can be taken 

advantage of and be utilized in potential applications ranging from catalysis to 

biomedicine. 
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One particular area where research in nanoscience and nanotechnology is 

extensively advancing is the development of synthetic methods to various new, “smart” 

and multifunctional nanomaterials to meet the need for the next generation of advanced 

materials and devices for nanoelectronics, nanophotonics, sensing, separations, catalysis, 

and drug delivery. The synthetic methods to produce nanomaterials can generally be 

classified into two groups: 1) bottom up synthesis, which involves the assembly of atoms 

and molecules, typically using chemical processes, and 2) top-down synthesis, which 

involves the crafting of bulk materials into nanosized products, typically using physical 

methods, and sometimes chemical, electrochemical and other methods. Furthermore, 

depending on the specific reagents and materials involved, these two synthetic methods 

can be or have successfully been applied together in complimentary ways, or in tandem, 

to produce the desired nanomaterials.  

 

1.1.2. Mesoporous Materials 

Mesoporous materials are a class of nanostructured materials that possess 

nanoporous structures, nanometer-sized pores, high surface areas, large pore volumes, 

and nanosized and micro-sized particles. According to the International Union of Pure 

and Applied Chemistry (IUPAC), nanoporous materials are classified into three major 

groups, regardless of their compositions and the overall sizes of their particles: 1) 

microporous, which are nanoporous materials whose pores are less than 2 nm (e.g., 

zeolites); 2) mesoporous, which are nanoporous materials with pore sizes between 2-50 

nm; and 3) macroporous, which are nanoporous materials whose pore sizes are above 50 

nm. 
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Due to their nanometer pores, nanoporous materials (including mesoporous 

materials) possess several properties that are sought after from nanoscale materials and 

that are useful for many of the applications mentioned above. For instance, owing to their 

high surface areas and tunable nanometer pores, mesoporous materials are suitable as 

support or host materials for a variety of catalytic groups and bioactive guest molecules 

to generate heterogeneous catalysts or bioseparation media. Furthermore, since their 

particles size are often, or can intentionally be made, in nanometer or micrometer scales, 

they can possess additional, external surface areas. They can, therefore, serve as good 

adsorbents for pollutants and as host-guest inclusion platforms for adsorption and release 

of drugs and bioactive agents (an example is illustrated in Figure 1.1).1  

 

Figure 1.1. A representative scheme illustrating the potential use of functionalized 

mesoporous organosilica nanoparticles (MONs) for chemotherapy of tumors. Reprinted 

from Chen, Y.; Meng, Q.; Wu, M.; Wang, S.; Xu, P.; Chen, H.; Li, Y.; Zhang, L.; Wang, 

L.; Shi, J. J. Am. Chem. Soc. 2014, 136, 16326–16334, Copyright (2014), with 

permission from American Chemical Society.  
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Although, as nanostructured materials, mesoporous materials can be synthesized 

by one of the two general synthetic approaches mentioned above, the first one (bottom-up 

synthesis) is more preferred and more widely applied. In particular, the bottom-up 

synthetic method involving the so-called supramolecular assembly is quite versatile as it 

allows control over the arrangement of the precursors involved, and produces a range of 

hierarchical mesostructures with a broad range of compositions, pores sizes and pore 

types. Like the synthesis of many other materials, the synthesis of mesoporous materials, 

especially using such self-assembly techniques, requires optimization of the synthetic 

conditions, including temperature, pH, concentrations of reagents and the use of 

appropriate self-assembling molecules and other specific conditions that may allow the 

given precursors to properly self-assemble. A slight change in any one or many of the 

synthetic parameters or conditions can lead to different arrangement of atoms and 

molecules, or mesoporous materials with significantly different structures and properties. 

The synthesis of mesoporous materials with optimum structures and desired properties 

and potential applications thus requires perfecting all of these synthetic conditions and 

parameters as well as using the right combinations of reagents under optimal synthetic 

conditions. To find the optimal synthetic conditions that can generate the “ideal” or 

desired mesoporous materials, experimental investigations are now often coupled with 

theory and computational studies of self-assembly processes. 

Fortunately, the properties of existing mesoporous materials can easily be further 

tuned or improved simply by placing some functional groups on the materials’ surfaces 

and/or within the materials’ pores using various synthetic routes. This can lead to the 

most desired mesoporous materials that may be hard to obtain directly by the self-
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assembly synthesis. In fact, the functionalized mesoporous materials obtained by such 

further synthetic modifications are among those that have been demonstrated to have 

many potential advanced applications. However, this too (i.e., the functionalization of 

mesoporous materials with various groups) may still require controlled synthetic 

conditions and appropriate reagents, some of which have to be designed and synthesized.  

Additionally, by adjusting the various synthetic conditions involved, the pores of 

mesoporous materials can be tuned (as small or large monodisperse pores), or can 

intentionally be made to have two or three different pore sizes (bimodal, trimodal, etc.). 

These may, in turn, allow the materials to have useful mass transfer and other properties 

for various applications, especially those that involve the transport of reactants and 

analytes through the materials’ pore networks.  

Besides their nanoscale structural features and functional groups, mesoporous 

materials can be synthesized in different forms: in powder, thin film and monolithic 

forms as well as with nanoscale and macroscale dimensions, and also sometimes different 

shapes. Mesoporous materials also often inherently come with many other desirable and 

useful properties such as high mechanical strength, thermal stability, and chemical 

stability under a wide pH range while retaining their ordered pore structures, pore 

diameters, and overall morphologies.  

The compositions of mesoporous materials can vary widely as well. In fact, their 

composition is one way by which these materials are classified. Based on composition, 

they can be classified as mesoporous silica, mesoporous titania, mesoporous zirconia, 

mesoporous organosilica, etc. Binary and ternary mesoporous oxides are also known. 
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Other mesoporous materials such as mesoporous carbons, organosilicas, and polymer-

coated mesoporous metal oxides can be derived from the original mesoporous materials 

by additional synthetic steps as well. The current work focuses predominantly on 

mesoporous silicas.  

The surfaces of mesoporous silicas (both internal and external) consist of some 

residual uncondensed hydroxyl groups (also called silanol or Si-OH groups), whose 

relative density can be controlled by various post-synthetic treatments. For example, high 

temperature treatment under inert atmosphere reduces the density of Si-OH groups. On 

the other hand, the treatments of the materials with H2O2 or water, especially at high 

temperature can hydrolyze the Si-O-Si bonds and thereby increase the density of Si-OH 

groups. Adjusting the density of the surface hydroxyl groups, in turn, indirectly enables 

one to control the density of other functional groups that can be placed on the materials 

by grafting onto the Si-OH groups, and thereby to tailor the materials’ properties.2 For 

example, a smaller density of surface Si-OH groups enables easier diffusion of reactants, 

products, or guest molecules in and out of the mesopores. On the other hand, placing a 

larger density of grafted groups by intentionally producing a larger density of surface Si-

OH groups on the original material may result in functionalized pores that can serve as 

high adsorption capacity molecular sieves.3 Additionally, the pores of such materials may 

allow the diffusion of certain molecules but not others, depending on the size of the 

molecules or the ability of the molecules to interact with the high-density surface 

functional groups. Because they are both easier to synthesize and to functionalize their 

surfaces, mesoporous silica-based materials are particularly suited and are advantageous 
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for these purposes. All of these properties as a whole, thus, make mesoporous silica 

materials highly interesting and versatile for numerous applications. 

The first major reports of the synthesis of well-ordered mesoporous materials by 

supramolecular self-assembly of molecular building blocks, with the aid of simple, 

conventional self-assembling surfactants, was independently reported in the early 1990s 

by two research groups, namely Yanagisawa et al. at Waseda University (Japan)4 and by 

Kresge et al. at Mobil (now ExxonMobil) Company (USA).5 The pores of these original 

materials were around 3-4 nm in size, although several methods have now been known to 

make the pores of these types of materials larger. Meanwhile, the synthesis of SBA-type 

(where SBA stands for Santa Barbara Amorphous) mesoporous silicas with hexagonal 

array of pores with diameters as high as 30 nm by Zhao et al.6 at the University of 

California, Santa Barbara (USA) in 1998 advanced the field of mesoporous materials 

further. Like the first materials, SBA-type materials were synthesized also via the method 

of self-assembly of molecular building blocks, but using block co-polymers, rather than 

simple surfactants, as the amphiphilic self-assembling agents. Besides these, there are 

now several other mesoporous materials that have been synthesized by similar self-

assembly methods but using different types of reagents. 

 

1.2. Types of Mesoporous Silicas 

Mesoporous silicas are mesoporous materials whose structures are literally built 

with silica frameworks, and consist of silicon and oxygen atoms and some residual 

hydrogens in the form of silanol groups (isolated, geminal, or vicinal). A detailed 

description on synthesis of these materials are provided in Section 1.3 below. 
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The synthesis of mesoporous silicas via self-assembly is typically achieved 

through the hydrolysis and condensation of silicate precursors (e.g., tetraethyl 

orthosilicate or TEOS) in the presence of spontaneously self-assembling surfactant 

templates in aqueous solutions. Depending on how ordered the self-assembly processes 

proceed or not, ordered or disordered mesostructured silica materials templated by the 

surfactant micelles can form. Upon removal of the surfactant templates, either by 1) 

calcination at higher temperature, typically above 350 °C, or 2) solvent-extraction in 

acidic or organic solutions, mesoporous silicas (ordered or disordered) ultimately form. It 

is worth mentioning that the surfactant micelle assemblies are largely responsible for the 

resulting mesoporous structures, pore sizes, pore volume and surface area as well as the 

types of ordered arrangement of the pore structures in these materials. 

As mentioned above, research in mesoporous materials has significantly expanded 

since the discovery of the mesoporous silica materials by the Kuroda group at Waseda 

University (Japan)4 and the Kresge group at Mobil Oil Corporation (USA).5 Prior to these 

two independent reports in the early 1990s, the prominent inorganic nanoporous materials 

known and utilized (for example, in catalysis and sorption applications) were zeolites, 

especially aluminosilicate-based ones,7 which have pore sizes limited to less than ca. 1.5 

nm. Two and a half decades after the first mesoporous materials were reported, the type 

and number of mesoporous silica materials that have been reported in the literature have 

been growing and are now numerous. Depending on the synthetic methods applied to 

make the materials or the synthetic laboratory in which they were first synthesized, the 

mesoporous materials were given different types of names, including M41S-, SBA-, 

FSM-, MSU-, KIT-, FDU-, CK-, KSW-, DAM-, JLU-, IBN-, UK-, AMS-, and CMI-
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types.8,35-40 Among them, M41S-type mesoporous silicas are the most widely investigated 

for applications in catalysis, drug delivery, and imaging. 

 

1.2.1. M41S-type Mesoporous Silicas 

The M41S family of mesoporous materials comprises a variety of distinct 

structures, which collectively exhibit the common characteristic of highly ordered 

mesoporous structures and narrow pore size distributions in the range of ca. 1.5 – 20 nm.9 

The M41S family is further divided into three sub-groups based on the type of ordered 

arrangement of frameworks the materials possess; i.e., one-, two- or three-dimensional 

ordered structures. These are also respectively known as: MCM-41, which has a 

hexagonal arrangement of porous silica frameworks (P6mm symmetry); MCM-48, which 

has a cubic arrangement (Ia-3D symmetry) of mesopore networks; and MCM-50, which 

has a lamellar arrangement of pore frameworks. These variations in the arrangement of 

the channel pores of mesoporous materials arise from the way by which the surfactant 

templates self-assemble. This, in turn, depends on the type of the surfactant used, the 

surfactant’s critical micelle concentration (CMC), the relative concentration of the 

surfactant in the silicate/surfactant solution, and other factors such as the reaction 

temperature and the ionic strength of the reaction mixture. By changing any of these 

synthetic parameters and conditions, different self-assembled surfactant/silicate 

structures, and consequently, the different members of the M41S family of materials can 

be obtained. 

Among the M41S family, MCM-41 is the most prominent one and is also the one 

that is widely studied and considered for various applications in catalysis, sensing, 
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adsorption, host-guest inclusion, drug delivery, etc. MCM-41 possesses regular arrays of 

uniform hexagonally-arranged 1D channels (see Figure 1.2a) with tunable pore diameters 

in the range of 1.6 to 10 nm, based on the choice of surfactant template, additional 

chemicals such as micelle swelling agents, and reaction conditions employed to 

synthesize it.  

 

Figure 1.2. (a) A transmission electron micrograph showing hexagonal channels, (b) a 

selected-area electron diffraction (SAED) pattern indexed as hk0 projection, (c) an X-ray 

diffraction pattern and (d) a N2 adsorption isotherm of MCM-41. Reprinted from Kresge, 

C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S., Nature 1992, 359, 710–

712, Copyright (1992), with permission from Nature Publishing Group.  
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MCM-41 is typically synthesized by using cetyltrimethylammonium bromide 

(CTAB) or analogous surfactants as templates. After the self-assembly of the surfactant 

micelles with the hydrolyzed silicate precursors, followed by significant condensation of 

the silicate species around the surfactant micelles, takes place, the internal templates are 

removed to yield the mesoporous structures. In the initial disclosure of MCM-41, the 

synthesis was conducted using the combination of cationic cetyltrimethylammonium ion 

(comprising a mixture of hydroxide and chloride counter-anions) with alumina, 

tetramethylammonium silicate, and precipitated silica. Subsequent hydrothermal 

treatment, filtration of the reaction mixture, and calcination of the solid product yielded a 

material with a periodic lattice of hexagonal pores with a characteristic electron 

diffraction pattern along the c-axis as shown in Figure 1.2b and a (100) interplanar d-

spacing of ca. 4 nm (40 Å) as shown in Figure 1.2c. The largest advantage of the 

resulting material became evident from its exceptionally large surface area, large pore 

volume, and narrow pore size distribution, which were expected to have various 

applications. When their surface area and pore volumes are measured via gas adsorption 

(see section 1.5.1),10 surface areas and pore volumes above 1,000 m2 g-1 and 1.1 cm3 g-1, 

respectively, (see Figure 1.2d) are commonly obtained for these types of materials. 

Furthermore, typically, MCM-41 has pores around 3-4 nm in diameter (which are bigger 

than those of zeolites), good hydrothermal stability, and good thermal stability at high 

temperature and pressure. Thus, the material is suitable as a host or support material for a 

variety of guest molecules or as a scaffold for a wide array of functional groups to 

produce various heterogeneous catalysts, drug delivery systems and separation media.11-14 

In fact, various separation techniques have been successfully developed by taking 
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advantage of these structural features of MCM-41 material.15-19 Many other potential 

applications have also been widely demonstrated for MCM-41 materials (see section 1.6). 

 It has been debated by different researchers that the formation of mesoporous 

materials by structure-directing agents (SDAs) follows either a true liquid-crystal 

templating process or a cooperative liquid-crystal templating process as shown in Figure 

1.3.20 Although the mechanism by which mesoporous silicas are formed was long a 

matter of debate, it is now widely accepted that a stepwise process where the surfactant 

templates first self-assemble into an ordered hexagonal array of micelles, as illustrated in 

Figure 1.3, is part of the first major steps. Then, silane precursors hydrolyze and 

condense around the surfactant micelles to yield ordered silica frameworks. Finally, 

solvent extraction or calcination at temperatures > 350 °C (as shown in Figure 1.3) 

removes the micelle templates and yields ordered mesopore structures with a symmetry  

 

Figure 1.3. Formation of mesoporous materials by structure-directing agents (SDAs): (a) 

true liquid-crystal template and (b) cooperative liquid-crystal template mechanism. 

Reprinted from Hoffmann, F.; Cornelius, M.; Morell, J.; Froba, M., Angew. Chem. Int. 

Ed. 2006, 45, 3216–3251, Copyright (2006), with permission from Wiley VCH. 
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corresponding to the way the micelle templates are self-organized. The synthesized 

mesoporous solid material typically exhibits characteristic reflections in the low angle (2θ 

smaller than 8°) region of the X-ray diffraction (XRD) pattern (see Figure 1.2c), which 

can be indexed on the hexagonal unit cell with a ≈ 4.5 nm. 

The “liquid-crystal templating” (LCT) mechanism proposed by Beck et al.,21 

which describes the formation of MCM-41 in terms of a surfactant liquid crystal serving 

as an organic template, unlocked many tangential synthetic routes that led to various 

other highly ordered mesoporous silica materials. Most of them utilized surfactant self-

assembly and electrostatic interaction between template and silicate species. In the above 

examples, the synthetic pathways involve the organization of cationic quaternary 

ammonium surfactants and anionic silicate species (S+I-), via electrostatic attraction, 

producing three-dimensional (3D) periodic dual-phase lattices. However, it is feasible to 

produce parity mesoporous silica materials by utilizing reverse charge matching (S-I+)22 

or even systems where surfactant and silica precursors carry the same charges (S+X-I+, 

where X- is a halide anion or a charge mediator; or S-M+I-, where M+ is an alkali metal 

ion or a charge mediator).23 The latter are achieved by purposely introducing oppositely 

charged inorganic species in the reaction mixtures in order to mediate the similarly 

charged surfactant moieties and silicate species.  

Taking it a step further and expanding upon the aforementioned ionic-driven LCT 

mechanism, several other mechanisms have since been developed that take advantage of 

organic-inorganic self-assembly interaction other than those based on purely ionic ones. 

To this end, ordered mesoporous silicates have also been successfully synthesized under 

neutral conditions by employing neutral (S0I0)24 or non-ionic surfactants (N0I0),25 in 
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which hydrogen bonding between the surfactants and the silicate species is believed to be 

the force dictating their self-assembly and self-organization. In yet another templating 

mechanism, termed ligand-assisted LCT, mesoporosity is achieved by covalent bonding 

of the inorganic and the organic species during the surfactant self-assembly process, and 

then removal of the templates.26 Alternative synthetic approaches where non-amphiphilic 

molecules are used as templating agents have also been successfully executed for making 

other mesoporous silicate materials.27  

Besides MCM-41, Mobil Oil Corporation simultaneously developed the other two 

members of M41S materials (i.e., MCM-48 and MCM-50) by utilizing a similar 

electrostatic self-assembly synthetic route between cationic surfactants and anionic 

silicate precursors.21 Although the synthetic routes are similar, the latter two materials 

(see Figures 1.4b-c) are obtained by changing the ratio of silica precursor (silicate 

species) to CTAB (surfactant) in the reaction mixture28,29 or by replacing CTAB with 

gemini surfactants.30 MCM-48 contains 3D channel networks running along [111] and 

[100] directions, and the morphology of the particles often resembles a distorted 

octahedra in electron microscope experiments.31 MCM-50 (see Figure 1.4c) has a 

lamellar structure, which often lacks structural integrity during template removal, and is 

thus of less scientific and industrial importance.  

Due to their versatile properties, the M41S family of mesoporous silicas was 

quickly realized to have potential applications in many areas soon after its discovery in 

the early 1990s. Furthermore, many scientists have since focused on finding pore 

expansion synthetic routes that could lead to mesoporous silicas with even larger pore 

dimensions than the aforementioned materials. Some of these efforts have paid off. For  
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Figure 1.4. Structures of mesoporous M41S materials: (a) MCM-41 (2D hexagonal, 

space group P6mm), (b) MCM-48 (cubic, space group Ia3d), and (c) MCM-50 (lamellar, 

space group P2). Reprinted from Hoffmann, F.; Cornelius, M.; Morell, J.; Froba, M., 

Angew. Chem. Int. Ed. 2006, 45, 3216–3251, Copyright (2006), with permission from 

Wiley VCH. 

 

instance, while MCM-41, prepared with cationic cetyltrimethylammonium (CTA+) 

surfactants, typically exhibits a d100 spacing of ca. 4 nm and pore sizes between 2 to 3 nm 

after calcination,6 by prolonging the duration of thermal treatment during synthesis32 or 

post-synthesis,30 the pore sizes of the materials can be expanded to ca. 5 and 6 nm, 

respectively. The pores can be expanded significantly, up to 10 nm, by incorporating 

organic co-solvents (or so-called micelle swelling agents), such as 1,3,5-trimethylbenzene 

(TMB), during synthesis.5,21 Unfortunately, MCM-41-like materials with significantly 

larger pore dimensions, prepared via such co-solvent pore expansion synthetic routes, 

often have a substantially lower degree of ordered structure as evidenced by their 

extremely broad or less-resolved XRD peaks.30 
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1.2.2. SBA-type Mesoporous Silicas 

Six years after the discovery of M41S-type mesoporous silica materials, Santa 

Barbara Amorphous (SBA) mesoporous silica materials, which have significantly larger 

pore sizes than MCMS-type materials, were reported.6 The synthesis of these materials 

was attained by the self-assembly of silica precursors using block-copolymers as 

amphiphilic templates, under slightly different synthetic conditions compared with those 

employed for making M41S-type materials. Typically, poly(alkylene oxide) triblock 

copolymers (e.g., Pluronic®) comprising alternating segments of poly(ethylene oxide) 

and poly(propylene oxide) are used as the SDAs for the synthesis of the SBA-type 

materials. These amphiphilic molecules are good SDAs for making mesoporous materials 

not only because they generally allow the formation of larger pores in mesoporous 

materials, but also because they are commercially available and biodegradable. 

Utilization of such amphiphilic triblock copolymers as SDAs during liquid crystal 

templating in acidic environment under optimized synthetic conditions yields well-

ordered hexagonal (space group P6mm) mesoporous silica structures (e.g., SBA-15). In 

general, favorable synthetic conditions for SBA-15, one of the most common SBA-type 

materials, includes the use of 0.5-6 % triblock copolymer, poly(ethylene oxide)-

poly(propylene oxide)-poly(ethylene oxide) triblock copolymer (or Pluronics, 

PEOxPPOyPEOx, most specifically P123 or EO20PO70EO20), with silicate precursor at a 

reaction temperature between 35-80 °C and under very acidic conditions (typically pH < 

2). Since both the polymer and the hydrolyzed silicate are positively charged under these 

conditions, the self-assembly mechanism leading to the material has been proposed as 

(S+X-I+)-type.33 The polymer can be removed by solvent extraction (e.g., in ethanol) or 



18 
 

 
 

calcination above ca. 300 °C for a few hours (ca. 3 h), and after which, a highly ordered 

mesoporous SBA-15 with larger pores (~8 nm) and thicker silica walls (~4 nm) results. 

The resulting material typically exhibits a BET surface area up to ca. 1,000 m2 g-1, a 

narrow pore size distribution ranging from 4.6 to 30 nm, a pore volume up to 0.85 cm3 g-

1, and thicker silica walls (ranging from 3.1 to 6.4 nm) as compared to that of MCM-41, 

and thus with highly desirable thermal stability.  

It is noteworthy that the different categories of mesoporous silicas (e.g., MCM, 

SBA) consist of multiple materials exhibiting different space groups, pore size ranges, 

and particle morphologies. In the case of SBA materials, besides SBA-15, there is 

another important, yet less commonly studied material called SBA-16. This material is 

also synthesized using a triblock copolymer (EO106PO70EO106) with concentrations of ca. 

3-5% under acidic conditions and mild temperatures.34 However, generally polymer 

template concentrations lower than 3% and higher than 5% yield amorphous silica and 

silica gel materials, respectively. The as-synthesized SBA-16 shows a strong XRD 

reflection corresponding to d110-spacing of 12.4 nm, which shifts by 0.5-0.7 nm upon 

calcination at 500 °C for 6 h. The XRD reflections can be indexed to a cubic structure 

(Im3�m) with a = 17.6 or 16.6 nm for as-synthesized and calcined products, respectively. 

Moreover, TEM images indicate that the material has a three-dimensional cubic cage 

structure. Calcined SBA-16 possesses a typical pore size of 5.4 nm, a pore volume of 

0.45 cm3 g-1, and a BET surface area of 740 m2 g-1. 
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1.3. Synthetic Methods of Mesoporous Materials 

The synthesis of mesoporous silica is carried out by the bottom-up self-assembly 

method. In the synthesis, typically a silica precursor, which is generally an alkoxysilane 

or a halogenated silane, undergoes hydrolysis and condensation, in basic or acidic 

aqueous solutions, in the presence of amphiphilic templates (surfactant or block co-

polymer micelles). The resulting hydrolyzed silicate species condense around the 

spontaneously self-assembled amphiphilic molecules and form different types of 

mesostructured silica materials. There are several key parameters in the reaction mixture 

that can dictate these self-assembly processes, leading to different structures/materials: 

pH, temperature, concentration of reagents, auxiliary chemical agents (e.g., co-solvents, 

inorganic salts), type of silica precursors, etc.  

Notably, the pH, which can be controlled by adding acids or bases in the reaction 

mixtures, is an important parameter, as higher or lower pH speeds up the hydrolysis and 

condensation of silicate species, and also dictates whether or not a mesostructured silica 

forms, and if so, what its structure would be. In the case of temperature, although 

condensation of silica can occur at room temperature, increasing the temperature of the 

reaction mixture increases the hydrolysis and condensation kinetic rates as well as the 

degree of silica condensation, thereby allowing a robust mesostructured material to form 

sooner. Furthermore, at higher temperatures, the water and alcohol, formed as by-

products during the hydrolysis and condensation processes, evaporates and facilitates the 

formation of a more condensed and physically robust mesoporous silica framework.  

The specific supramolecular self-aggregates of amphiphilic molecules (or 

micelles), which serve as the SDAs or templates for the silicate species, form only under 



20 
 

 
 

certain conditions. So, besides temperature and pH, factors such as the type of silane 

precursor, the type of surfactant, and the concentrations or relative ratios of the reagents 

involved can all play important roles in the formation of the mesoporous materials. 

Conversely, optimal ratios of the different reagents (acid/base, silica precursor, 

surfactant, etc.) and appropriate reaction conditions (temperature, pH, reaction time, etc.) 

should be used in order to obtain the right type of self-assembled mesostructured silica. 

This also means, the synthetic conditions and the relative amount of precursors and 

reagents should be optimized to ultimately yield the desired self-assembled surfactant and 

silicate aggregates, and thereby mesostructured silica materials. 

As a specific example, under certain conditions TEOS or tetramethyl orthosilicate 

(TMOS), which hydrolyze to form silicate species, spontaneously self-assemble with 

CTAB surfactant templates via electrostatic or hydrogen bonding interactions and lead to 

hierarchically ordered mesostructured silica. The CTAB templates are then removed by 

calcination or solvent-extraction to produce the mesoporous silica materials. Mesoporous 

silicas with different pore sizes and geometry can be produced by simply varying the 

relative amount of TEOS or TMOS with respect to CTAB used in the reaction mixtures 

or by changing the type and size of surfactant molecule used for the syntheses of the 

materials.  

 

1.3.1. Hydrothermal Synthesis 

Typical hydrothermal synthesis of ordered mesoporous silica materials involves 

the sol-gel process under hydrothermal conditions, entailing aqueous solutions at high 

temperature (100-200 °C) and pressure. Although the particular synthetic procedures and 
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conditions vary to a certain degree, the hydrothermal synthesis usually begins with 

dissolution of the surfactant(s) in a solvent (i.e., water). As water is the most preferred 

and convenient solvent for economical and toxicological reasons, hydrothermal synthesis 

of mesoporous materials is appealing. Subsequent addition of suitable silicate precursors 

(e.g., TEOS, TMOS) in the presence of acid or base catalysts leads to the hydrolysis of 

silica precursors and yields a homogeneous sol of silicate monomers and oligomers. The 

silicates formed in situ interact and assemble with the surfactant(s) micelles, via 

electrostatic, hydrogen-bonding, Van der Waals, or covalent interaction, and undergo 

continuous condensation and aggregation, eventually precipitating as a gel.  

The formation of mesostructured silica under hydrothermal condition is relatively 

fast, which can generally take ca. 5 or 30 min with cationic or nonionic surfactants, 

respectively.8 It is worth noting here that the hydrothermal treatment significantly 

facilitates the condensation reaction and the formation of silica structures in the material. 

However, the rate of formation of mesostructured silica can additionally depend on the 

hydrolysis rate of the specific silica precursor. For example, for a series of alkoxysilanes, 

the rate of formation of the mesostructured material decreases in the order of TMOS > 

TEOS > tetrabutyl orthosilicate (TBOS). This is due to the concomitant reduction in the 

hydrolysis rate of the alkoxysilane precursors as their carbon chain length increases. 

After cooling to room temperature, the reaction product can be filtered, washed, and dried 

to yield a mesostructured silica material with the templates inside. Upon removal of the 

templates, by calcination or solvent extraction, hydrothermally-synthesized mesoporous 

silica material can be obtained. 
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Hydrothermal synthesis of highly ordered mesoporous silica is typically carried 

out in either acidic (pH < 6) or basic (pH > 9) environments under which the rapid 

controllable polymerization and cross-linking of silicates occur.41 Generally, the 

formation of ordered mesostructures near neutral pH is limited; however, addition of 

fluoride catalysts into the reaction mixture can overcome this limitation and promotes the 

formation of highly ordered mesoporous solid material even at neutral pH.42,43  

A wide array of silica precursors, including silica gels, sodium silicates, silica 

aerogels and alkoxysilanes (e.g., TEOS), can all be used for the synthesis of mesoporous 

silica materials in an alkaline environment (pH 9.5-12.5) under hydrothermal conditions. 

Despite numerous investigations of various silica precursors, it has been demonstrated 

that TEOS is the most convenient and effective one for laboratory scale syntheses of 

mesoporous silica materials.5,23 To carry out the synthesis in this pH range, various bases, 

including inorganic bases (e.g., ammonia, sodium and potassium hydroxide) and organic 

bases (e.g., tetramethylammonium and tetraethylammonium hydroxide), can be used to 

catalyze the reactions or adjust the pH of the reaction mixtures. However, it is worth 

noting here that the organic quaternary ammonium bases are typically more expensive 

while ammonia often leads to poorly ordered mesostructures as a result of its weak 

alkalinity. It is also noteworthy that pH varies as the reaction proceeds throughout the 

synthesis with an initial reduction during the hydrolysis step, slightly increasing during 

the condensation and cross-linking step of silica. High quality MCM-41 can be 

synthesized by adjusting the pH of the base-catalyzed reaction mixture to the range of 

11.0-11.5 with sulfuric or acetic acid during the condensation step of the synthesis.8 
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The discovery of acidic synthetic route for mesoporous silica, by Huo et al.,23 

paved the way for a variety of indispensable mesoporous silica materials including SBA-

15. The acid-catalyzed synthesis of mesoporous silica materials and the degree of order 

of their mesostructures have a strong dependence on pH. Although the synthesis proceeds 

at a faster rate at lower pH values, it is imperative to optimize the effective H+ 

concentration in the reaction mixture to obtain a highly ordered mesoporous silica 

material in the end. In the case of strong acids (e.g., HCl, HBr, HI, HNO3, H2SO4), highly 

ordered mesoporous materials are observed at pH less than 1, but low-quality products 

tend to form at extremely high concentrations of acid (e.g., > 4 M HCl). On the other 

hand, highly ordered SBA-16 materials are favored at low concentrations of HCl (< 0.5 

M) as well as in the presence of n-butanol as co-solvent, due to the reduced rates of 

condensation of silicate species in such environments.44 Furthermore, the ratio of butanol 

to silica precursor (e.g., TEOS) is found to dictate the mesophase symmetry, with 

disordered structures dominating in samples when higher concentrations of both TEOS 

and butanol are used. At the pH range close to silica’s isoelectric point, pH between 1 and 

2, the precipitation of silica occurs relatively more slowly.  

There are several notable differences between the syntheses of mesoporous silica 

materials carried out in acidic versus basic conditions. Compared to base-catalyzed 

synthesis, the acid counterpart facilitates the formation of mesoporous materials with 

diverse morphologies (e.g., thin films and fibers)45 and allows enhanced morphology 

control as a result of slower polymerization and condensation reactions. Under acidic 

conditions, the polymerization of silicates is irreversible, which essentially means it leads 

to the formation of gel, compromising the formation of ordered mesostructures. Also, 
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unlike base-catalyzed syntheses, in acid-catalyzed synthesis of mesostructured materials, 

phase transformation seldom occurs; thus, a single type of surfactant template typically 

results in a material with a single space group with a few exceptions. Further advantages 

of acidic synthesis include low processing temperature, improvement in the degree of 

order of the materials simply by incorporation of inorganic salts and without the need of 

complicated silica sources for the synthesis of the mesoporous materials.8 

 

1.3.2. Non-aqueous Synthetic Routes 

Besides water, a number of organic solvents have been successfully utilized to 

synthesize ordered mesoporous materials. Synthesis involving solvents other than water 

is often referred to as a non-aqueous synthesis. Non-aqueous synthesis is especially a 

preferred synthetic method when mesoporous materials with unique morphologies (e.g., 

spheres, thin films, monoliths) are desired. The synthesis is sometimes allowed to 

proceed through the so-called evaporation-induced self-assembly (EISA) process.46 This 

pathway entails surfactant enrichment above the surfactant’s critical micelle 

concentration (CMC) threshold—which is required for mesophase formation—by 

preferential evaporation of the organic phase. Typically, in the case of mesostructured 

film formation using EISA method, TEOS or TMOS is first dissolved in an organic 

solvent (e.g., ethanol) and allowed to hydrolyze incompletely in the presence of limited 

amount of water and inorganic acid catalyst. The silica precursor undergoes complete 

condensation or polymerization while the organic phase is let to gradually evaporate. 

Evaporation of the organic phase causes an enrichment in the relative concentration of 

water, HCl, silica, and surfactant in the reaction mixture, thereby gradually increasing the 
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polymerization rate of silica and facilitating the self-assembly process.46 The final 

polymerization step proceeds very fast, usually taking only a few seconds.47  

The organic solvents utilized for typical EISA synthesis of mesoporous material 

are chosen to be weakly polar so that the hydrophobic/hydrophilic properties of the 

surfactants are significantly reduced and the amphiphilicity of the surfactant is 

compromised, because both segments can interact with these solvents. Although nonpolar 

organic phases are generally rarely used in the synthesis of mesoporous materials, their 

ability to yield interesting mesophase morphologies makes them preferable to use in 

certain scenarios. For example, through the EISA synthetic approach, mesoporous silica 

nanowires with tunable dimensions have been synthesized in toluene or xylene solutions 

in presence of P-123 or F-127 templates.48 Similarly, hollow mesoporous spheres have 

been obtained by adjusting the oil-to-water ratio in the reaction mixture during the 

synthesis.49 The formation of this morphology is attributed to the inverted micelle 

structure forming in the oil-phase. Using a purely nonpolar solvent induces moisture 

sensitivity since the presence of water or moisture can have a significant effect on the 

morphology and the purity of the mesoporous product. 

 

1.3.3. Mesoporous Materials by Post-synthesis 

Post-synthesis, which is sometimes called secondary synthesis, involves further 

modification of as-synthesized mesoporous material via hydrothermal treatment, by 

grafting functional groups on the material’s surfaces, or by introducing active functional 

groups into the pores or on the surfaces of the material. These post-modifications are 

usually carried out to enhance the physical or thermal stability of the material’s 
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framework as well as to render much desired functionality to the material. 

Comprehensive reviews of post-synthesis and functionalization of silica can be found 

elsewhere.12,50-53 

Nonetheless, to illustrate the advantages of the post-synthetic modification 

procedure, a few examples are provided here. For instance, the hydrothermal post-

synthetic treatment of mesoporous silica for some 3-7 days at a mild temperature (< 150 

°C) improves the structural integrity and induces the phase transformation of the 

material.54 The treatment of MCM-41 with various reagents (e.g., AlCl3) can increase the 

mechanical and hydrothermal stability of the material. This phenomenon is attributed to 

the increase in pore wall thickness, cross-linkages, and modification of weak defect sites 

in the framework of the material.55 Post-synthetic treatment with a number of other 

reagents is also reported to improve structural ordering and thermal stability of 

mesoporous materials.56,57 Subjecting a mesoporous material to a secondary hydrothermal 

treatment in presence of ammonia or hydrocarbon analogues thereof has been 

demonstrated to expand the pores of the materials and improve the materials’ 

stability.58,59 Although less common, a recrystallization synthetic technique can be used 

to improve structural ordering as well as to enlarge the pore dimensions of mesoporous 

materials.30,32 The method also introduces active functional groups into the materials. In 

another notable work, the Asefa group showed that the treatment of mesoporous silicas 

with BF4
- species not only enlarges the materials’ pores but also introduces fluoro 

functional groups into the material, making the material to show enhanced catalytic 

activity in some acid-catalyzed reactions.60 
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1.4. Properties of Mesoporous Materials 

1.4.1. Surface Area 

Over the past few decades, a considerable amount of effort has been directed 

toward expanding our understanding of synthesis and characterization of mesostructured 

materials in order to produce inorganic nanoporous materials that have high surface areas 

and a broad range of applications. Generally, determination of surface area of such 

materials is carried out by gas porosimetry and involves methods such as the Brunauer-

Emmett-Teller (BET) method,10 which is a multilayer extension of the Langmuir 

monolayer adsorption theory.61 In the laboratory, total BET surface area of mesoporous 

materials is typically determined from a low temperature (77 K) adsorption-desorption 

isotherm, obtained by gas porosimetry, using an inert gas (e.g., Ar, N2) as adsorbent. 

Furthermore, gas porosimetry provides information about the pore size, pore distribution 

and pore volume of the mesoporous materials. It is worth adding that, besides inert small 

gas molecule, others such as benzene, methane, water, etc. can also be used to elucidate 

various adsorption properties of mesoporous materials, or nanoporous materials in 

general (see section 1.5.1 for more details). 

The surface area, pore morphology, pore wall thickness, etc. of mesoporous 

materials can be affected by the various synthetic parameters, synthetic conditions, and 

template removal procedures used to synthesize the materials. For example, by adjusting 

the hydrophobic chain length of quaternary ammonium bromide surfactants, 

CnH2n+1(CH3)3NBr, from n = 8 to 16, MCM-41 type materials with incrementally higher 

surface areas, as evidenced by benzene adsorption experiments, can be produced.21 

Although not fully understood, mesoporous materials synthesized via an EISA synthetic 
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strategy generally exhibit lower surface areas as compared with those synthesized by a 

hydrothermal synthetic route.8 As mesoporous materials with high surface areas are 

generally expected to find several potential applications, various researchers tried to 

come up with synthetic methods that lead to such materials. For example, MCM-type 

materials with surface areas up to 1500 m2 g-1 have been synthesized and investigated for 

various applications.62 It is noteworthy that such large surface area materials can also be 

used as hard templates for making other high surface area mesoporous materials through 

the nanocasting processes. In this case, the high surface area and the nanoporous structure 

of the mesoporous silica material are taken advantage of and then translated into other 

mesoporous materials (e.g., mesoporous transition metal oxides or mesoporous carbon 

materials). So, ultimately new mesoporous materials are produced, as the negative replica 

of the original high surface area mesoporous silica material.  

The specific template removal method applied to the surfactant-containing as-

synthesized mesostructured material can also affect the surface area of the prepared 

mesoporous materials. For example, calcination at temperatures above 350 or 550 °C for 

PEO-PPO-PEO or long-chain alkyl surfactants of SBA-15 type material, respectively, 

yields materials with relatively lower surface areas, pore volumes and density of surface 

hydroxyl groups compared with materials obtained with a few other methods.8 Tien et al. 

demonstrated that using microwave digestion (MWD) can remove the templates more 

efficiently and yield SBA-15 type mesoporous material with higher surface area, larger 

pore volumes, and reduced framework shrinkage as compared to conventional template 

removal methods involving calcination.63  
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1.4.2. Pore Properties and Pore Size Distributions 

As previously mentioned, it is highly important to be able to control pore size and 

morphology of mesoporous materials since their adsorption properties as well as many of 

their potential applications rely heavily on their pore structures. Thus, since the discovery 

of highly ordered mesoporous silica materials, a great deal of research has focused on the 

investigation of the underlying mechanisms responsible for controlling pore sizes of these 

materials.8,30,54,64 In the laboratory, the average pores and pore size distributions, which 

are indispensable structural features of mesostructured materials, are typically determined 

from N2 sorption isotherms obtained by gas porosimetry by various methods (typically by 

the Barret-Joyner-Halenda, BJH) method65 (see section 1.5.1 for more details).  

The pore size of mesoporous materials, synthesized via supramolecular self-

assembly synthetic methods, depends predominantly on the hydrophobic region of 

surfactants employed for the synthesis of the materials as well as the general synthetic 

methods applied to prepare the materials. A summary of the relationships among 

structure directing agents, synthetic conditions, and the resulting pore size ranges are 

listed in Table 1.1. For example, it was demonstrated by Jana et al. that when the alkyl 

chain length increases from C8 to C22, the BJH pore width of MCM-41 increases from 1.6 

to 4.2 nm.64 Likewise, Widenmeyer et al. showed that the pore sizes of MCM-48 could 

be systematically adjusted from 1.6 to 3.8 nm by simply changing the alkyl chain length 

of cationic Gemini surfactant (Cn-12-n) templates.66 In the case where traditional PEO-

PPO-PEO triblock copolymers serve as templates for mesoporous silica materials 

synthesis, the pore dimensions could be expanded by increasing the molecular weight 

fraction of the hydrophobic PPO blocks.67 It is noteworthy that the spherical micelles 
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formed from PEO-PO-PEO triblock copolymers are substantially larger in size than those 

formed from low molecular weight surfactants such as CTAB. Accordingly, the former 

generally yield mesoporous materials with larger pore dimensions than the latter (see 

Table 1.1). Adjusting the temperature during hydrothermal synthesis conditions can also 

affect the pore size of the products.68-70 Moreover, by using organic molecules that can 

dissolve within and swell the hydrophobic region of a surfactant micelle, the pore 

dimensions of the mesoporous materials can easily be expanded.58,71-73 By using such 

swelling agents in basic CTAB or acidic triblock copolymer solutions, the pore sizes of 

the mesoporous materials can be increased to as large as 10 or 40 nm, respectively, 

although the materials may possess disordered pore structures.54 Other inorganic 

molecules (e.g., supercritical CO2) have also been used as swelling agents to expand the 

pores of mesoporous materials.74 Using a binary surfactant system as SDA can lead to a 

mesophase with intermediate pore dimensions as compared with using the individual 

surfactant as template in the synthesis.64 

Table 1.1. Pore sizes of ordered mesostructures obtained by various methods.8 

Pore Size 
(nm) 

Method 

2 - 5 Surfactants with different chain lengths including long-chain quaternary 
cationic salts and neutral organoamines 

4 - 7 Long-chain quaternary cationic salts as surfactants high-temperature 
hydrothermal treatment 

5 - 8 Charged surfactants with the addition of organic swelling agents such as 
TMB and mid-chain amines 

2 - 8 Nonionic surfactants 
4 - 20 Triblock copolymer surfactants 
4 - 11 Secondary synthesis, for example, water-amine postsynthesis 

10 - 27 High molecular weight block copolymers, such as PI-b-PEO, PIB-b-
PEO and PS-b-PEO triblock copolymers with the addition of swelling 
agents TMB and inorganic salts low-temperature synthesis 
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By rational adjustment of synthetic conditions and procedures, homogeneous 

mesophases with different symmetries, and more importantly, different pore structures 

can be synthesized.54 A detailed discussion of the types of mesophase symmetries and 

their respective syntheses is described elsewhere.8 

 

1.4.3. Crystallinity 

Crystallinity can be defined as the degree of long-range structural order 

comprising a crystal lattice within a (solid) material. The crystal lattice can extend in 

three directions or limited to just one, and it is a key parameter that can determine the 

physical and chemical properties of many solid-state materials. The advent of highly 

ordered mesoporous silica quickly initiated a debate on the crystallinity of the SiO2 pore 

walls of the materials. Although not conclusive, 29Si nuclear magnetic resonance (NMR) 

experiments suggested that mesoporous MCM-41 possessed a disordered wall structure.15 

Direct evidence of amorphous pore walls within the mesostructures emerged later during 

Raman analysis of MCM-41 samples.75 The dehydrated samples of mesoporous silica 

exhibited planar three-membered ring stretch Raman vibrations, which are clearly 

different from crystalline materials comprising three-membered rings in which this 

vibration is not observed.76,77 The amorphous nature of the material suggests that a 

variety of synthetic techniques can be implemented to achieve parity mesostructures.  

A major breakthrough in the synthesis of mesoporous materials with crystalline 

pore walls emerged from the report by Inagaki et al. describing the surfactant-directed 

synthesis of an ordered mesoporous benzene-silica (a hybrid organosilica) material with 

crystal-like pore walls, as a result of the ordered arrangement of the organic groups in the 



32 
 

 
 

framework of the material.78 So, any success in the development of a purely inorganic 

mesoporous silica with crystalline pore walls in the future would certainly be a major 

development and may constitute a cascade of improvements in the properties as well as 

potential applications of mesoporous materials in the future. 

 

1.5. General Characterization Methods of Mesoporous Material  

As discussed above, supramolecular synthetic methods leading to mesoporous 

materials have advanced tremendously over the past 30 years. It is now possible to make 

many of them with different pore sizes and compositions as well as chemical, physical 

and surface properties. Meanwhile, the development and/or availability of various 

powerful state-of-the-art characterization instruments for mesoporous materials, or 

nanomaterials in general, have made observations and analysis of the structures and 

properties of such materials easier, while also making further adjustments in the synthesis 

to produce mesoporous materials with more complex structures to be increasingly 

possible.  

In this section, the general and widely used analytical instruments and methods 

for characterization of mesoporous materials and the kinds of information they can 

provide are discussed. Like in many solid-state materials, the characterizations of 

mesoporous materials are generally carried out in order to obtain three types of 

information about the materials: structural information, compositional information, and 

inherent materials property (surface, dielectric, mechanical, conductivity, etc.). The 

structural analyses of the materials are performed mainly by gas porosimetry, powder X-

ray diffraction (PXRD), and transmission electron microscopy (TEM). Compositional 
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studies are often carried out by methods such as solid-state NMR, Fourier transform 

infrared (FTIR), and X-ray photoelectron spectroscopy (XPS), and also elemental (EA) 

and thermogravimetric analyses (TGA). The properties of mesoporous materials, which 

include hydrophobic, hydrophilic, electronic, conductivity, mechanical, and dielectric 

properties, are determined by N2 porosimetry, UV-Vis spectroscopy, nanoindentation, 

etc. In many instances, many of these techniques have to be used in complimentary ways 

to get the full picture of the mesoporous materials. Some of these techniques are 

discussed further below. 

 

1.5.1. Gas Porosimetry 

As mentioned in several sections above, one of the most important structural 

features of mesoporous materials is their nanoporous structures, nanometer pores and 

high surface areas. These structural features also largely dictate the properties and 

potential applications of the materials in areas including catalysis, chromatography, and 

separations. Thus, they are among the structural features of mesoporous materials that are 

investigated first or have to be probed. This is done with gas porosimetry, which involves 

gas or liquid adsorption techniques, particularly using N2 as the adsorbate (or N2 

adsorption technique).80 

Gas adsorption starts with the treatment of the sample at high enough 

temperature, under vacuum, to remove physisorbed species (e.g., surface adsorbed water) 

from the material, and then slowly purging the sample with the probe molecules (e.g., 

N2). The amount of gas adsorbed by the sample at different relative pressures of the gas is 

measured. This is followed by the reverse process, called desorption, where the adsorbed 
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molecules are let to come off by slowly lowering the relative pressure. From the resulting 

plot of adsorption-desorption quantities versus relative pressure, also called isotherm, and 

by applying equations such as the BET on the monolayer adsorption part of the data, the 

surface areas of the materials can be determined. The total pore volumes of the 

mesoporous materials are determined by converting the quantity of gas adsorbed in the 

materials at the saturation pressure to the corresponding volume of that gas at the 

temperature used during the measurement, which is typically 77 K for N2 porosimetry. 

The pore size distributions and the average pore size of the material can also be 

determined by applying various methods/equations on the data obtained. To determine 

the pore sizes of mesoporous materials, methods such as BJH method, Kruk-Jaroniec-

Sayari (KJS) method, etc.81-83 are commonly applied. The average pore diameter (w) of 

the materials is often determined by plugging the pore volumes and d-spacing values of 

mesoporous materials in the following equation, Equation 1.1: 

                                 (Equation 1.1) 

where c has a value of 1.213 for cylindrical pore geometry, Vp is the pore volume, ρ is the 

pore wall density of the mesoporous material and d100 corresponds to the interplanar 

spacing of the (100) planes, which can be determined with small angle powder X-ray 

diffraction (PXRD) or small angle X-ray scattering (SAXS) techniques (see section 1.5.2) 

or imaging techniques such as transmission electron microscopy (TEM) (see section 

1.5.3). Alternatively, w can be determined by using an equation w = 4(Vp/S) where S is 

the surface area.90 Vp can be determined from the BJH cumulative volume of the pores, 
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for pores ranging from 1.7-30.0 nm in either the adsorption or desorption branch of the 

gas sorption isotherm data for the material, and S is the surface area of the material.  

 

1.5.2. Small Angle Powder X-ray Diffraction (PXRD) and Small Angle X-ray 

Scattering (SAXS) 

As previously discussed, MCM-41, SBA-15 type, and several other mesoporous 

silica materials have highly ordered mesopore structures. For example, MCM-41 and 

SBA-15 materials have highly ordered hexagonal (P6mm) mesoporous structures. These 

structural features of mesoporous materials are typically determined using PXRD or 

SAXS techniques. Furthermore, PXRD allows the determination of the values of 

interplanar spacings (i.e., d-spacing) of the ordered pore structure. This, in combination 

with the pore size results, obtained from gas adsorption results, enables the determination 

of the wall thickness of an ordered mesoporous material.  

The X-ray diffraction (XRD) patterns or small angle X-ray scattering (SAXS) 

results are obtained by using X-ray diffractometers or SAXS instruments.84 In these 

instruments, typically a mesoporous sample is bombarded with X-ray beams, and the X-

ray beams diffract (or scatter) and give some diffraction (or scattering) patterns if the 

sample has some ordered arrangement of pores, groups, etc. The diffraction patterns 

occur at specific orientations, where in-phase or constructive interferences of the atoms 

or pore structures of mesoporous materials exist. From the patterns, the degree of long-

range atomic or structural ordering, their d-spacings, and other important structural 

features about the material can then be discerned. If the material does not exhibit any 

ordered or crystalline features (e.g., atomic arrangement and pore networks), no (or very 
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broad) diffraction pattern is obtained instead. Moreover, if the ordered mesoporous 

material is built from some crystalline particles, the size of crystalline domains can be 

determined from the degree of peak broadening according to the Scherrer equation.85 

 

1.5.3. Transmission Electron Microscopy (TEM) 

TEM is among the techniques chosen for the analysis of mesoporous materials 

because it can quickly provide many kinds of useful information about mesoporous 

materials and because it involves simple sample preparations. The sample preparation 

merely involves spreading of a small amount of sample (either from a dried powdered 

material or from a solution/suspension) as a thin layer onto a copper, carbon-coated, or 

other types of TEM grids. The samples are then exposed to a beam of high-energy 

electrons, and electron scattering occurs in areas of higher electron density and low or no 

scattering results in the regions of the sample possessing low electron density. Based on 

the difference in the region where the light passes through and hitting a fluorescent screen 

on the detector, combined with the region where the light is scattered, using a series of 

electromagnetic lenses, two dimensional images corresponding to the structure of the 

mesoporous materials is obtained. Images at the nanometer scale, with resolutions as low 

as 0.05 nm or sub-nm, can now be routinely obtained using high-resolution TEM 

(HRTEM) instruments. Furthermore, with the recent developments of 3-dimensional 

imaging or tomography techniques, 3-dimensional imaging of mesoporous structure, 

which was not possible before, is now routinely attainable.  

TEM analysis can provide important structural information about mesoporous 

materials. First, it can inform about how ordered the structure of the materials is, and if 



37 
 

 
 

so, the degree of the long-range order of the structure of the materials. Second, it provides 

data about the pore diameter and wall thickness of the mesoporous materials. It is also 

used in complimentary ways with XRD, SAXS and gas sorption analyses, supporting or 

refining the results obtained by the other methods. Third, it helps with the determination 

of the particle sizes of the mesoporous materials and their overall morphology. These 

properties are of great importance especially for applications relying on the transport of 

fluids in the structures of the materials, such as chromatography and drug delivery, and 

for applications relying on the ability of the materials penetrating tissues and cells. TEM 

is also helpful to analyze any possible changes (e.g., framework collapse) that the 

materials may have undergone during some chemical processes; this is done by taking 

images of the samples before and after the chemical processes and comparing them. TEM 

may also be equipped with energy-dispersive X-ray (EDX) spectroscopy to provide 

elemental analysis on the obtained images. 

 

1.5.4. Nuclear Magnetic Resonance (NMR) Spectroscopy 

Solid-state NMR is a very useful technique for characterization of various 

mesoporous materials that have NMR active species.86,87 For mesoporous silica materials, 

for instance, the technique can provide information about the degree of condensation of 

the silica framework, the amount of surface uncondensed hydroxyl groups, etc. For 

mesoporous materials containing organic groups, either as grafted moieties on the 

surfaces of the materials or as condensed forms within the framework of the materials, 

the type and relative amount of organic groups can also be determined with solid-state 

NMR spectroscopy. For materials containing other NMR active species within the pores 
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or on the surfaces of the mesoporous materials, the species can be qualitatively and 

quantitatively elucidated by solid-state NMR techniques as well.  

Solid-state NMR characterization of (mesoporous) materials became widely 

applicable and useful especially after the advent of the so-called magic angle spinning 

(MAS) technique. In typical solid-state NMR analysis, the sample is placed in a small 

rotor, usually made of partially stabilized zirconia (PSZ) or silicon nitride, and are spun 

rapidly about a specific axis and at a specific angle called the magic angle (θ = 54.74°) 

with respect to the magnetic field. This spinning efficiently averages out spin 

interactions, reduces line broadenings, and gives spectra with enhanced signal-to-noise 

ratio. The MAS techniques can further be coupled/decoupled with cross polarization (CP) 

techniques, where heteronuclear interactions such as H  Si or H  C are coupled or 

decoupled to differentiate specific species (e.g., silicate or hydrocarbon species in 

mesoporous materials) and their chemical environments. Also, heteronuclear interactions 

such as H  Si or H  C are coupled in order to improve the signals of the 29Si and 13C 

nuclei in the mesoporous silica or organosilica materials, which normally give weak 

signals due to their low natural nuclear abundance. For example, with 1H-29Si cross 

polarization (CP) MAS, silicate species near hydrogen atoms in the material (e.g., 

silanols in mesoporous silica or organosilica) are observable, whereas fully condensed 

silicates that are not near surface silanols are not. Although this improves the signals of 

certain species, and enables their characterizations, which are otherwise difficult to probe, 

it may not provide quantitative information, because it favors one type of species over 

another. For example, in the case of mesoporous silica materials, the (SiO)2Si(OH)2 (Q2) 

as well as (SiO)3Si(OH) (Q3) Si species are favored and give stronger signals than the 
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(SiO)4Si (Q4) Si species. This means the ultimate result does not reflect the actual 

composition of the material, and is only of qualitative value. The same coupling and 

decoupling techniques can also be applied to other types of mesoporous materials that 

have NMR active species (e.g., 27Al in mesoporous alumina or aluminosilicates). 

On the other hand, a high-powered (HP) MAS solid-state NMR technique can be 

employed to get quantitative results. In HP-MAS analysis of mesoporous silica, the 

signals from 1H are decoupled and all silicates species present in the material are seen or 

give signals that commensurate their amount in the sample. Despite its ability to provide 

such useful quantitative information about mesoporous materials, the extended spin-

lattice relaxation times necessary for HP-MAS experiments, coupled with low 

concentrations of some NMR-active species in the materials, may sometimes limit the 

ability of this technique. The longer recycle delays due to extended spin-lattice relaxation 

times, plus the absence of signal enhancement by cross-coupling, also make HP-MAS 

experiments to generally require more scans and take longer time to obtain spectra with 

good enough signal-to-noise ratios. The common silicate species that can be present in 

mesoporous silica and organosilica materials, with their approximate 29Si chemical shifts, 

are listed in Table 1.2. In addition to Q species, T1, T0, D0, and M0 species may also exist 

in solid-state NMR spectra of organic-functionalized mesoporous silica and periodic 

mesoporous organosilica (PMO) materials. So, the technique may also allow 

characterization of the presence and the relative density of organic or other functional 

groups in the mesoporous materials. 
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Table 1.2. Common silicate species of mesoporous silica materials and their respective 
positions in 29Si spectra. 

Possible Silicate Species on 
Mesoporous Silicas and 

Organosilicas 

Nomenclature Approximate  Chemical Shift 
Positions (ppm) a 

(SiO)4Si Q4 -110 

(SiO)3SiOH Q3 -100 

(SiO)2Si(OH)2 Q2 -91 

(SiO)3SiR’ T3 -65 to -90 

(SiO)2Si(OR)R’ T2 -57 to -72 

(SiO)2SiR2 D2 -22 

(SiO)2Si(OR)1R2’ D1 -13 

(SiO)1SiR3 M1 11 

a The exact region may vary depending on the exact organic groups or other species present in the 

materials (e.g., if R is alkyl or vinylic group). The numbers are only approximate regions 

generally expected for such species. 
 

 

1.5.5. Thermogravimetric Analysis (TGA) 

TGA is generally useful for the characterization of mesoporous materials 

containing thermally decomposable species, which come off as the material is heated at 

different temperatures. In such materials, TGA is used to generate a thermal 

decomposition profile of the material by measuring the weight loss (%) as a function of 

temperature change. The TGA experiments of mesoporous materials are generally carried 

out in a temperature range between room temperature to around 800 °C in different 

atmospheres (e.g., air, N2, Ar), and the weight loss, in percent, is plotted as a function of 
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temperature for subsequent data interpretation. The results provide information about the 

presence and the relative amount of different species such as water and surface hydroxyl 

groups and other species such as organic groups in the materials. The results can also 

provide information about the thermal stability of the different groups in the mesoporous 

materials (e.g., organic groups in multifunctional mesoporous organosilicas) at higher 

temperatures. In combination with mass spectrometry, TGA can provide more 

information on the exact species coming off from the high temperature decomposition of 

the mesoporous materials. TGA may have one major weakness though: in cases where 

decomposition temperatures of the different groups overlap, it is difficult to precisely 

determine the type and the relative amount of the different species present in the material.  

 The information provided by TGA is generally used to supplement other 

compositional information obtained by studies involving solid-state NMR, X-ray 

photoelectron spectroscopy (XPS) (see section 1.5.6 below), and elemental analyses 

(obtained by inductively coupled plasma - optical emission spectroscopy (ICP-OES) or 

inductively coupled plasma - mass spectroscopy (ICP-MS), CHN combustion, or EDX, 

etc.). 

 

1.5.6. X-ray Photoelectron Spectroscopy (XPS) 

XPS, also called Electron Spectroscopy for Chemical Analysis (ESCA), is a 

technique that allows analysis of the compositions of mesoporous materials based on the 

electronic state of the species present in the materials.88,89 This technique utilizes 

photoelectrons emitted from the elements within the mesoporous sample upon 

illumination with X-ray beams with a specific energy (in eV) under extremely high 
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vacuum. The absorption of X-ray photons by the sample leads to ionization and emission 

of inner shell electrons, whose energy is then measured by an electron-energy analyzer 

and compiled in a photoelectron spectrum, usually in the range of 0 – 1400 eV. From the 

energy profile, the kind of elements or molecular species present in the materials is 

deduced. 

 The technique allows the determination of possible changes that functional groups 

may undergo during chemical conversions (e.g., changes in oxidation states during 

catalysis). This method is especially powerful in combination of FTIR and solid-state 

NMR techniques and may allow the full elucidation of the compositions and the different 

groups present in the mesoporous materials. However, since XPS is typically a surface 

analytical technique as X-rays penetrate only to a certain depth of the sample (ca. < 20 

nm), the technique is most suited for analysis of the upper most layers of materials and is 

thus especially useful for thin film type mesoporous materials. Despite this, XPS can still 

be successfully used for analysis of the bulk composition of mesoporous materials if it is 

coupled with other surface etching techniques.  

 

1.5.7. Fourier Transform Infrared (FTIR) Spectroscopy 

 In FTIR spectroscopy of mesoporous materials, a sample is exposed to a beam of 

infrared (IR) light with energy in the range of 200 - 4,000 cm-1. The molecules or 

chemical species present in the mesoporous material may be excited by specific 

wavelengths of the IR light, concomitant to the vibrational excitation energy that the 

covalent bonds in the material require to undergo stretching, wagging, etc. This results in 

the absorbance of a specific series of wavelengths of IR light, which can be measured and 
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plotted. By comparing the peaks with tabulated peaks of known compounds and species, 

the different chemical species present in the mesoporous material can be determined. The 

use of FTIR spectroscopy in the compositional analysis of functionalized mesoporous 

silica materials does have certain limitations though. For example, the characteristic 

absorptions at around 3400-3600, 1050, 950 and 790 cm-1, corresponding to Si-OH 

stretching, Si-O-Si asymmetric stretching, Si-OH stretching, Si-O-Si bending modes, 

respectively, may overlap amongst each other and with other functional groups that may 

be present in the mesoporous materials. This may make characterization of these different 

groups in such materials difficult. Nevertheless, FTIR spectroscopy, in combination with 

the other analytical techniques discussed above, is still helpful for compositional analyses 

of mesoporous materials and/or, in some cases, the specific functional groups present.  

 

1.6. Applications of Mesoporous Materials 

Because of their nanostructures, nanometer pores and high surface area, 

mesoporous materials have found a range of potential applications in areas such as drug 

delivery, catalysis, nanoelectronics, environmental remediation, chromatography, and 

separations.15-19,79,90,104-119 By further design and modification of their surfaces with 

various functional groups, mesoporous materials, that can serve as high adsorption 

capacity host materials for drugs, as controlled drug-delivery systems, for making 

biosensors, and as microfluidic bioseparation media can be produced.  

 

1.6.1. Biological and Drug Delivery Applications 

Many conventional drugs cause various unwanted side effects for different 

reasons. For instance, as the drugs administered by conventional means travels toward the 
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desired sites, they sometimes meet physiological obstacles or harm normal cells and 

tissues. Furthermore, the amount of drug that actually reaches to the desired sites may be 

less than what is administered. This inability of the drug to maintain therapeutic dosage 

to the targeted cells or tissues can lead to a decrease in the efficacy of the drug. So, the 

development of controlled drug-delivery systems that deliver the desired therapeutic 

dosage of the drug to the desired sites is important in the ongoing efforts to improve 

human health. By designing controlled drug release systems, the specificity of the drug 

can also be improved, and many adverse reactions of conventional drugs can be 

minimized. Through rational design and synthesis of novel nanomaterials with “smart” 

structures and functions, efficient drug-delivery is possible (Figure 1.5).91 Nanomaterials 

are also potentially capable of delivering drugs to areas of the body that are otherwise 

inaccessible, prevent the body’s normal defenses from interfering before the drugs reach 

their targets, reduce the chance that healthy tissues to be damaged, allow biodiagnosis of 

tissues, and minimize adverse reactions that lead to unwanted side effects.92  

Owing to their large surface area, tunable pore volume, and very easily modifiable 

surfaces, mesoporous nanomaterials were identified as potential drug delivery vehicles 

for biological and medical applications. Furthermore, since their surface can easily be 

functionalized by various functional groups, they are proven to be quite versatile for 

various biological applications. Mesoporous materials are ideal for many biological 

applications, mainly also because they can adsorb and release bioactive agents. By 

synthesizing functionalized mesoporous materials it is possible to control the adsorption 

and release of bioactive molecules.  
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Figure 1.5. Schematic illustration of the framework-composition alteration from 

traditional inorganic –Si–O–Si– (mesoporous silica nanoparticles or MSNs) to organic–

inorganic hybrid –Si–R–Si– (mesoporous organosilica nanoparticles or MONs), 

transformation of bulk mesoporous organosilica (e.g., periodic mesoporous organosilicas 

or PMOs) into mesoporous organosilica nanoparticles of MONs, and their representative 

morphologies, nanostructures and applications in nanotechnology. Reprinted from Chen, 

Y.; Shi, J. Adv. Mater. 2016, 28, 3235–3272, Copyright (2016), with permission from 

Wiley VCH. 

 

The initial report of mesoporous silica as a drug delivery system demonstrated the 

loading of a high payload of ibuprofen in the void spaces of mesoporous C12-16TAB-

templated MCM-41 and the release of the drug in simulated body fluid (SBF). This 

material was proven to exhibit the desirable properties of uniform porosity, high surface 

area, robust host framework, and tunable dimensions to facilitate sustained drug release. 

Additionally, although in vivo biocompatibility remains a matter of scientific debate, 
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forms of mesoporous silica materials have been shown to be nontoxic when administered 

at the right dosage.93 

Another beneficial property of mesoporous silica materials is that their surfaces 

can be modified with various functional and bioactive groups, as discussed and shown in 

Figure 1.5 above. Besides helping control adsorption and release of molecules, the 

functional groups can dictate the materials’ interactions with biological surfaces and help 

the materials to target specific sites and deliver the bioactive guest molecules specifically 

to those sites. Moreover, since their pores can be tailored, the loading as well as release 

of molecules can also be judiciously controlled. Normally, the pore selectivity can be 

dictated by the pore shape, size and covalent interactions that may take place between the 

functional groups on the pore surfaces and the bioactive molecules. By partially replacing 

the silica precursor (tetraethyl orthosilicate, TEOS) with organosilanes (Figure 1.5), it is 

possible to increase secondary non-covalent interactions such as hydrophobicity and 

hydrophilicity and further tailor the gate-keeping properties of the pores. 

Functionalization of mesoporous materials also helps many hydrophobic or hydrophilic 

or both types of bioactive agents to be introduced as guest species within the mesoporous 

materials, and be successively delivered or co-delivered.94 Because of their larger 

(particle) sizes compared with small molecule drugs, mesoporous silica nanomaterials 

may also have an added advantage of long circulations times in the body and thereby be 

able to passively make it through the permeable tissues of cancerous tumor sites better, 

along with the payloads of drugs they carry. Furthermore, with the right photoactive 

functional groups, functionalized mesoporous silica nanomaterials can also be potentially 

useful for photodynamic therapy (PDT) of cancer, as illustrated in Figures 1.1.95  
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Although mesoporous silica nanomaterials are entering into clinical studies only 

recently, their potential applications as efficient delivery systems for a variety of 

important drug molecules (e.g., cisplatin, neurotransmitters, insulin) to desired 

intracellular sites for treatment of cancer, diabetes, etc. have been well demonstrated over 

the past 15 years. The biological and biomedical applications of silica nanomaterials are 

not restricted only to drug delivery though. There have also been hundreds of examples 

where mesoporous materials have been shown to serve as bioimaging, biodiagnostic and 

biosensing agents.  

The advantages of leveraging mesoporous silica as a host for drug delivery 

include well-ordered uniform porosity with tunable dimensions, facile functionalization 

of pore openings or cavities via grafting of their surface silanol groups, high pore volume 

available for guest molecules, and high surface area to facilitate drug adsorption. Since 

drug loading is usually carried out via physical adsorption of highly concentrated drug 

solutions onto mesoporous framework, the limitation for efficient drug loading is the 

relative size of the pore openings and pore sizes to the drug molecules. The ability to 

systematically adjust pore size in the range of 1.5 to 30 nm suggests these materials can 

effectively host a wide array of small molecules or macromolecules (e.g., proteins). For 

example, early adsorption studies by Hata et al.96 of an antitumor agent (i.e., Taxol) onto 

FSM-type mesoporous silica demonstrated that the drug only adsorbs within the channel 

pores of the material if its pore size is larger than 1.8 nm. A significant dependence of 

adsorption on solvent was additionally reported since physisorption was not observed in 

methanol or acetone environments. Besides restricting the size of guest molecules 

suitable for adsorption, pore size has a substantial effect on the rates of drug release from 
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these materials. In fact, a correlation between pore size and release rate of ibuprofen from 

various mesoporous materials has been documented (e.g., C8-16TAB templated MCM-41 

as seen in Figure 1.6).97 Besides confirming the same trend, studies conducted with cubic 

(Ia3d) mesoporous silica suggested the relationship between pore size and drug release 

rate is an inherent property of mesoporous solids.98 Other studies focused on the 

relationship of pore morphology with drug release rate.99 Additionally, pore volume can 

be a key parameter in the loading and the release rate of drugs from the materials. 

Assuming that a drug is small enough to enter the pores of mesoporous materials, the 

presence of drug-drug interactions may cause pore filling. In this case, the pore volume of 

the material dictates the maximum drug loading capacity. 

 

Figure 1.6. Fraction of ibuprofen released from ibuprofen-loaded MCM-41 after 24 h in 

simulated body fluid (SBF). Reprinted from Vallet-Regi, M.; Balas, F.; Arcos, D., 

Angew. Chem. Int. Ed. 2007, 46, 7548–7558, Copyright (2007), with permission from 

Wiley VCH. 
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 Efficacious drug loading and subsequent controlled-release requires adequate 

interaction between the surfaces of the mesoporous materials and the drug molecules. 

Therefore, the surface area of the materials available for physisorption is often the 

dominating factor dictating the maximum drug loading capacity and release kinetics. 

Assuming the host material has pore networks and pores with appropriate size to allow 

the entrance of guest molecules, increase in surface area typically results in higher drug 

loading capacity.100 Another versatile technique to improve drug loading capacity and 

controlled release rate involves the modification of the pore surface via grafting using 

various functionalized alkoxysilane precursors. A comprehensive review for 

functionalization of mesoporous silica materials for controlled drug delivery can be found 

elsewhere.12  

One of the most convenient and most commonly used approaches to equip 

mesoporous silica nanomaterials with guest molecules for biological and medical 

applications is by functionalizing their otherwise ‘unfunctionalized’ surfaces with organic 

groups. There are numerous examples in the literature now on the synthesis of such 

organic-modified silica nanomaterials and their use for controlled drug delivery and 

many other biological/medical applications.14,101 This chemical modification with organic 

groups allows the materials to interact better with the drug molecules, making the 

materials to demonstrate high adsorption capacity for drugs. The resulting materials may 

have an increase in secondary non-covalent interactions with the bioactive and drug 

molecules. This approach is important due to the hydrophobic nature of many bioactive 

materials and drugs, which suffer from poor bioviability as a result. An increased 

interaction of the drug within the host materials can also lead to better stability for the 
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drug and its more homogeneous, slow, or controlled release over longer times. The 

surface modification can also improve the biocompatibility of the mesoporous materials 

or enable the materials to target only specific cells within the body and deliver the drugs 

only to those targeted cells.102,103  

In order for mesoporous materials and their organic-modified counterparts to find 

applications in nanomedicine, their biocompatibility has to be fully and extensively 

examined. Numerous studies on the biocompatibility of mesoporous silica-based 

nanomaterials have already been conducted,33-37 and numerous important facts on the 

biological effects and biocompatibility/cytotoxicity of several mesoporous materials have 

already been documented. However, in some cases conflicting reports have also been 

reported for many of the materials.93 Consequently, the possible clinical trials of these 

interesting materials are still in their infancy and may need additional studies beforehand. 

 

1.7. Summary and Future Prospects 

Over the last decade, there has been increasing interest and research effort in the 

synthesis, characterization, functionalization, molecular modeling and design and 

synthesis of various nanoporous materials. Because of their high surface area, large pore 

volume and nanometer pores, it did not take long for researchers to start investigating and 

to realize the potential uses of these materials (e.g., as host materials for various types of 

guest molecules and for biological applications). As a specific example, the interaction of 

surface hydroxyl groups of these materials with many types of guest molecules via 

hydrogen bonding has been exploited to adsorb and release active molecules (e.g., the 

anticancer drugs doxorubicin and cisplatin). Furthermore, the hydroxyl groups (e.g., 
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surface silanols in case mesoporous silicas) on the pore walls as well as the external 

surfaces of these materials have been successfully taken advantage of to tether a variety 

of functional groups, including catalytic active acidic, basic, and organometallic 

complexes; cell targeting proteins and small molecules (e.g., folic acid groups that can 

target folate receptors on cancer cells); etc. These processes generally substantially 

expanded the properties as well as the potential applications of these materials.  

Some of the most notable synthetic strategies and the most notable materials and 

their properties have been described. The many potential biological applications of these 

materials in different areas have also been highlighted. In some cases, the manner by 

which rational design and synthetic approaches generates highly active heterogeneous 

catalysts have been emphasized. In addition, since the surface silanols themselves are 

intrinsically weak acid groups, specific examples highlighting their additional uses as co-

catalysts in some reactions have been discussed.  

Although many major developments have undoubtedly been made in the field of 

mesoporous materials since their inception, challenges remain to produce materials with 

tunable monodisperse and robust pore structures, crystalline frameworks, stable 

structures under various conditions, non-toxic to use in nanomedical and environmental 

applications. Furthermore, despite the great strides made thus far, more efforts, especially 

on the rational design and synthetic approaches for more advanced, multifunctional and 

smart mesoporous nanomaterials with multiple useful properties still remain and may be 

among the most important topics in the field yet to be explored further.  
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CHAPTER 2 

One-Pot Hydrothermal Synthesis of Benzalkonium-Templated 

Mesostructured Silica Antibacterial Agents 

 

2.1. Overview 

 Novel mesostructured silica nanoparticles were synthesized, via soft-templating 

with a cationic bactericidal drug, benzalkonium chloride (BAC), characterized and 

investigated as a drug delivery system (DDS) for antimicrobial applications. The material 

exhibited a relatively high density (0.56 g per 1 g SiO2) of BAC, pore channels of 18 Å in 

width, and a high surface area (~ 1500 m2 g-1). Comparison of SAXRD pattern with BJH 

pore size distribution data suggests that the 18 Å pores exhibit short range ordering and a 

wall thickness of ca. 12 Å. Drug release studies demonstrate pH-responsive controlled 

release of BAC without additional surface modification of the material. Prolonged drug 
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release data was analyzed using a power law (Korsmeyer-Peppas) model and indicates 

substantial differences in release mechanism in acidic (pH 4.0) versus neutral (pH 7.4) 

solutions. Microbiological assays demonstrate a significant time-dependent reduction in 

Staphylococcus aureus and Salmonella enterica viability above 10 and 130 mg L-1 of the 

synthesized material, respectively. The viability of cells was reduced over time compared 

to no treatment or SiO2 only treatment. The findings will help in widening the use of 

BAC as a disinfectant and bactericidal agent especially in pharmaceutical and food 

industries where gram-positive and gram-negative contamination is common. 

 

2.2. Introduction 

 Over the past several decades, mesoporous silica nanoparticles (MSNs) have 

attracted a great deal of interest in fields such as catalysis, drug delivery systems (DDS), 

sensing, environmental remediation, and nanoelectronics due to their unique structures 

and properties (e.g., high surface area, uniform pores, large pore volumes and tunable 

pore sizes).1-8 Since the first report of drug delivery systems based on MSNs, research on 

biomedical applications of MSNs has increased exponentially each year.2,9 MSNs 

demonstrated significant advantages over traditional nano-based formulations for 

potential treatment of diabetes, inflammation, and especially cancer.10-14 However, 

significant effort is still warranted to overcome the key challenges involved with 

developing effective DDSs that can attain: 1) sufficient drug loading capacity; 2) 

controlled or activated release; 3) targeted delivery of drug; and 4) biocompatibility. In 

this work, novel mesostructured silica nanoparticles, dubbed BAC-SiO2, are developed 
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for antimicrobial drug delivery by using the bactericidal drug benzalkonium chloride 

(BAC) as the template during a one-step hydrothermal synthesis. 

 MSNs are typically synthesized with “inert” structure directing agents (SDAs), 

commonly referred to as soft templates, with their subsequent removal to yield 

nanoporous structures suitable for surface modification and drug loading. On the other 

hand, several previous reports have described the use of different active molecules (e.g., a 

corrosion inhibitor, an antitumor drug) as templates for the synthesis of various porous 

silica materials.15-17 Although numerous advantages of one-step fabrication of DDSs have 

been realized through these works, there have been only a few reports, especially 

involving those with antimicrobial applications, and the efficacy of the fabricated 

materials is often not evaluated beyond the scope of drug release kinetics.  

 BAC is a mixture of different alkylbenzyldimethylammonium ions or surfactants 

with a range of hydrocarbon chains (C8-C18) (Figure 2.1). BAC forms micelles in 

aqueous solution above critical micelle concentration of ca. 0.5 mM.18 BAC is a 

ubiquitous ingredient in food, pharmaceutical, and industrial formulations due to its 

broad spectrum of bactericidal activity. In small concentrations, it affects the membrane 

permeability to cause cytolytic leakage of cytoplasmic materials (Figure 2.1); however, at 

high concentrations, it targets carboxylic groups to cause coagulation in the bacterial 

cytoplasm.19 Herein, we report the synthesis, drug release kinetics, and antibacterial 

activity of benzalkonium-templated mesoporous silica (BAC-SiO2). The material 

demonstrates a relatively high payload of drug, sustained and prolonged release of BAC 

in physiologically-relevant pH ranges (4-8), an extremely high surface area framework 

upon removal of the BAC, and a time-dependent bactericidal activity. To the best of our 



63 
 

 
 

knowledge, this is the first report of a BAC-templated mesoporous silica as well as its 

antibacterial activities. 

 

Figure 2.1. Schematic illustration of the synthetic procedure, drug release, and 

antimicrobial mode of action. 

 

2.3. Experimental Section 

2.3.1. Materials and Reagents 

 Reagent grade tetraethyl orthosilicate (TEOS), BTC® 50 solution of 50% 

benzalkonium chloride (BAC), and 30% aqueous ammonium hydroxide (NH4OH) were 

supplied by Sigma-Aldrich (St. Louis, MO), Stepan (Northfield, IL) and Sigma-Aldrich 

(St. Louis, MO), respectively. All materials were used as received without any further 

purification.  
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2.3.2. Synthesis of MSNs 

 Synthesis of the MSN was carried out under mildly alkaline conditions according 

to the molar ratio 1 TEOS: 4 NH4OH : 0.25 BAC : 135 H2O. BAC (4.023 g), NH4OH 

(11.40 g), and deionized water (56.7 g) were combined in a Teflon-lined autoclave, under 

magnetic stirring, to form a clear solution. Then, 5.076 g of TEOS was added dropwise 

under stirring, and the mixture was subsequently heated at 80 °C for 72 h. A fluffy, white 

powder was recovered after filtration, washing, and drying at 50 °C. For subsequent 

analysis and characterization experiments, the as-synthesized sample was calcined in air 

at 550 °C for 6 h to remove the template. 

 

2.3.3. Synthesis of BAC-SiO2 

 The synthesis of BAC-SiO2 nanoparticles entailed diluting appropriate amounts of 

BAC and NH4OH using deionized water with subsequent drop-wise addition of tetraethyl 

orthosilicate (TEOS) under stirring. The distribution of alkyl chains in BAC is 50% C12, 

30% C14, 17% C16, and 3% C18. The mixture, with the composition of BAC : TEOS : 

NH4OH : H2O = 0.25 : 1.00 : 4.00 : 135.00, was heated at 80 °C in a 125 mL autoclave 

for 72 h and subsequently filtered, and the solid product was washed with 100 mL of 

water and dried in a 50 °C oven overnight.  

 

2.3.4. Instrumentation 

 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy 

analysis was conducted on BAC-SiO2 and lyophilized BAC samples. The ATR-FTIR 
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spectra (650-4000 cm-1 with 4 cm-1 resolution) were collected using a Perkin Elmer 

(Waltham, MA) Spectrum 2000 system featuring a KBr beam splitter, DTGS detector, 

and single-bounce diamond ATR crystal. 

 Prior to N2 sorption experiments, the samples were initially de-gasified for 8 h at 

80 °C under a nitrogen atmosphere using a Micromeritics (Norcross, GA) FlowPrep 060 

Sample Degas System. Nitrogen adsorption-desorption isotherms were measured on a 

Micromeritics (Norcross, GA) Tristar 3000 instrument (Norcross, GA). The specific 

surface areas were calculated by using the Brunauer-Emmett-Teller (BET) method. The 

pore sizes and pore size distributions were calculated from the isotherms according to the 

Barrett-Joyner-Halenda (BJH) method. From the amount of N2 adsorbed at a relative 

pressure (P/Po) of 0.99, the total pore volume of the material was obtained. 

 Aqueous size distribution was measured by the static light scattering technique. 

An aliquot of the fresh solution was transferred to a polystyrene cuvette prior to analysis. 

The SAXS measurements were performed at the 12-ID-B beamline of the Advanced 

Photon Source (APS) at Argonne National Laboratory, using 13.3 keV X-ray energy and 

0.9322 Å wavelength. The SAXS data were collected with a Pilatus 2 M detector 

(DECTRIS Ltd.), and the cutoff energy was set as 10 keV to eliminate possible 

fluorescence background. The beam size with 0.1 × 0.2 mm2 and exposure times of 1s 

were used for the measurement. The sample-to-detector distance was ca. 2 m, and the 

scattering vector (q) range covers 0.004 - 0.9 A-1. The 2-D SAXS patterns were fully 

corrected, reduced to 1-D intensity versus q profiles, and background subtracted, using 

the software package at the beamline. 
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 The amount of BAC incorporated in the MSN was calculated by 

thermogravimetric analysis (TGA) using a TGA 7 Thermogravimetric Analyzer (Perkin 

Elmer, Waltham, MA) instrument. The analysis was carried out in open platinum 

crucibles over a temperature range of 50-550 °C at a heating rate of 10 °C /min. 

Differential scanning calorimetry was conducted on a TA DSC Q20 equipped with a TA 

refrigerated cooling system. 

 Sample preparation for TEM experiments entailed suspending the sample in 

ethanol, dropping onto a holey copper grid, and allowed to air-dry in room temperature. 

The electron microscopy experiments were performed using a JEOL 2010F microscope 

operated at 197 kV. The spatial resolution of the microscope in the high resolution 

(HRTEM) mode is ~ 0.14 nm. The fast Fourier transform of the HRTEM images 

generates spots which correspond to crystallographic periodic arrangements of atomic 

planes. These spots were also used as filters to remove background noise from the high 

resolution images. All HRTEM images were analyzed using Gatan Digital Micrograph 

software.  

 The X-ray scattering from the sample was obtained by use of a Bruker Vantec-

500 area detector and a Bruker FR571 rotating-anode X-ray generator operating at 40 kV 

and 50 mA.  The diffraction system was equipped with a 3-circle Azlan goniometer, but 

the sample was not moved during X-ray data collection. The system used 0.5 mm pinhole 

collimation and a Rigaku Osmic parallel-mode (e.g., primary beam dispersion less than 

0.01 deg in 2θ) mirror monochromator (Cu Kα; λ = 1.5418Å). Data were collected at 

room temperature (20 °C) with a sample to detector distance of 26.2 cm. Spatial 

calibration and flood-field correction for the area detector were performed at this distance 
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prior to data collection. The 2048 x 2048 pixel images were collected at the fixed detector 

(2θ) angle of 50 ° for 3 min with ω step of 0.00 deg.  For the intensity versus 2θ plot, a 

0.02 degree step, bin-normalized χ integration was performed on the image shown below 

with settings 0 < 2θ < 13 deg and -180 < χ < 180 deg. Data collection and rocking curve 

creation:  Bruker GADDS v.4.1.51 (2015). Data display and graphics:  MDI JADE7 

v.7.0.6 (2004). 

 

2.3.5. Drug Release Studies 

 The release of BAC from the MSN under static condition at room temperature 

was investigated at different pH conditions: 1) HCl solution pH 4.0 and 2) phosphate-

buffered saline (PBS) solution pH 7.4. Calibration curves were plotted by measuring the 

UV-Vis spectroscopy of pure BAC in the corresponding solutions. Specifically, 400 mg 

of BAC-SiO2 was suspended in 50 mL of dispersion medium. The solution was 

centrifuged at prefixed time intervals, and a 1 mL aliquot of the supernatant was taken 

using a pipette and analyzed for BAC content at λmax of 262 nm. The region between 240 

and 280 nm exhibits three peaks in UV-Vis, which is consistent with UV-Vis of other 

quaternary ammonium surfactants.20 The analyzed supernatant was then returned to the 

solution. This process was repeated at different intervals of time until no further 

substantial release was observed. The absorption intensity was plotted as a function of 

time using a Lambda 850 UV/VIS Spectrometer (Perkin Elmer, Waltham, MA). The drug 

loading capacity was then computed to a value of x g/g using the following equation: 

𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝑫𝑫 𝒄𝒄𝒍𝒍𝒄𝒄𝒍𝒍𝒄𝒄𝒍𝒍𝒄𝒄𝒄𝒄 = 𝒎𝒎𝒍𝒍𝒎𝒎𝒎𝒎 𝒍𝒍𝒐𝒐 𝒍𝒍𝑫𝑫𝑫𝑫𝑫𝑫 𝒍𝒍𝒍𝒍 𝒄𝒄𝒕𝒕𝒕𝒕 𝑴𝑴𝑴𝑴𝑴𝑴𝒎𝒎
𝒎𝒎𝒍𝒍𝒎𝒎𝒎𝒎 𝒍𝒍𝒐𝒐 𝒍𝒍𝑫𝑫𝑫𝑫𝑫𝑫−𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒕𝒕𝒍𝒍 𝑴𝑴𝑴𝑴𝑴𝑴

         (Equation 2.1) 
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2.3.6. Antimicrobial Assays 

 Broth cultures were grown at 37 °C with a shake speed of 200 RPM in 250 mL 

flasks. Cultures of Staphylococcus aureus USA300_LAC and Salmonella enterica 

serovar typhimurium LT2 were grown for 18 hours in 75 mL of Mueller-Hinton (Sigma-

Aldrich) medium. S. enterica and S. aureus were individually diluted in triplicate into 

flasks containing 30 mL or 100 mL of Mueller-Hinton broth to an optical density (A600) 

of 0.1, respectively. Subsequently, bacteria were combined with vehicle control, BAC-

SiO2, BAC, or SiO2. At various times, bacteria were removed from the flasks, serial 

diluted using sterile phosphate buffered saline, and 5 μL of each dilution was then by 

drop plated onto solid tryptic soy medium (MP biomedical). The plates were incubated at 

37 °C for 18 hours before the number of viable bacteria was enumerated by counting the 

number of colony forming units (CFU).  

 

2.4. Results and Discussion 

 Synchrotron small-angle X-ray scattering (SAXS) and static light scattering (SLS) 

measurements of aqueous BAC/NH4OH solution prior to TEOS addition revealed the 

presence of nano-sized BAC micelle aggregates. SAXS profile (Figure 2.2) exhibits 

diffraction peaks within the range of ca. 20-70 Å. Static light scattering (SLS) 

measurements (Figure 2.3), in decent agreement of SAXS, revealed size distribution 

between ca. 10-50 Å. The FTIR spectra of both BAC and BAC-SiO2 (Figure 2.4a) 

exhibited C-H stretching bands (2854 cm-1 and 2924 cm-1) and C-H bending vibration 

band (1457 cm-1), due to alkylammonium groups.12-14 Asymmetric (1044 cm-1) and 
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symmetric (809 cm-1) bands associated with Si-O-Si were observed in the spectra of 

BAC-SiO2 before and after calcination.20,21 

 

Figure 2.2. Synchrotron-SAXS measurement (red) of aqueous BAC/NH4OH solution 

prior to TEOS addition with its corresponding curved fit (blue) and the subtracted plot 

(black). 
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Figure 2.3. SLS measurement of aqueous BAC/NH4OH solution prior to the addition of 

TEOS demonstrating scattering intensity (y-axis) versus diameter (x-axis). 
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Figure 2.4. (a) ATR-FTIR spectra of lyophilized BAC, BAC-SiO2 and calcined BAC-

SiO2; (b) thermogravimetric analysis (TGA) data plots of lyophilized BAC and as-

synthesized BAC-SiO2; (c) HR-TEM micrograph of calcined BAC-SiO2; and (d) small-

angle X-ray diffraction (SAXRD) pattern of calcined BAC-SiO2. 

 

 Quantification of BAC within the framework of BAC-SiO2 was conducted using 

TGA. Consistent with previous reports of quaternary ammonium surfactants, TGA data 

of freeze-dried BAC showed a 95 % weight loss in the range of 170-300 °C due to its 
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thermal degradation (Figure 2.4b).20,22 On the other hand, the TGA curve of BAC-SiO2 

exhibited four distinct weight loss ranges: 1) the loss of water, and maybe residual 

ammonia from the synthesis, at < 170 °C; 2) first step of BAC degradation in the range of 

170-300 °C; 3) second step of BAC degradation in the range of 300-340 °C; and 4) loss 

of water due to condensation of silanol groups. The weight loss between 170-340 °C was 

ca. 36% (0.56 g per 1 g SiO2), which corresponds to the amount of BAC within the BAC-

SiO2. DSC results obtained for the materials (Figure 2.5) demonstrated that the 

predominant endothermic peak for BAC-SiO2 and BAC occurred at 120-140 °C and 185-

230 °C, respectively.  

 

Figure 2.5. Differential scanning calorimetry (DSC) plots of BAC and BAC-SiO2. 
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Calcination of BAC-SiO2 at 550 °C for 6 h yielded mesoporous silica. TEM micrograph 

of the starting (Figure 2.6a-b) and resulting material (Figure 2.4c) showed seemingly 

disordered mesopores structures with pore widths on the order of 30 - 50 Å. The particle 

size was on the order of 600-900 nm in diameter. The SAXRD pattern (Figure 2.4d) was 

characteristic of an isotropic material that forms layers by virtue of consistent size rather 

than by extended 1D or 2D periodic arrangements of molecules. Thus, there was no short 

d-spacing diffraction pattern from aligned molecular species. There was only random 

packing of nearest neighbor pores that gave rise to a consistent, but isotropic, scattering 

vector near 32 Å, which is the approximate distance between rows of pores. If the pattern 

was cubic, then the pore-to-pore centroids are what were measured. However, 

information gathered from TEM micrographs and expected packing arrangements of 

random spheres appeared to favor an hcp motif, making the observed value to be √3 2⁄  

times the average core-to-core distance. Thus, the average core-to-core distance was 

about 37 Å. By incorporating the Scherrer equation, the domain spacing was determined 

to be ca. 11 nm, which is consistent with three repeats of the 37 Å spacing (i.e., on 

average there are triplets of pores that scatter well enough).23,24 

 The N2 sorption results revealed a type IV isotherm with a capillary condensation 

step with a type H4 hysteresis loop (Figure 2.7), which is characteristic of mesoporous 

materials. The BET surface area, the average pore width, and the pore volume were 

found to be 1579 m2 g-1, 18.4 Å, and 0.56 cm3 g-1, respectively.25,26 However, the Kruk-

Jaroniec-Sayari (KJS) corrections on the data with cylindrical pore assumptions yielded a 

pore width closer to 30 Å.27 The hysteresis loop also suggested the presence of larger 

mesopores (~100-500 Å) due to inter-particle gaps. 
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Figure 2.6. (a) Normal and (b) enlarged TEM images of as-synthesized BAC-SiO2.  
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 A kinetic study of BAC release from BAC-SiO2 into an aqueous solution in static 

conditions indicates that the release rate strongly depends on the solution’s pH. 

Controlled release of drugs in physiological conditions (e.g., human body) is of particular 

interest since the intercellular pH of healthy human tissues is 6.8-7.2, but decreases to a 

value of ca. 5 or lower in presence of inflammation, around tumor sites, or at specific 

areas of the body (e.g., endosomes, lysosomes, stomach).28  

 BAC release studies at low pH values (e.g., 1-2) were unsuccessful and a great 

deal of effort was directed towards identification of an appropriate release medium, as 

well as BAC concentration measurement. In situ concentration measurements using UV-

Vis or conductivity instruments failed due to interference from the particles or inability to 

 

Figure 2.7. Nitrogen (77 K) sorption isotherms of calcined BAC-SiO2 and pore size 

distribution shown in inset. 
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correlate the measurements to free BAC molecules concentration, respectively. It is 

proposed herein that the dispersion of cleaved framework particles with a size on the 

order of UV-Vis wavelength (i.e., 300-800 nm) caused elastic scattering and interfered 

with the UV-Vis measurements. This interference of silica nanoparticles was also 

reported elsewhere.29 Incorporation of several consecutive centrifugation steps was 

necessary to accurately measure the concentration at λmax = 262 nm. BAC exhibits three 

predominant UV-Vis absorption peaks in the range of 240-280 nm (Figure 2.8) which are 

proposed herein to originate from benzene’s π → π* electronic excitations. The λmax = 

262 nm is reasonable if considering λmax of toluene at 261 nm with a bathochromic effect 

caused by the apparently weak inductive effect of the relatively distant cationic 

substituent. 

 

Figure 2.8. UV-Vis spectrum of BAC in a quartz cuvette (shown is a portion of the 200-

800 nm scan) 
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 In solutions with pH of 7.4, only 2.5 % of the encapsulated BAC was released 

from BAC-SiO2 within 2-3 days (Figure 2.9a). Upon decreasing pH to 4.0, a larger 

portion of BAC (8.0 %) was released within the same time frame. These findings are in 

agreement with the drug release kinetics data for MSNs reported in literature.9,30,31 The 

increase in BAC release can be largely attributed to the replacement of cationic BAC 

with H+ ions at the Si-O- sites. Drug release profiles (Figure 2.9a) suggest that the amount 

of BAC released is pH dependent in pH range of 4.0 – 7.4. It is important to note that 

although the majority (ca. 93 %) of the BAC remained within the particles, a second 

release profile (not shown) indicated an additional 4.5 % of BAC was released upon 

placing the particles in a fresh solution with pH 4.0. This suggested that the BAC could 

be continuously released from BAC-SiO2 in physiologically-relevant dynamic conditions. 

 In order to investigate the mechanism of BAC release, the in vitro drug release 

data was analyzed using the power law (Korsmeyer-Peppas) model (Equation 1).21,32 This 

model, based on Fick’s second law of diffusion, depicts drug release from with the 

assumption that the diffusion coefficient is concentration independent and the drug is 

homogeneously distributed throughout the drug delivery system. The general form is: 

𝑀𝑀𝑡𝑡
𝑀𝑀∞

= 𝑘𝑘𝑡𝑡𝑛𝑛      (Equation 2.2) 

where Mt and M∞ are the cumulative amounts of released BAC at time t and infinity, 

respectively; n is the release exponent that characterizes the desorption mechanism; and k 

is the kinetic constant which correlates directly with the diffusion coefficient, D, if a 
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Figure 2.9. (a) Release profile of BAC from BAC-SiO2 in PBS solution at pH 4.0, 5.0, 

6.5, and 7.4 along with the corresponding standard deviation. (b) Time and dose-

dependent killing of S. aureus and S. enterica by BAC-SiO2. Photograph display of drop 

plates containing 10-fold serial dilutions (right to left: 100 to 10-6) of treated cultures. (c) 

The percentage of S. aureus survival upon exposure to 12 mg L-1 SiO2, 4 mg L-1 BAC, or 

10 mg L-1 BAC-SiO2 for 0, 3, and 6 h is shown. Bacterial killing is monitored in 

triplicates. The average survival is displayed, in which error bars denote standard 

deviations. Statistical significance is calculated using a two-tailed t-test with significant 

p-values shown. “N.S.” denotes “not significant.”  
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constant thickness of the diffusion path is assumed.33,34 Although the values of n are 

geometry dependent, the same BAC-SiO2 material was used for the release experiments, 

eliminating the geometry variable. A plot of log(Mt/M∞) as a function of log(t), with t ≤ 

62 h in pH 4.0 and 7.4, (Figures 2.10-2.12) yielded n values shown in Table 2.1. 

 Comparison of n values indicated that there were at least two processes that could 

govern the release of BAC from the silica particles. In phosphate-buffered saline (PBS) 

pH 7.4, n = 0.7, which is indicative of non-Fickian diffusion with a superposition of 

framework swelling or erosion.21 However, in HCl solution, pH 4.0, n = 0.2, which 

suggests non-Fickian diffusion from disordered pores with respect to shape, length, and 

size.17,21 It is noteworthy that the dependence of n values to the release should, in reality, 

comprise several superimposed processes. For example, penetration of water into the 

particles is present in both release media, but it is more profound in PBS. 

 Kinetic analysis was conducted via Power law model (Equations 2.2 – 2.6), which 

is used widely in the literature.17,21,35,36 

 
→ log 𝑀𝑀𝑡𝑡

𝑀𝑀∞
= log 𝑘𝑘𝑡𝑡𝑛𝑛       (Equation 2.3) 

 
→ log 𝑀𝑀𝑡𝑡

𝑀𝑀∞
= log 𝑘𝑘 + log 𝑡𝑡𝑛𝑛      (Equation 2.4) 

 
→ log 𝑀𝑀𝑡𝑡

𝑀𝑀∞
= log 𝑘𝑘 + 𝑛𝑛 log 𝑡𝑡        (Equation 2.5) 

 
→ log 𝑀𝑀𝑡𝑡

𝑀𝑀∞
(𝑦𝑦) = log 𝑘𝑘 (𝑐𝑐𝑐𝑐𝑛𝑛𝑐𝑐𝑡𝑡𝑐𝑐𝑛𝑛𝑡𝑡 𝑏𝑏) + 𝑛𝑛 log 𝑡𝑡  (𝑥𝑥); [𝑦𝑦 = 𝑛𝑛𝑥𝑥 + 𝑏𝑏] (Equation 2.6) 
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𝑀𝑀𝑡𝑡 𝑀𝑀∞⁄  is a fraction of drug released at time 𝑡𝑡, 𝑘𝑘 is the release rate constant and 𝑛𝑛 is the 

release exponent. The 𝑛𝑛 value is used to determine the release mechanism; 𝑛𝑛 and 𝑘𝑘 can 

be calculated from slope and intercept, respectively. 

 

Table 2.1. Analysis of kinetic data for BAC desorption 

Release Media pH log (Mt/M∞) vs. log (t) n R 

PBS 7.4 y = 0.702x - 1.0 0.702 ± 0.06 0.95 

HCl 4.0 y = 0.208x - 0.3 0.208 ± 0.03 0.94 

 

 Kinetic modeling of the release data (Figures 2.10-2.12) demonstrated that the 

release mechanism in a solution with pH 7.4 versus that with pH 4.0 was different. The 

proposition of different mechanisms responsible for BAC release in the aforementioned 

media was reasonable due to the vast differences in the release environment. At pH 7.4, 

an environment representative of extracellular healthy tissues and blood, there is an 

excess of OH- relative to H3O+ ions. Thus, the excess OH- ions have the capacity to 

deprotonate some of the silanol (-Si-OH) groups and even hydrolyze some of the 

siloxanes. On the other hand, at pH 4.0 the environment is moderately acidic, and thus, 

the electrostatically-bound BAC templates can be liberated by ion exchange with another 

cation (e.g., H+). Many studies report that the pKa of silanol groups is ca. 4-5.37,38 

Additionally, acid-catalyzed condensation of two silanol groups, which reduces silanol 

groups, occurs concomitantly with the release of the cationic BAC surfactants. 



81 
 

 
 

 

Figure 2.10. Logarithmic variation of BAC fraction released over time in PBS pH 7.4. 

 

 

Figure 2.11. Logarithmic variation of BAC fraction released over time in HCl pH 4.0. 
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Figure 2.12. Logarithmic variation of BAC fraction released over time for the second 

release in a fresh solution of HCl pH 4.0. 

 

 Since surfactant-extracted MSNs have proven to exhibit a remarkably faster 

degradation rate in simulated body fluid,39 it is proposed that the materials synthesized 

herein will continue to release the drug. Additionally, as the material is not calcined, the 

density of surface silanols is conserved, which can be further modified or otherwise used 

to help the particles interact with microbes. Indeed, BAC-SiO2 exposure resulted in a 

time- and concentration-dependent killing of the gram-positive S. aureus and the gram-

negative S. enterica human bacterial pathogens (Figure 2.9b). Similar findings have been 

reported for BAC and are most likely the result of the outer membrane of E. coli 

providing additional protection from exposure.40,41 Importantly, SiO2 had no effect on 

bacterial viability while BAC-SiO2 displayed similar killing as pure BAC, when the 
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amount of BAC present in the BAC-SiO2 was taken into consideration (BAC-SiO2 was 

40% BAC by weight as tested) (Figure 2.9c). These results suggest that a) the addition of 

BAC-SiO2 to liquid growth medium results in BAC release leading to bacterial killing 

and b) BAC-SiO2 is as effective at killing S. aureus as pure BAC. 

 BAC-SiO2 showed antibacterial activity against S. aureus at concentrations as low 

as 10 mg L-1 (Figure 2.9b). Taking into account that the amount of BAC within the 

material is ca. 40% and assuming the maximum release within the observed timeframe 

(i.e., 6 hrs) is 10%, this results in a 10-fold reduction of MIC as compared to literature 

reported values of ca. 40 mg L-1.42 

 It was postulated that one of the precursors (e.g., NH4OH) may be remaining in 

the as-synthesized BAC-SiO2 material to a significant extent and is causing the observed 

enhancement of antimicrobial activity. Although the as-synthesized BAC-SiO2 material 

was washed with copious amounts of water after the collection of the powder and prior to 

conducting the antimicrobial assays, it was necessary to exclude the possibility that the 

additional antimicrobial effect was attributed to chemi- or physisorbed NH3 which is 

known to demonstrate cytotoxicity in a variety of biological organisms including animals 

and plants.43-45 A series of experiments (Figures 2.13-2.15) were conducted to determine 

whether any of the chemicals present during the synthesis had any significant effect on 

the antimicrobial activity.  

 The concentration of BAC-SiO2 used for antimicrobial assays illustrated in 

Figures 2.9b-c ranged between 0-200 mg L-1. Accordingly, aqueous solutions comprising 

the as-synthesized BAC-SiO2 material were prepared at concentrations ranging 60-400 
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mg L-1 in 0.1 M NaCl. The pH measurements of the 0.1 M NaCl solution and BAC-SiO2 

solutions were 6.10 and 5.65 ± 0.22, respectively (Figure 2.13). The reduction in pH 

value upon addition of BAC-SiO2 suggests that the as-synthesized material is overall 

slightly acidic. It is noteworthy that a strong alkaline effect was not observed in this 

experiment, which would indicate a reasonable amount of excess NH3 or its hydrolysate 

NH4OH. Notably, based on the reagents used during the synthesis, there are only several 

major species that can contribute to the pH in these solutions: 

1. Deprotonation of Si-OH and hydrolysis of Si-O-Si moieties; 

2. Possible residual NH3 and/or NH4OH; and 

3. Hydrolysis of benzalkonium (RNH4
+) ions (which leads to acidic solution as 

per the following two reactions: RNH4
+ + H2O ⇋ RNH4OH + HCl and     

HCl + H2O → H3O+(aq) + Cl-(aq) 

 

Figure 2.13. pH measurements plotted against the concentration of BAC-SiO2. 
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Chloride ions can be ignored due to their negligent alkalinity. In this case, since the pH is 

less than 7 and the pH is lower than that of the pure solvent environment, it is reasonable 

to postulate that the acidic species (e.g., benzalkonium cations, NH4
+, and Si-OH) 

overpower the alkaline species (e.g., NH3, Si-O-Si) in terms of pH effect. Since the 

antimicrobial assays were carried out in buffered media, we expect a similar pH effect, 

but to a lesser extent due to the buffering effect. 

 Besides pH measurements, additional biological control experiments were 

conducted using NH4OH. At the concentrations examined, NH4OH had no effect on S. 

aureus or S. enterica growth (Figure 2.14) and the viability of the microbes (Figure 2.15). 

As illustrated in the figures, the microbial growth and proliferation rates cannot be 

discerned from the samples containing 30 or 200 mg L-1 NH4OH and the blank control. 

The concentrations of 30 and 200 mg L-1 NH4OH were chosen as to demonstrate that 

even if 100% of the BAC-SiO2 consisted of NH4OH, it would not demonstrate any 

bacteriostatic or bactericidal effect. 

 These results are also consistent with those previously reported in the literature. 

As previously mentioned, the cytotoxicity of ammonia has been evaluated on a variety of 

biological organisms. It was demonstrated that in contrast to animal and plant cells, 

ammonia was not toxic for various bacteria strains such as C. glutamicum, E. coli, and B. 

subtilis even in molar concentrations.46 

 Based on these results, it is proposed that the reason for the as-synthesized BAC-

SiO2 to show a significantly enhanced antibacterial effect as compared to free BAC, 

despite the former having the capability to release less BAC into the solution, is because 

the as-synthesized BAC-SiO2 helps make the BAC more accessible to the microbes. It is  
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Figure 2.14. Growth analyses of (a) S. enterica and (b) S. aureus in the presence of 

NH4OH. Data represents growth traces. The concentrations of NH4OH was 200 mg L-1 

and 30 mg L-1 for S. enterica and S. aureus, respectively. Experiments were conducted in 

triplicate and error bars represent standard deviation. Error bars are shown for all data 

points, but are sometimes too small to visualize. 
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Figure 2.15. Time- and dose-dependent killing of S. aureus and S. enterica by NH4OH, 

BAC-SiO2, or SiO2. The concentrations of all additions were 30 mg L-1 and 200 mg L-1 

for S. aureus and S. enterica, respectively. Photographs display drop plates containing 

10-fold serial dilutions of treated cultures. 

 

possible that releasing the BAC in a localized manner on the cell surface or a Trojan 

Horse mode of action (where the silica particles are engulfed by the bacteria with 

subsequent drug release inside the organism) may result in significantly more efficacious 

antibacterial effect. This possibility is not unprecedented and it is known that the 

biological activities (such as antibacterial or anticancer effects) of many small molecules 

and ions are enhanced by nanoparticles. For example, related bioactive-loaded silica-

based nanoporous materials (e.g., xerogels) are reported to show higher antibacterial 
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potency than the same amount of free bioactive molecules.47,48 This has also been 

previously reported for anticancer drugs.49 

  

2.5. Conclusion 

 The development of novel bioactive advanced functional materials is imperative 

to support the innovation of the global healthcare industry. As antimicrobial resistance 

continues to threaten the effective prevention and treatment of bacteria, parasites, viruses 

and fungi, the need for more efficient and advanced treatments warrants significant 

research. Quaternary ammonium surfactants are a class of antimicrobial agents with a 

good affinity for microbial cell membrane lipid bilayer and exhibit low minimum 

bactericidal concentrations (MBC). However, controlled drug delivery of these molecules 

to targeted cells is required to prevent the inadvertent inactivation thereof in the presence 

of suitable anionic molecules, phospholipids, and other molecules that either neutralize 

the bactericide or protect the microbes. It is therefore highly desirable to develop novel 

technologies to enhance the selectiveness and reduce unwanted inactivation of 

bactericidal quaternary ammonium compounds (QACs). 

 In the current work, we report a novel organic-inorganic hybrid material 

demonstrating prolonged and pH-triggered release of benzalkonium chloride (BAC), an 

antimicrobial agent. The synthetic route combines the advantages of incorporating the 

drug into the host without post-treatment, targeted pH-responsive controlled release of 

the drug, and fabrication of high surface area mesoporous silica, upon removal of the 

template, suitable as an inorganic host material for a broad range of applications. 
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Moreover, a thermal degradation pathway of the template within the framework was 

proposed, which was found to significantly differ from that of the free template molecule. 

 Utilization of a wide array of analytical instruments indicated that the synthesized 

material comprises a high density (0.56 g per 1 g SiO2) of BAC and a relatively high 

surface area (> 1500 m2 g-1) upon removal of the drug template. Thermal degradation of 

the drug within the framework follows a different pathway than the free drug molecule. 

Analytical results demonstrated an additional degradation step, which comprises the 

aliphatic moieties exclusively at 300-340 °C. Drug release measurements indicate that 

BAC release is preferential to environments with a high density of hydronium ions, 

which presumably displace the drug from the anionic silanol sites. In the best case 

scenario, the synthesized material exhibited a bactericidal effect just three hours after 

incubation for both strains of bacteria. Moreover, a correlation of drug release profiles 

with the time-dependent antimicrobial assay indicates BAC can kill S. aureus at sub-ppm 

concentrations, which is lower than the reported MIC and MBC values in the literature. 

This observed phenomenon supports previously reported theories that the drug may not 

need to completely release into the bulk solution in order to interact with microbes. The 

synthetic approach can be extended to a variety of drugs to realize advanced functional 

biomaterials. 
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CHAPTER 3 

Synthesis, Characterization, and Investigation of the Antimicrobial 

Activity of Cetylpyridinium Tetrachlorozincate 

 

3.1. Overview 

 Cetylpyridinium tetrachlorozincate (referred to herein as (CP)2ZnCl4) was 

synthesized and its solid-state structure was elucidated via single crystal X-ray diffraction 

(SC-XRD) revealing a stoichiometry of C42H76Cl4N2Zn with two cetylpyridinium (CP) 

cations per [ZnCl4]2- tetrahedra. Crystal structures at 100 K and 298 K exhibited a zig-zag 

pattern with alternating alkyl chains and zinc units.  The material showed potential for 

application as a broad spectrum antimicrobial agent, to reduce volatile sulfur compounds 

(VSCs) generated by bacteria, and in the fabrication of advanced functional materials. 

Minimum inhibitory concentration (MIC) of (CP)2ZnCl4 was 60, 6, and 6 µg mL-1 for 

Salmonella enterica, Staphylococcus aureus, and Streptococcus mutans, respectively. 
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The MIC values of (CP)2ZnCl4 were comparable to that of pure cetylpyridinium chloride 

(CPC), despite the fact that approximately 16% of the bactericidal CPC is replaced with 

bacteriostatic ZnCl2 in the structure. A modified layer-by-layer deposition technique was 

implemented to synthesize mesoporous silica (i.e., SBA-15) loaded with approximately 

9.0 wt.% CPC and 8.9 wt.% Zn. 

 

3.2. Introduction 

Cetylpyridinium chloride is a quaternary ammonium compound with broad 

spectrum antimicrobial activity. Its antimicrobial properties render it useful in a variety of 

applications including cosmetics, pharmaceuticals, and water treatment.1,2 CPC is 

recognized as safe for dermal and oral applications by the Food and Drug Administration 

(FDA), and is commonly known for its role in the prevention and treatment of dental 

plaque, gingivitis, halitosis and calculus in oral care products.1,3-7 Zinc (Zn) is utilized in 

a wide array of industries including food, pharmaceuticals, energy production, material 

science, physiology, and organic chemistry.8-11 Existing exclusively as the divalent Zn 

cation, Zn is an essential nutrient for virtually all living organisms.12 However, at 

concentrations higher than those that are physiologically useful, Zn exhibits a 

bacteriostatic effect on many microorganisms.13 

The antibacterial property of Zn2+ ions has been attributed to five main 

mechanisms: (1) the disruption of cell membrane integrity, (2) the denaturation of 

proteins, (3) the production of reactive oxygen species resulting in cellular damage, (4) 

the interaction with nucleic acids, and (5) the inactivation of iron-sulfur proteins and/or 

inhibition of the iron-sulfur protein maturation machinery.14-18 When CPC disrupts the 
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microbial cell membrane, the positively charged region of CPC binds directly to the polar 

negatively-charged phosphate groups of phospholipids while the non-polar portion of 

CPC interacts with non-polar phospholipid tails.3,19 This results in permeability of the cell 

membrane, membrane depolarization, leakage of intracellular components and ultimately 

death.3 Recent experiments from our group suggest that loading quaternary ammonium 

compounds (QACs) into mesoporous silica nanoparticles (MSNs) yields a material with 

excellent antimicrobial activity and a pH-responsive controlled release of the 

antimicrobial drug.20 

Previously, a number of studies have focused on elucidating the interaction 

between divalent metal (e.g., Cd, Cu, Zn) ions and pyridine analogues; however, these 

studies were not successful in identifying and realizing an antibacterial technology that is 

viable, safe, and effective for widespread healthcare use. In 2002, Neve et al. synthesized 

and solved the crystal structure of [C16-Py]2[CdCl4].21 Application of the material was 

not evaluated or mentioned beyond their potential to be used as a liquid-crystalline 

precursor. Furthermore, attempts to crystallize the Zn analogue were futile. Hilp et al. 

proposed the use of cetylpyridinium tetrachlorozincate as titrant for analysis of anionic 

surfactants.22,23 In 2015, Kaur et al. synthesized (CP)2CuCl4 and (CP)CuCl3 and 

demonstrated that the insertion of copper into the CPC moiety enhanced the antibacterial 

activity as compared to pure CPC.24 Although the antimicrobial properties of copper (Cu) 

have long been known, the realization of the Cu-cetylpyridinium conjugate technology 

for healthcare applications would be extremely challenging due to the potential for blue 

(e.g., Cu2+) or yellow (e.g., [CP][CuCl3] or [CP]2[CuCl4]) staining associated with the d-

orbital splitting of the copper ion.  
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In the current work, we report the synthesis and characterization of 

cetylpyridinium tetrachlorozincate as well as its application to reduce volatile sulfur 

compounds, as an antibacterial active pharmaceutical ingredient (API), and to fabricate 

advanced functional materials. Work presented suggests that cetylpyridinium 

tetrachlorozincate is a viable and effective antimicrobial agent to combat the global 

healthcare issues associated with oral and dermal disease (e.g., hospital infections, 

medical device biofilms, and antibiotic resistance). 

 

3.3. Experimental Section 

3.3.1. Materials, Reagents, and Synthesis of Cetylpyridinium 

Tetrachlorozincate 

Reagent grade anhydrous zinc chloride (ZnCl2) and CPC were supplied by Sigma-

Aldrich (St. Louis, MO). CPC was used in the monohydrate form without further 

purification. The synthesis entailed preparation of fresh 25 wt.% CPC and 75 wt.% zinc 

chloride solutions in deionized water. Subsequently, the ZnCl2 solution was added 

dropwise to the CPC solution under magnetic stirring. Vacuum filtration and drying of 

the precipitate yielded an off-white solid which was further purified using acetone 

extraction. Single crystal was obtained by recrystallizing from acetone.  

 

3.3.2. Instrumentation 

X-ray photoemission spectroscopy (XPS) analysis was carried out using a PHI 

5000 VersaProbe II scanning XPS microprobe instrument with a monochromatic Al Kα 
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X-ray source (1486.6 eV) and 200 µm beam diameter. PHI MultiPak software was used 

for subsequent data analysis. Fourier-transform infrared (FTIR) spectra were collected 

using a Bruker Vertex 70 FTIR spectrometer (Bruker Optics, Billerica, MA) equipped 

with a GladiATR diamond ATR accessory (Pike technologies, Madison, WI). The 

spectral range was 80-4000 cm-1 and a resolution of 4 cm-1 was used. All measurements 

were carried out at room temperature, by spreading several milligrams of as-prepared 

powder samples, without any additional sample preparation procedures. The single 

crystal X-ray diffraction (SC-XRD) data were collected using Bruker D8 Venture 

PHOTON 100 CMOS system equipped with a Cu Kα INCOATEC ImuS micro-focus 

source (λ = 1.54178 Å). Indexing was performed using APEX3 (Difference Vectors 

method).25 Data integration and reduction were performed using SaintPlus 6.01.26 

Absorption correction was performed by multi-scan method implemented in SADABS.27 

Space group was determined using XPREP implemented in APEX3.25 The structure was 

solved using SHELXT (direct methods) and was refined using SHELXL-201728-30 (full-

matrix least-squares on F2) through OLEX231 interface program. All non-hydrogen atoms 

were refined anisotropically. Hydrogen atoms were placed in geometrically calculated 

positions and were included in the refinement process using riding model. Crystal data 

and refinement conditions for the as synthesized crystals and the ones collected at room 

temperature are shown in Table 3.1 and Table 3.2, respectively. 

Powder X-ray diffraction (PXRD) data were collected at room temperature using 

a Bruker D8 Advance theta-2theta diffractometer with copper radiation (Cu Kα, λ = 

1.5406 Å) and a secondary monochromator operating at 40 kV and 40 mA, whereby 

samples were measured between 2θ of 2° and 40° at 0.5 s/step and step size of 0.02°. 
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Small angle X-ray scattering (SAXRD) patterns were obtained by using a Bruker Vantec-

500 area detector and a Bruker FR571 rotating-anode X-ray generator operating at 40 kV 

and 50 mA. The diffraction system was equipped with a 3-circle Azlan goniometer, but 

the sample was not moved during X-ray data collection. The system used 0.25 mm 

pinhole collimation and a Rigaku Osmic parallel-mode (e.g., primary beam dispersion 

less than 0.01° in 2θ) mirror monochromator (Cu Kα; λ = 1.5418Å). Data were collected 

at room temperature (ca. 20 °C) with a sample to detector distance of 26.25 cm. Spatial 

calibration and flood-field correction for the area detector were performed at this distance 

prior to data collection. The 2048x2048 pixel images were collected at the fixed detector 

(2θ) angle of 50 deg for 600 sec with ω step of 0.00 deg.  For the intensity versus 2θ plot, 

a 0.02° step, bin-normalized χ integration was performed on the GADDS frame image.  

 

3.3.3. In-vitro Bacteria-generated Volatile Sulfur Compound (VSC) Reduction 

Experiments 

Methyl mercaptan is a representative ingredient of volatile sulfur compound 

(VSC), which can be used as the marker for the quantitative measurement of mouth odor 

through gas chromatography-flame photometric detector technology.32 Sample 

preparation entailed dissolution of the ZnCl2, CPC, and (CP)2ZnCl4 powders to a final 

concentration of 0.75 wt.%. Hydroxyapatite (HAP) disks were incubated with whole 

saliva to develop pellicles, followed by the treatment of prepared solutions. After rinsing, 

the treated disks were transferred to headspace vials and incubated with VSC solution to 

mimic mouth odor VSC generation. The methyl mercaptan in headspace was measured 
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through gas chromatography, equipped with a flame photometric detector (GC-FPD) and 

the results would determine the product efficacy in mouth odor reduction. 

 

3.3.4. Antimicrobial Assays 

The bacterial strains used for the study were Salmonella enterica Serovar 

typhimurium LT2,33 Staphylococcus aureus USA300_LAC,34 and Streptococcus mutans 

Clark (ATCC). S. enterica and S. aureus were cultured in Muller Hinton media (Sigma-

Aldrich) and S. mutans was cultured in Reinforced Clostridial Media (Oxoid). Stock 

solutions for ZnCl2 (500 mg mL-1), CPC (1 mg mL-1), and cetylpyridinium 

tetrachlorozincate ((CP)2ZnCl4; 1 mg mL-1) were prepared by dissolving the compounds 

in distilled deionized water and filter sterilization prior to use. 

Growth analyses were conducted as previously described with slight alterations.20 

Single bacterial colonies were inoculated into 2 mL of medium in 10 mL capacity culture 

tubes. Inoculated cultures of S. aureus and S. enterica were grown aerobically at 37 °C 

with shaking at 200 rpm for 24 hours. S. mutans was cultured statically for 48 h. End-

point Minimum Inhibitory Concentrations (MICs) were determined for ZnCl2, CPC and 

(CP)2ZnCl4 using Broth Microdilution Method standard protocol from Clinical and 

Laboratory Standards Institute.35 Biological triplicate overnight cultures were 

standardized to 0.5 McFarland standard (OD600= 0.1). MICs were determined in cultures 

grown in 96 well microtiter plates. One-hundred µL of the standardized culture was sub-

cultured into wells containing 100 µL of medium containing antimicrobial compound. 

Control wells containing 200 µL of media only or media with antimicrobial compound 
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were used to standardize the data. The microtiter plates were aerobically incubated 

statically at 37 °C. The optical densities of the S. aureus and S. enterica cultures were 

determined after 20 h and S. mutans was analyzed after 48 h. Culture optical densities 

(A600) were determined using Biotek EPOCH 2 microplate reader. 

 

3.3.5. Synthesis and Loading of Mesoporous Silica Nanoparticles (MSNs) 

Pluronic P123, 34% hydrochloric acid, and tetraethyl orthosilicate (TEOS) were 

supplied by BASF (Ludwigshafen, Germany), Avantor (Allentown, PA), and Sigma-

Aldrich (St. Louis, MO), respectively. All materials were used as received without further 

purification. Santa Barbara Amorphous (SBA-15) type material was synthesized 

according to conventional methods. Specifically, 4 g of Pluronic P123 was mixed with 

104 mL of water and 24 mL of concentrated hydrochloric acid. To this clear solution, 

8.53 g of TEOS was added dropwise and subsequently stirred at 40 °C for 24 h. The 

resulting white powder was filtered, washed with copious amounts of deionized water, 

and dried at 50 °C overnight. Calcination of the as-synthesized SBA-15 was conducted in 

air at 550 °C for 6 h with 10 °C/min. 

Cetylpyridinium chloride tetrachlorozincate was incorporated into the SBA-15 

framework via a modified immersion layer-by-layer deposition technique.36 After 

outgassing the SBA-15 at 100 °C for 2 h under vacuum, 800 mg of the powder was added 

to 100 g of 10 wt.% aqueous CPC solution with subsequent magnetic stirring for over 1 h 

to allow diffusion throughout porous framework. The CPC-adsorbed SBA-15 was 

centrifuged, filtered, and washed with 150 mL of deionized water. Lastly, the powder 

was washed with 100 g of 10 wt.% ZnCl2 aqueous solution, washed with 150 mL of 
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deionized water, and dried at 40 °C under vacuum for several days. It is noteworthy that 

utilization of higher concentrations of CPC and ZnCl2 solutions failed to yield 

homogeneous CPC-Zn@SBA-15 powders. SBA-15 was chosen as the porous framework 

since its pore width can easily accommodate a CPC molecule. 

BET surface area and porosity measurements of the SBA-15 mesoporous silica 

nanoparticles (MSNs) were evaluated using a Surface Area and Porosity Analyzer 

(Gemini VII, Micromeritics, USA).37 Samples were outgassed at 100 °C overnight under 

a constant flow of N2. Subsequent adsorption measurements were done at 77 K. BJH 

analysis was used to determine pore size distribution.38 

 

3.4. Results and Discussion 

Initial observation of an interaction between CPC and ZnCl2 was made while 

attempting to synthesize a deep eutectic solvent via anhydrous route. In particular, 

monohydrate CPC and anhydrous ZnCl2 powders were combined, mixed, and heated at 

90 °C for 24 h. Under these conditions, a translucent, yellow-colored gel material was 

formed in samples with Zn/CPC ratio of 2 and higher. The material would undergo a 

phase change below ca. 50 °C to form an off-white opaque solid material. In order to 

improve the homogeneity of the samples, the synthesis was repeated with the addition of 

15% water. Subsequent experiments, aimed to develop an aqueous route for the 

synthesis, demonstrated that a sparingly water-soluble precipitate is formed upon 

combination of aqueous CPC and ZnCl2 solutions above a certain threshold 

concentration. The solubility of the precipitate in water was <1 wt.% at room 

temperature. The precipitate was collected, washed with copious amounts of water, and 
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recrystallized from acetone to yield a single crystal adequate for SC-XRD analysis. 

Dynamic scanning calorimetry (DSC) experiments (Figure 3.1) demonstrated ca. 20 °C 

reduction in the onset temperature of the endothermic melting peak in the synthesized 

material as compared to pure CPC. These results are consistent with the observed phase 

transition below ca. 50 °C in the gel samples synthesized via anhydrous route. 
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Figure 3.1. DSC plot of CPC and CPC-Zn material. 

 

XPS and FTIR were used to confirm complex formation prior to SC-XRD 

analyses and therefore referred to as CPC-Zn material. The XPS results (Figures 3.2-3.3) 

indicate that there is a slight shift in the N+ peak for CPC-Zn (402.2 eV) material as 

compared to the CPC (401.8 eV) reference. This may indicate that the electronic 

environment around the cationic N in the CPC part of the sample has changed compared 
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to that in CPC alone. It is noteworthy that anhydrous ZnCl2 cannot easily be analyzed by 

conventional XPS due to its extreme hygroscopic property.  

 
Figure 3.2. XPS survey spectra of CPC and CPC-Zn material. 
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Figure 3.3. Enlarged and normalized XPS spectra of the CPC and CPC-Zn material N1s 

peaks. 

 

The FTIR spectra of CPC·H2O, ZnCl2, and as-synthesized CPC-Zn material are 

shown in Figure 3.4. The spectrum of CPC-Zn sample clearly shows the fingerprint of the 

cetylpyridinium confirming its presence in the sample. A close inspection of the spectrum 

demonstrates, however, that the bands of cetylpyridinium in the CPC-Zn material do not 

match the pure CPC·H2O compound. The majority of the bands related to C-H, CH2, C-

C, C=C, and C=N stretching and bending vibrations of cetylpyridinium display shifted 

peak positions compared to CPC·H2O raw material.39,40 The ν(OH) peak at 3372 cm-1 as 

well as another broad H2O related band near 550 cm-1 seen in CPC·H2O starting 

compound have also disappeared in the presence of Zn. Furthermore, a distinguishable 
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new peak at 272 cm-1 is evident in the CPC-Zn  sample, likely originating from the Zn-Cl 

related vibration. Taken together, the FTIR data indicate that the interaction of 

cetylpyridinium chloride with ZnCl2 formed a different complex.  
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Figure 3.4. Infrared absorption spectra of synthesized CPC-Zn material as well as 

CPC·H2O and ZnCl2 precursors. The spectra are offset for clarity. Note, ZnCl2 is highly 

hygroscopic, so the presence of water and its associated absorption bands are difficult to 

avoid during sample measurements. 

 

The single crystal X-ray diffraction (SCXRD) analysis shows that the 

coordination complex crystallizes in orthorhombic Pbca space group (Tables 3.1-3.2). 

The structural formula can be described as [(C21H38N)2][ZnCl4], or (CP)2ZnCl4 for short, 

where four cetylpyridinium ions are surrounded by two ZnCl4
2- units (Figure 3.5). The 
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packing behavior is depicted in Figure 3.6. As seen from the structure, the alkyl chain 

units and the Zn units pack in a zig-zag manner, with each unit present at alternating 

ends. 

 

Table 3.1. Crystal data and structure refinement for (CP)2ZnCl4 at 100 K. 

Empirical formula C42H76Cl4N2O0.13Zn 
Formula weight 818.34 
Temperature/K 100(2) 
Crystal system orthorhombic 
Space group Pbca 

a/Å 14.0801(3) 
b/Å 20.5166(4) 
c/Å 62.5674(12) 
α/° 90 
β/° 90 
γ/° 90 

Volume/Å3 18074.2(6) 
Z 16 

ρcalcg/cm3 1.203 
μ/mm-1 3.139 
F(000) 7057.0 

Crystal size/mm3 0.129 × 0.106 × 0.042 
Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.65 to 138.264 
Index ranges -16 ≤ h ≤ 16, -23 ≤ k ≤ 24, -74 ≤ l ≤ 73 

Reflections collected 89945 
Independent reflections 16573 [Rint = 0.0803, Rsigma = 0.0515] 

Data/restraints/parameters 16573/0/897 
Goodness-of-fit on F2 1.043 

Final R indexes [I>=2σ (I)] R1 = 0.0481, wR2 = 0.0900 
Final R indexes [all data] R1 = 0.0772, wR2 = 0.0997 

Largest diff. peak/hole / e Å-3 0.32/-0.42 
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Table 3.2. Crystal data and structure refinement for (CP)2ZnCl4 at 298 K. 

Empirical formula C42H76Cl4N2Zn 
Formula weight 816.21 
Temperature/K 297.58 
Crystal system orthorhombic 
Space group Pbca 

a/Å 14.6776(5) 
b/Å 20.6265(7) 
c/Å 62.330(2) 
α/° 90 
β/° 90 
γ/° 90 

Volume/Å3 18870.4(11) 
Z 16 

ρcalcg/cm3 1.149 
μ/mm-1 3.003 
F(000) 7040.0 

Crystal size/mm3 0.129 × 0.106 × 0.042 
Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.672 to 96.904 
Index ranges -14 ≤ h ≤ 14, -16 ≤ k ≤ 20, -56 ≤ l ≤ 60 

Reflections collected 50657 
Independent reflections 9038 [Rint = 0.0907, Rsigma = 0.0582] 

Data/restraints/parameters 9038/0/887 
Goodness-of-fit on F2 1.028 

Final R indexes [I>=2σ (I)] R1 = 0.0553, wR2 = 0.0969 
Final R indexes [all data] R1 = 0.1140, wR2 = 0.1180 

Largest diff. peak/hole / e Å-3 0.26/-0.29 
 

 
Figure 3.5. Crystal structure of [(C21H38N)2][ZnCl4]. 
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                                       (a)                                                                       (b) 

Figure 3.6. Packing of [(C21H38N)2][ZnCl4] along (a) 110 plane and (b) 100 plane at 

100K. 

 

The crystals contain disordered solvent that was modeled as a H2O molecule 

(atom O1). It was not possible to locate hydrogen atoms of H2O. The occupancy of the 

H2O molecule is ~ 0.25 and it is not present in the crystals collected at room temperature. 

There is a structural change with the increase in temperature and the loss of solvent H2O 

molecule. The distance between the Zn(II) centers (Zn01-Zn02) increases from 8.73 Å (at 

100 K) to 9.05 Å (at 298 K). The packing behavior at room temperature however remains 

similar in a zig-zag manner (Figure 3.7). PXRD analysis of the bulk sample recrystallized 

in acetone showed that it is in good agreement with the calculated structure both at 100 

and 298 K (Figure 3.8), confirming phase purity. 



110 
 

 
 

   

       (a)                                                                            (b) 

Figure 3.7. (a) Structure of [(C21H38N)2][ZnCl4] at 298 K and (b) packing arrangement. 

 

Figure 3.8. A comparison of the PXRD patterns of the bulk sample, the calculated 

pattern at 298 K and the calculated pattern at 100 K. 
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In-vitro VSC reduction of ZnCl2, (CP)2ZnCl4, and CPC, conducted by methyl 

mercaptan GC headspace measurement, is illustrated in Figure 3.9d. Statistical grouping 

(Table 3.3), calculated using Tukey method and 95.0% confidence interval, indicates that 

CPC and (CP)2ZnCl4 exhibit parity efficacy for malodor-causing VSC.41 ZnCl2, exhibits 

a weak VSC reduction effect at the measured concentration compared to CPC and 

(CP)2ZnCl4. 

Elemental composition of the evaluated powders is shown in Table 3.4. The 

concentration of ZnCl2 (i.e., 16.22%) in the (CP)2ZnCl4 is in decent agreement with the 

theoretical value (i.e., 16.70%) which implies adequate purity of the sample as a result of 

the acetone extraction process. 

 

Table 3.3. Statistical grouping information using Tukey method and 95.0% confidence. 

Treatment N Mean* Grouping 
Zinc Chloride Anhydrous  3 10.9458 A 
CPC-ZnCl2  3 7.5214 C 
Cetylpyridinium chloride 3 7.5193 C 
*Average log(Integrated Methyl Mercaptan Area) of triplicate samples 

 

Table 3.4. Elemental composition of powders used to prepare VSC reduction samples. 

Sample Zn CPC 

 
(%) (%) 

H2O - - 
ZnCl2 44.81 - 
(CP)2ZnCl4 7.78 86.02 
CPC - 97.95 
*Zn and CPC concentrations were obtained via AAS and HPLC, respectively. 
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Figure 3.9. Inhibition of S. aureus (a), S. mutans (b), and S. enterica (c) with ZnCl2, CPC 

and (CP)2ZnCl4. Culture optical densities were determined after static growth. VSC 

reduction efficacy (d) of methyl mercaptan via GC with color shading corresponding to 

statistical group (Table 3.3). 

 

We examined the ability of CPC, Zn, and (CP)2ZnCl4 to inhibit the growth of 

bacterial pathogens. The effects of the compounds were determined using the following 

bacterial pathogens: Staphylococcus aureus LAC, Streptococcus mutans, and Salmonella 

enterica Serovar typhimurium. S. aureus LAC is a gram-positive community-associated 

methicillin-resistant CA-MRSA strain and a representative strain of the USA300 clone, 
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which is a leading cause of skin and soft tissue infections in North America.42 S. mutans 

is also gram-positive and the leading causes of dental caries.43 Salmonella enterica 

Serovar typhimurium is a gram-negative and a primary enteric pathogen affecting 

humans.44  

 The minimal inhibitory concentrations of CPC, Zn, and (CP)2ZnCl4 were 

determined in liquid culture after static growth. All the three bacteria displayed typical 

dose-responses to the compounds utilized (Figure 3.9a-c). The MICs for Zn for S. aureus, 

S. enterica, and S. mutans were approximately 200, 300, and 65 µg mL-1, respectively. 

The MICs for (CP)2ZnCl4 for S. aureus, S. enterica, and S. mutans were 6, 60, and 6 µg 

mL-1, respectively. The MICs for CPC were similar to those for (CP)2ZnCl4 in the case of 

S. aureus and S. enterica. In the case of S. mutans, a slight improvement in antimicrobial 

activity was demonstrated for (CP)2ZnCl4, however, the results were not statistically 

significant.  

Previous work demonstrated that the utilization of MSNs as drug delivery 

vehicles for QACs yields a material with a pH-responsive controlled drug release as well 

as excellent antimicrobial activity.20 Herein, the feasibility of incorporating (CP)2ZnCl4 

into such drug delivery systems (DDSs), where the surface of MSNs can further be 

modified to impart selectivity or other advantages, were explored.45 BET measurements 

(Figures 3.10-3.11 and Table 3.5) indicated successful loading of the material within 

SBA-15 as evidenced by a reduction in available surface area and pore width. 

Additionally, SAXRD patterns (Figure 3.12) suggest the mesoporous silica framework 

remains intact throughout the loading process. The material where (CP)2ZnCl4 was 

loaded into SBA-15 MSNs is referred to as CPC-Zn@SBA-15 henceforth due to a certain 
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amount of uncertainty whether all CPC-Zn moieties within the MSNs are in fact 

(CP)2ZnCl4. Actually, elemental composition suggests an excess of Zn, which is likely 

chemisorbed to the silanol groups. Bulk elemental composition measurements of CPC-

Zn@SBA-15 was conducted using TGA and ICP-OES for CPC (9.0 wt.%) and Zn (8.9 

wt.%), respectively. XPS analysis was conducted on mesoporous SBA-15, CPC@SBA-

15, and CPC-Zn@SBA-15 to probe the elemental composition near the surface of the 

MSNs. Calcined SBA-15 is consistent with composition of silica with a surface that is 

essentially free (1.1 wt.% C) from organic contamination. The N+/Cl ratio (1.29) of the 

CPC@SBA-15 sample suggests that a portion of the cetylpyridinium cations have 

adsorbed onto the negative silanol groups of the silica. The N+ binding energy is shifted 

slightly relative to the CPC reference, while the Cl binding energy is significantly shifted 

relative to CPC. This implies that both N+ and Cl are in different chemical bonding 

environments on the silica surface, compared to bulk CPC. The surface of CPC-

Zn@SBA-15 material exhibited 3.36 wt.% Zn, 1.01 wt.% CPC, and a Zn/CPC ratio of 

3.33. The Zn/CPC ratio indicates that (CP)2ZnCl4 is present on the surface with excess 

ZnCl2. Since the sample was washed with water after preparation, it is possible that the 

(CP)2ZnCl4 recrystallized on the surface or dissolved into its ionic constituents and 

precipitated onto the surface of MSNs. 
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Figure 3.10. N2 adsorption isotherms (77 K) for SBA-15, CPC@SBA-15 and CPC-

Zn@SBA-15. 
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Figure 3.11. BJH pore size distribution corresponding to the isotherms in Figure 3.10. 
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Table 3.5. Porosimetry results and SAXRD data. 

Sample 
BET 

Surface 
Area 

Pore 
Width 

Pore Wall 
Thickness 2θ Crystal 

Size* 

 
(m2 g-1) (Å) (Å) 

 
(nm) 

SBA-15 626.7 48 18 1.328 77 
CPC@SBA-15 153.0 45 

   CPC-Zn@SBA-15 89.6 43 
 

1.311 66 
* Crystallite size obtained using Scherrer equation46,47 
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Figure 3.12. SAXRD pattern of SBA-15 and (CP)2ZnCl4@SBA-15. 

 

As previously discussed, ICP-OES, TGA, and XPS analyses demonstrate 

significant amounts of cetylpyridinium and Zn in the CPC-Zn@SBA-15 sample. FTIR 

was further used to investigate the presence of (CP)2ZnCl4 within the silica framework. 

Figure 3.13 shows the spectrum of CPC-Zn@SBA-15 sample in comparison to 

CPC@SBA-15 control and SBA-15 mesoporous silica. SBA-15 displays a typical silica 

spectrum with Si-O asymmetric and symmetric vibrations near 1060 and 800 cm-1  
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Figure 3.13. Infrared absorption spectrum of CPC-Zn@SBA-15 in comparison to 

CPC@SBA-15 and SBA-15. Spectra are offset for clarity. 

 

respectively, non-bridging Si-O stretching vibration and/or Si-OH vibration of silanol 

groups near 955 cm-1 and O-Si-O bending modes around 440 cm-1. The absorption 

spectra of CPC-Zn@SBA-15 and CPC@SBA-15 support the presence of cetylpyridinium 

in both samples as evident from its characteristic vibrations near 1500 cm-1 region as well 

as near the C-H stretching band region where two peaks around 2855 and 2925 cm-1 

corresponding to symmetric and asymmetric CH2 vibrations are clearly observed.48 

Importantly, in addition to cetylpyridinium bands, the CPC-Zn@SBA-15 sample exhibits 

two distinct peaks near 115 and 295 cm-1, in line with the pure (CP)2ZnCl4 fingerprint 

that displays two strong bands below 300 cm-1 (Figure 3.4). This finding suggest 
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presence of (CP)2ZnCl4 complex on the silica surface. Note, the peak positions of 

cetylpyridinium and (CP)2ZnCl4 incorporated into silica are shifted compared to their 

bulk constituents. The latter can be attributed to adsorption and/or confinement effects. 

 

3.5. Conclusion 

An interesting CPC analogue, cetylpyridinium tetrachlorozincate, was synthesized 

and unambiguously characterized via single crystal X-ray diffraction measurements 

indicating a stoichiometry of C42H76Cl4N2Zn with two cetylpyridinium cations per 

[ZnCl4]2- tetrahedra. The material was evaluated and shows promising characteristics for 

application as a broad-spectrum antimicrobial agent, to reduce volatile sulfur compounds 

(VSCs) generated by bacteria, and in the synthesis of advanced functional materials. VSC 

experiments and antimicrobial assays demonstrate that (CP)2ZnCl4 exhibits at least parity 

efficacy to pure CPC while comprising ca. 16% of the significantly less efficacious and 

expensive zinc chloride material. An advanced functional material was prepared by 

successfully loading (CP)2ZnCl4 into SBA-15, which is a promising candidate for a 

highly efficient drug delivery system (DDS) for stimulated-release antimicrobial 

applications.20,49 This new technology paves the way for development of next generation 

and highly efficacious healthcare treatments with potentially reduced risk of exacerbating 

the problem of antibiotic resistance. 
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CHAPTER 4 

Synthesis, Characterization, and Antimicrobial Investigation of a Novel 

Chlorhexidine Cyclamate Complex 

 

4.1. Overview 

 The synthesis, crystal structure, and antimicrobial efficacy are reported for a 

novel complex comprising a 1:2 ratio of chlorhexidine (CHX) to N-cyclohexylsulfamate 

(i.e., artificial sweetener known as cyclamate). The chemical structure is unambiguously 

identified by incorporating a combination of single-crystal X-ray diffraction (SC-XRD), 

electrospray ionization mass spectrometry (ESI-MS), 1H nuclear magnetic resonance 

(NMR) spectroscopy, correlation spectroscopy (COSY), and attenuated total reflection 

Fourier-transform infrared spectroscopy (ATR-FTIR). The new material: 1) is amongst 

only several reported structures identified to date incorporating the vital chlorhexidine 

antimicrobial drug; 2) exhibits broad spectrum antimicrobial activity at concentrations 

less than 15 µg/mL; and 3) provides a unique delivery method for the essential active 

pharmaceutical ingredient (API). Furthermore, substitution of inactive gluconate with 
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bioactive cyclamate counterion potentially provides the additional benefit of improving 

the taste profile of chlorhexidine. 

 

4.2. Introduction 

Chlorhexidine is a chemical disinfectant and antiseptic with broad antimicrobial 

activity against a variety of microorganisms including fungi and bacteria.1 Since its 

introduction in the 1950’s, it has become increasingly ubiquitous in cosmetic, healthcare, 

and pharmaceutical industries as a preservative, disinfectant, and antiseptic.2-5 CHX is 

widely used in mouth rinses for the prevention of plaque formation and development of 

gingivitis.6 In fact, CHX was included in the “World Health Organization (WHO) Model 

List of Essential Medicines” for antiseptic (i.e., 5% digluconate solution) and neonatal 

umbilical cord care (i.e., 7.1% digluconate solution or gel) applications.7 Due to the fact 

that the neutral chlorhexidine molecule exhibits low water solubility (i.e., less than 0.1 

g/L),8 it is typically delivered as an aqueous dication (H2CHX) salt of an appropriate 

counterion (Figure 4.1). For example, water soluble salts can be formed by protonating 

the guanidine groups with gluconic acid (i.e., chlorhexidine digluconate), acetic acid, or 

hydrochloric acid. Largely attributed to this low solubility and propensity to form 

micelles in solution, chlorhexidine does not typically crystallize and only five crystal 

structures of chlorhexidine salts have been reported in the literature over the past 60 years 

despite its widespread use in global healthcare.9  
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Figure 4.1. Molecular structure of chlorhexidine-cyclamate complex.  

 

In 2008, Dupont et al. reported the crystal structures of complexes between CHX 

and three anionic calix[4]arene derivatives.10 Nearly a decade later, in 2016, Cattaneo et 

al. reported crystallographic characterization of the hydrated salts of CHX with SO4
2- and 

CO3
2-.11 However, the effect of the anion on the antimicrobial activity of CHX was not 

investigated. Herein, we report the crystal structure of a chlorhexidine salt of cyclamate 

as well as an investigation of the antimicrobial activity of dicyclamate (i.e., CHX-

cyclamate or CHC) counterion as compared to digluconate (i.e., CHX-gluconate or CHG) 

and dihydrochloride (i.e., CHX-HCl) counterparts. 

In some cases of chlorhexidine (digluconate) oral treatments, patients often report 

an initial unpleasant bitter taste while prolonged use often produces taste disturbances 

which may last for several hours.12,13 The presence of these side effects may lead to 

reduced patient compliance and incomplete antimicrobial effect causing a reduction in 

overall treatment efficacy. In the current work, an artificial sweetener was utilized as a 

counterion for chlorhexidine in attempts to mitigate chlorhexidine side effects and thus 
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enhance its oral treatment compliance. Hence, the biologically inactive gluconate or 

acetate counterions are replaced by the bioactive and functional cyclamate anion. 

Sodium cyclamate is a relatively stable and inexpensive artificial sweetener 

produced by the sulfonation of cyclohexylamine.14,15 Besides its potential capability to 

mask the bitter taste of CHX, it is known and well-studied that the combination of 

molecules can have an enhancing or synergistic effect on chemical and physical 

properties (e.g., antimicrobial activity).16 In fact, Cavicchioli et al. reported how the 

complexation of cyclamate with Ag(I) caused more than a four-fold reduction in 

minimum inhibitory concentration (MIC) against mycobacterium tuberculosis as 

compared to AgNO3.17  

 Due to the critical role that CHX plays in human health, a considerable amount of 

research has been devoted to understanding its antibacterial mechanism.18 Isotopic 

labeling studies demonstrated that the uptake of CHX by bacteria occurs rapidly, 

reaching maximum binding at ca. 20 s, and is concentration-dependent.19 At low 

concentrations, CHX affects the intracellular cytoplasmic membrane integrity, while at 

high concentrations it causes congealing of cytoplasm.1 On the other hand, CHX has little 

effect on the germination of bacterial spores, exhibits low activity against many viruses, 

and its effect against mycobacteria is bacteriostatic. It is therefore highly desirable to 

modulate the chemistry of CHX (e.g., conjugation or complexation with other molecules) 

as to discover synergistic effects.  
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4.3. Experimental Section 

4.3.1 Synthesis 

 Synthesis of CHX-cyclamate was carried out in both methanol and water 

environments. Chlorhexidine digluconate (20 wt.%), chlorhexidine dihydrochloride, and 

sodium N-cyclohexylsulfamate (referred to as sodium cyclamate herein) were supplied 

by Sigma-Aldrich (St. Louis, MO). All materials were used as received by manufacturer 

without further purification.  

 The aqueous synthesis entailed dropwise addition of an aqueous 1 wt.% sodium 

cyclamate solution to a 20 wt.% CHG solution, to achieve a 2:1 molar ratio in accordance 

with charge balance considerations, yielding a precipitate. The heterogeneous mixture 

was filtered, washed with copious amounts of water, and dried in a 40 °C vacuum. 

Synthesis in methanol was conducted by combining dilute solutions of chlorhexidine 

dihydrochloride (0.2 wt.%) and sodium cyclamate (0.14 wt.%) to achieve a final solution 

comprising 0.1 wt.% chlorhexidine dihydrochloride and (chlorhexidine)(cyclamate)2 

stoichiometry. Slow evaporation of solvent yielded crystal formation. 

 

4.3.2. Characterization 

 The X-ray diffraction data were collected using Bruker D8 Venture PHOTON 

100 CMOS system equipped with a Cu Kα INCOATEC ImuS micro-focus source (λ = 

1.54178 Å). The data was collected at 100 K. Indexing was performed using APEX3 

(Difference Vectors method).20 Data integration and reduction were performed using 

SaintPlus 6.01.21 Absorption correction was performed by multi-scan method 
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implemented in SADABS.22 Space group was determined using XPREP implemented in 

APEX3.20 The structure was solved using SHELXT (direct methods) and was refined 

using SHELXL-201723-25 (full-matrix least-squares on F2) through OLEX2 interface 

program.26 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were 

placed in geometrically calculated positions and were included in the refinement process 

using riding model. 

 Infrared spectra were collected using a Bruker Vertex 70 FTIR spectrometer 

(Bruker Optics, Billerica, MA) equipped with a GladiATR diamond ATR accessory (Pike 

technologies, Madison, WI). The spectral range was 80-4000 cm-1 with a resolution of 4 

cm-1. All measurements were carried out at room temperature on as-prepared samples. 

 1H NMR measurements were performed on 1 wt.% samples in deuterated 

dimethyl sulfoxide (DMSO) solution. All NMR spectra were acquired on a Bruker 

Avance spectrometer (Bruker–Biospin, Billerica, MA, USA) with a 5 mm BBI probe 

operating at 500.0 MHz for 1H at 25 °C. The 1H NMR resonance of the compounds were 

further assigned using the homonuclear shift correlation 2D NMR (COSY) method. 

 LC-MS analysis was performed using a AB Sciex tandem mass spectrometer (AB 

Sciex LLC, Framingham, MA, USA) equipped with an ESI interface and Agilent 1260 

capillary LC system (Model Agilent 1260, Agilent Technologies, Palo Alto, CA, USA). 

The capillary LC system was equipped with a capillary binary pump (Model G1376A), a 

DAD detector (G1315C), a micro vacuum degasser (Model G4225A), and a 

thermostatted column compartment (Model G1316A).  The capillary pump was set under 

the micro-flow mode. Direct injection was used for complex characterization. The 
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solvent delivery was methanol with a flow rate and injected volume of 70 µL/min and 1 

µL, respectively.  The AB Sciex tandem mass spectrometer was operated in both positive 

and negative ionization modes under the following conditions: nitrogen (>99.99%) was 

used for curtain gas at 10 psi, ion source gas 1 and 2 at 10 and 10 psi, respectively. ESI 

IonSpray voltage was set at 5.5 kV for positive and 3.5 kV for negative mode in the ESI 

interface.  The declustering and entrance potential were set up at 80 and 5.5 V, 

respectively.  The temperature of the ionization interface was maintained at 550 °C.  For 

total ion count (TIC) mode, the MS screen range was from 50 to 1000 m/z.  Data was 

acquired with an Analyst software 1.6.2 system (AB Sciex LLC, Framingham, MA, 

USA). 

 

4.3.3. Antimicrobial Assays 

 Salmonella enterica serovar Typhimurium LT2,27 Staphylococcus aureus 

USA300_LAC28 and Streptococcus mutans Clark (ATCC) were used to study the effect 

of chlorhexidine compounds on survival. S. enterica and S. aureus were cultured in 

Muller Hinton media (Sigma-Aldrich) and S. mutans was cultured in Reinforced 

Clostridial Media (Oxoid).  Stock solutions for chlorhexidine·2HCl (CHX-HCl; 2.2 mg 

mL-1) and chlorhexidine cyclamate (CHC; 2 mg mL-1), were prepared by dissolving the 

compounds in DMSO prior to use. Chlorhexidine gluconate (CHG; 2 mg mL-1) was 

provided as a 19% w/v solution and further diluted in deionized water. 

 Growth analyses were conducted as previously described with slight alterations.29 

Single bacterial colonies were inoculated into 2 mL of medium in 10 mL capacity culture 

tubes. Inoculated cultures of S. aureus and S. enterica were grown aerobically at 37 °C 
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with shaking at 200 rpm for 24 hours. S. mutans was cultured statically for 48 hours. 

End-point Minimum Inhibitory Concentrations (MICs) were determined for CHX-HCl, 

CHC and CHG using the broth microdilution method from Clinical and Laboratory 

Standards Institute.30 Overnight cultures were standardized, in triplicates, to 0.5 

McFarland standards (OD600= 0.1). MICs were determined in cultures grown in 96-well 

microtiter plates. 100 µL of the standardized culture was sub-cultured into wells 

containing 100 µL of medium containing the antimicrobial compound. Control wells 

containing 200 µL of media only or media with antimicrobial compound were used to 

standardize the data. The microtiter plates were aerobically incubated statically at 37 °C. 

The S. aureus and S. enterica cultures were analyzed after 20 hours and S. mutans was 

analyzed after 48 hours. Culture optical densities (A600) were determined using a Biotek 

EPOCH 2 microplate reader. 

 

4.4. Results and Discussion 

 Synthesis of CHX-cyclamate was carried out in aqueous and organic (i.e., 

methanol) solvent using commercially available precursors. Initial observation of 

complex formation occurred upon mixing cationic chlorhexidine precursors with sodium 

cyclamate, which yielded precipitation.  

 The single crystal X-ray diffraction (SC-XRD) analysis, carried out at 100 K, 

shows that the coordination complex CHX-cyclamate crystallizes in the monoclinic P21/c 

space group. The asymmetric unit consists of half a molecule of protonated chlorhexidine 

(CHX) cation and one molecule of cyclamate anion. Disordered solvent is also present 

which was modeled as a water molecule (atom O1) with an occupancy of ~0.5. The 
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hydrogen atoms of the water could not be modeled accurately. The unit cell parameters 

and crystallographic details are listed in Table 4.1.  

 

Table 4.1. Crystal data and structure refinement for CHX-cyclamate.  

Identification code CHX-cyclamate 

Empirical formula C36H58Cl2N10O7S2 

Formula weight 877.94 

Temperature/K 99.98 

Crystal system monoclinic 

Space group P21/c 

a/Å 17.0809(9) 

b/Å 12.7844(7) 

c/Å 9.8602(5) 

α/° 90 

β/° 93.024(3) 

γ/° 90 

Volume/Å3 2150.2(2) 

Z 2 

ρcalcg/cm3 1.356 

μ/mm‑1 2.749 

F(000) 932.0 

Crystal size/mm3 0.152 × 0.098 × 0.045 

Radiation CuKα (λ = 1.54178) 

2Θ range for data collection/° 5.18 to 149.416 
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Table 4.1. (continued) 

Index ranges -21 ≤ h ≤ 21, -15 ≤ k ≤ 15, -11 ≤ l ≤ 12 

Reflections collected 22516 

Independent reflections 4384 [Rint = 0.0820, Rsigma = 0.0554] 

Data/restraints/parameters 4384/0/262 

Goodness-of-fit on F2 1.472 

Final R indexes [I>=2σ (I)] R1 = 0.0637, wR2 = 0.1833 

Final R indexes [all data] R1 = 0.0794, wR2 = 0.2017 

Largest diff. peak/hole / e Å-3 0.99/-0.97  

 

 The overall structure consists of symmetrically diprotonated CHX molecule 

surrounded by two cyclamate units (Figure 4.2) and the structural formula can be 

described as [C22H32N10Cl2][C7H13O3S]2. The CHX molecules adopt a spiral 

conformation as observed in previous reported structures with the simple CO3
2- and SO4

2- 

anions but instead of the U-shaped coils,11 they arrange into S-shaped coils (Figure 4.3a). 

The two Cl ends of the CHX are antiparallel to each other and show weak C-H---Cl 

hydrogen bonding interactions (3.168 Å)31 with the hydrogens of the cyclamate ring 

(Figure 4.3b). 

 The SO3
- anions from the cyclamate ring form strong to moderate hydrogen bonds 

(2.059 to 2.706 Å) with the –NH/NH2 groups (2.064/2.153 Å respectively) of three 

adjacent chlorhexidine cations all arranged in a left-handed conformation. Each CHX unit 

interacts with four cyclamate units and each of the cyclamate unit shows interaction with 

two cyclamate units. Interestingly, the cyclamate molecules also show strong hydrogen  
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Figure 4.2. View of the CHX unit with two cyclamate units. 

        

(a)                                                      (b) 

Figure 4.3. (a) The S-shaped CHX coils; and (b) depiction of the C-H---Cl hydrogen 

bonding interactions. 

 

bonding amongst each other whereby the oxygens of the SO3
- of one cyclamate interacts 

with the hydrogens from the -CH2 of the other cyclamate, forming dimers extending 

along the c-axis. Adjacent cyclamate molecules alternate with the sulfonate groups 

pointing at opposing ends giving rise to the dimer network along the b-axis. The water 
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oxygen also shows hydrogen bonding with the hydrogens from the unprotonated –NH2 of 

the CHX. All these different kinds of hydrogen bonding interactions32 are represented in 

Figure 4.4. The resulting structure with alternating CHX coils and cyclamate dimers 

gives rise to a three dimensional network with extensive hydrogen bonding. The 

structural arrangement is significantly different from the analogous sulfonate-derivatized 

calixarenes that are arranged into bilayers and from inclusion complexes with CHX.10 

The packing arrangement is depicted in Figures 4.5 and 4.6. 

 No significant pi-pi interactions were observed in the structure. The C-N bond 

lengths within the biguanidine units of CHX showed some delocalization of single and 

double bonds (1.319-1.363 Å) indicating resonance between the protonated forms. The 

selected bond lengths and angles are summarized in Tables 4.2 and 4.3, respectively. 

 

Table 4.2. Selected bond lengths for CHX-cyclamate. 

Atom Atom Length/Å   
  
  
  
  
  
  
  
  
  
  

Atom Atom Length/Å 

S1 O1 1.464(2) C4 C5 1.399(4) 

S1 C27 1.635(2) C10 C9 1.527(4) 

Cl1 C1 1.741(3) C10 C11 1.526(4) 

N5 C8 1.324(3) C25 C26 1.522(4) 

N3 C7 1.319(3) C22 C23 1.521(4) 

N2 C7 1.338(4) C22 C21 1.522(4) 

N1 C4 1.411(4) C1 C2 1.383(4) 

N4 C8 1.342(4) C11 C111 1.512(6) 

C27 C24 1.487(3) C5 C6 1.386(4) 

C4 C3 1.398(4)       
12-X,1-Y,-Z 
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Figure 4.4. (a) The cyclamate showing interaction with three CHX units; (b) the 

cyclamate dimer; (c) extension of dimers along the c-axis; and (d) alternating cyclamate 

molecules along the b-axis. 
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Figure 4.5. Packing arrangement showing the network formation with CHX coils and 

cyclamate dimers. 
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Figure 4.6. View of packing along (100) plane showing alternating cyclamate units. 

 

Table 4.3. Selected bond angles for CHX-cyclamate. 

Atom Atom Atom Angle/˚   
  
  
  
  
  
  

Atom Atom Atom Angle/˚ 

O1 S1 C27 106.09(12) C27 C24 C25 109.1(2) 

C8 N5 C9 123.3(2) N5 C9 C10 113.5(2) 

C24 C27 S1 117.92(17) C22 C23 C24 111.1(2) 

C3 C4 N1 124.3(2) C2 C1 Cl1 120.1(2) 

N3 C7 N2 126.3(2) C22 C21 C26 111.3(2) 

N3 C7 N1 118.2(2) C1 C6 C5 119.6(3) 
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 The mass spectra of the complex (200 ppm in methanol) are shown in Figures 4.7 

and 4.8 with positive and negative modes, respectively.  In Figure 4.7, chlorhexidine 

molecular ion [M+1]+ at m/z = 505/507 (chlorine isotopic pattern) and corresponding 

fragments at m/z = 335, 252 and 170 were observed in the positive mode.  Based on the 

formula analysis, the chlorohexidine adducts at [M+178] and [M+356] were identified.  

The same evidence was observed in the negative mode (Figure 4.8).  To confirm the 

adduct presence, MS/MS experiments were conducted (Figures 4.9-4.11). In Figure 4.9, 

the parent ion was locked at m/z = 681 (Cl = 35) and the daughter ion at m/z = 178 was 

observed in the negative mode. In Figure 4.10, the parent ion was locked an m/z = 683 

(Cl = 35) and the daughter ion was observed at m/z = 505 (Cl = 35) in the positive mode. 

In Figure 4.11, the parent ion was locked at m/z = 863 (Cl = 35) and the daughter ion was 

observed at m/z = 505 (Cl = 35) in the positive mode. 

 

Figure 4.7. Mass spectrum (positive mode) of CHX-cyclamate complex in methanol. 

Peaks denoted with an asterisk correspond to the molecular chlorhexidine ion (m/z = 

504.9) and its corresponding fragments.  
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Figure 4.8. Mass spectrum (negative mode) of CHX-cyclamate complex in methanol. 

Peaks from left to right (denoted with an asterisk): cyclamate, chlorhexidine anion, 1:1 

chlorhexidine-cyclamate anionic adduct, and 1:2 chlorhexidine-cyclamate anionic adduct. 

 

 

Figure 4.9. MS/MS spectrum (negative mode) from the parent ion at m/z = 681.  
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Figure 4.10. MS/MS spectrum (positive mode) from the parent ion at m/z = 683. 

 

Figure 4.11. MS/MS spectrum (positive mode) from the parent ion at m/z = 863. 

 

 Figure 4.12 compares the infrared absorption spectra of CHX-cyclamate samples 

prepared in two different solvents (methanol and water) to the sodium N-

cyclohexylsulfamate, chlorhexidine dihydrochloride and lyophilized chlorhexidine 
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digluconate raw materials. Presence of both components (i.e., chlorhexidine and 

cyclamate) is immediately apparent in the spectra of CHX-cyclamate samples. As an 

example, chlorhexidine bands corresponding to 𝜈𝜈(C=C), 𝜈𝜈(C=N) and δ(NH2) vibrations 

are clearly evident in the region above 1480 cm-1 where sodium cyclamate has no 

infrared absorption.33-35 Similarly, N-H stretching vibrations of -NH, =NH and NH2 

functional groups of chlorhexidine can be identified in the 3000-3500 cm-1 high 

frequency range. The cyclamate component is manifested for instance, by the two 

prominent sets of bands near the 1030 and 1170 cm-1 region, associated with as/sym 

(SO2) vibrations.36-37 Evidence of both precursors in the prepared samples along with the 

fact that the vibrational bands are significantly different in their shape and positions from  
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Figure 4.12. FTIR spectra of sodium N-cyclohexylsulfamate, CHX-HCl, CHX-

gluconate, CHX-cyclamate crystals prepared from methanol and water. Spectra are offset 

for clarity.  
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the initial raw materials suggests the formation of the complex between chlorhexidine 

and cyclamate ions. Finally, comparison of the spectrum of CHX-cyclamate synthesized 

in methanol versus water reveals that the two samples display overall similar vibrational 

profiles with some variations in their relative bands’ intensities likely originating from 

the small differences in the purity and local structure of the two samples.  

 1H NMR spectroscopy (Figure 4.13) and COSY (Figure 4.14) confirmed that both 

chlorhexidine and cyclamate exist in the crystal dissolved in DMSO. The 1H NMR 

chemical shifts corresponding to specific protons of chlorhexidine and cyclamate are 

indicated in Figure 4.13. Specifically, the 1H NMR spectrum showed the presence of 

signals for the benzene rings of CHX, resonating at 7.34 and 7.38 ppm, as well as 

characteristic signals of methylene protons of CHX at 1.04, 1.46, and 3.06 ppm. In 

addition, the methylene protons of the cyclohexane ring of cyclamate were identified at 

1.16, 1.61, 1.88, 2.87 ppm. Due to the line broadening of the sample, the proton J 

coupling was not clearly observed.  COSY was further performed to confirm the peak 

assignment of the NMR spectrum. According to peak integrals in Figure 4.13, the 

stoichiometric ratio between chlorhexidine and cyclamate is 1:2.  

 The ability of CHX-HCl, CHC and CHG to inhibit the growth of the bacterial 

pathogens Staphylococcus aureus LAC, Streptococcus mutans, and Salmonella enterica 

serovar Typhimurium was examined. S. aureus LAC is a gram-positive community-

associated methicillin-resistant CA-MRSA strain and a representative strain of the 

USA300 clone, which is a leading cause of skin and soft tissue infections in North 

America.38 S. mutans is also gram-positive and the leading causes of dental caries.39 

Salmonella enterica serovar Typhimurium is a gram-negative and a primary enteric 
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pathogen affecting humans.40  

 

 

Figure 4.13. 1H NMR spectroscopy of crystal dissolved in deuterated DMSO. 

 

 The MICs of CHX-cyclamate, CHX-gluconate, and CHX-HCl were determined 

in a liquid culture after static growth. All of the three bacteria displayed typical dose-

responses to the compounds utilized (Figure 4.15-4.16). The MICs for CHX-cyclamate, 

CHX-gluconate, and CHX-HCl are reported in Table 4.4 for S. mutans, S. aureus, and S. 

enterica. CHX-HCl demonstrated the lowest MIC values for all tested bacteria, 
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Figure 4.14. Chlorhexidine and cyclamate structures (a) with labelled protons and their 

corresponding COSY spectrum (b) illustrating chlorhexidine (blue) and cyclamate (red) 

proton coupling. 

 

potentially due to the additional cellular toxicity provided by the coordinated strong acid. 

The gluconate and cyclamate counterparts exhibited parity efficacy versus the oral strain 

S. mutans. CHX-cyclamate was slightly less effective against S. aureus and more so 
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against S. enterica. Nevertheless, all of the three tested compounds were on the same 

order of efficacy with efficient gram-positive and gram-negative bacteria inhibition at 

ppm concentration levels. Based on this data, we posit that the cyclamate counterion does 

not deactivate chlorhexidine’s antimicrobial mode of action. The MIC values for CHX-

gluconate are in good agreement with those reported in literature.8  

 

 

Table 4.4. MIC values for CHX-cyclamate, CHX-gluconate, and CHX-HCl. 

  Minimum inhibitory concentration (MIC) 
Compound S. mutans S. aureus S. enterica 

  (µg mL-1) (µg mL-1) (µg mL-1) 
CHX-HCl 1.5 2.0 7.0 
CHX-gluconate 2.5 3.5 7.5 
CHX-cyclamate 2.5 5.0 12.0 

 

 

 

Figure 4.15. MIC assays for CHX-cyclamate, CHX-gluconate, and CHX-HCl with (a) S. 

mutans and (b) S. aureus.  
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Figure 4.16. MIC assay for CHX-cyclamate, CHX-gluconate, and CHX-HCl with S. 

enterica. 

 

4.5. Conclusion 

 A novel complex of an essential antimicrobial drug chlorhexidine was 

synthesized, characterized, and evaluated for its antibacterial properties. Substitution of 

the biologically inert gluconate anion with the bioactive N-cyclohexylsulfamate, an 

artificial sweetener known as cyclamate, counterpart yielded a material which can 

potentially enhance the taste profile while maintaining parity antimicrobial efficacy 

against S. mutans which is known to cause dental caries. The novel material is an 

important progression to the solid state understanding of an indispensable biocide which 

does not easily crystallize under normal conditions. Moreover, the newly developed 

technology furthers our understanding of CHX and paves the way for further research to 

improve the current leading antimicrobial treatment in a worldwide campaign to promote 

oral and overall healthcare. 
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CHAPTER 5 

Conclusions and Perspectives 

 In late 1928, as a result of a serendipitous accident, professor Alexander Fleming 

observed a peculiar zone of inhibition forming in a Petri dish of a Staphylococci bacteria 

which was mistakenly left open overnight and contaminated with the mold Penicillium 

chrysogenum. The Scottish scientist concluded that the mold released a substance that 

inhibited the growth and resulted in lysing of the bacteria. Throughout the next fourteen 

years, multinational collaborations resulted in the isolation, clinical evaluation, and 

commercialization of the first true antibiotic drug, penicillin. This new wonder drug 

revolutionized healthcare and paved the way for many of the greatest medical advances 

of the 20th century. Common, yet at the time often deadly bacterial infections occuring as 

a result of a small cut or routine surgery could be treated effectively with a relatively 

small amount of the antibiotic. Countless lives have been saved as a result of the efforts 

of Alexander Fleming, Ernst Boris Chain, and Howard Walter Florey (who were 

ultimately credited with the discovery and commercialization of penicillin in the 1945 

Nobel Prize) and the subsequent pioneers of modern medicine. However, microorganisms 

(e.g., bacteria) have always evolved as to become resistant to the medicine which is used 

to inhibit their proliferation. This concept, antimicrobial resistance (AMR), is giving rise 

to new groups of antibiotic-resistant bacteria (e.g., methicillin-resistant Staphylococcus 

aureus (MRSA)) and pose a significant challenge for improving global healthcare. In 

fact, due to the slowing rate of discovering novel antibiotics and increasing rate of 

antibiotic use, it is projected that in the year 2050 as many as 10 million deaths 
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worldwide will be caused by AMR-related infections (Figure 5.1). One approach to 

dealing with this growing problem is to develop or discover antimicrobial technology 

where the bacteria or other pathogens are simultaneously attacked by a synergistic or 

coooperative combination of growth-inhibiting processes. The research embodied herein, 

collectively comprising my doctorate dissertation, stem from this urgent need to redefine 

the drugs and methodologies utilized to treat antmicrobial infections.  

 

Figure 5.1. Projected deaths (per year) attributable to antimicrobial resistance infections 

compared to other major causes of death in 2050.1 

 

 In the synthesis of benzalkonium-templated MSNs, a quaternary ammonium 

surfactant commonly referred to as benzalkonium chloride (BAC) was used as a template 

to synthesize mesostructured silica nanoparticles with a relatively high density (0.56 g 
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per 1 g of SiO2) of BAC and a high surface area (1500 m2 g-1) MSN upon calcination.2 

The inorganic-organic composite material demonstrated a pH-responsive controlled 

release of BAC in the physiologically-relevant pH range of 4.0 to 7.4. Moreover, the 

material demonstrated inhibition of the gram-positive Staphylococcus aureus and the 

gram-negative Salmonella enterica at 10 and 130 mg/L, respectively. Considering that 

the tested material comprised ca. 36 wt.% loading content of BAC and a release of ca. 

8% of the total loaded content within 72 hrs, this is a 10-fold enhancement compared to 

the minimum inhibitory concentration (MIC) of 40 mg/L for pure BAC.3 These results 

suggest that either the release of BAC (or other drug) from the MSNs is not a prerequisite 

for bactericidal efficacy or the host-guest relationship between BAC and silica MSNs in 

some way boosts antimicrobial activity, which warrants further investigation. 

 On a different note, we explored synthesizing novel materials comprising 

cetylpyridinium chloride (CPC) in efforts to enhance its antimicrobial efficacy. 

Cetylpyridinium tetrachlorozincate, a complex comprising CPC and ZnCl2 with the 

stoichiometry of C42H76Cl4N2Zn, was synthesized and its solid-state structure was 

elucidated via single crystal X-ray diffraction (SC-XRD). The material showed parity or 

potentially enhanced (e.g., MIC against S. mutans) antimicrobial efficacy despite the fact 

that ca. 16% of the bactericidal CPC is replaced with bacteriostatic ZnCl2 in the structure. 

Methodology to load the novel material into porous frameworks was proposed yielding a 

material with ca. 9.0 and 8.9 wt.% of CPC and Zn, respectively. One possible route to 

expand upon this concept and enhance the antimicrobial efficacy even further is to 

replace Zn, which can be described as bacteriostatic due to its relatively weak 
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antimicrobial activity, with another metal (e.g., Ag) which demonstrates significantly 

stronger antimicrobial action. 

 Chlorhexidine is another important biocide, due to its broad spectrum 

antimicrobial efficacy and relatively low MIC concentration, which was investigated 

herein. A novel complex, comprising chlorohexidine and N-cyclohexylsulfamate 

(referred to herein as cyclamate) with the stoichiometry [C22H32N10Cl2][C7H13O3S]2, was 

synthesized, crystal structure elucidated, and antimicrobial efficacy evaluated. This newly 

discovered material exhibits excellent antimicrobial activity with an MIC of 2.5 µg/mL 

for Streptococcus mutans (i.e., the gram-positive bacteria known to cause dental caries). 

Additional advantageous of chlorhexidine dicyclamate are manifested by the substitution 

of the inactive gluconate anion with the bioactive cyclamate artificial sweetener which 

has the capability to mask the bitter taste of chlorhexidine. Future research on enhancing 

the benefits of chlorhexidine can focus on developing new chemical moieties based on 

the bisguanide backbone as well as complexation of chlorhexidine with anions which 

may synergistically or cooperatively boost the antimicrobial efficacy of the molecule. 

 In summary, the design, synthesis, characterization, and application of various 

novel antimicrobial technology based on quaternary ammonium compounds is 

demonstrated in this thesis. The incorporation of quaternary ammonium compounds into 

mesoporous silica frameworks via soft-templating method proved to be an efficient 

method to fabricate an inorganic-organic composite material with excellent broad 

spectrum antimicrobial efficacy. Complexation of CPC with ZnCl2 yielded another 

inorganic-organic composite material which demonstrates parity antimicrobial efficacy as 

compared to CPC at a lower CPC concentration. Moreover, combining chlorhexidine 
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with N-cyclohexylsulfamate produced a broad spectrum biocide which may be preferred 

for treatments of plaque build-up and mild gingivitis as compared to chlorhexidine 

gluconate. The aforementioned works demonstrate the advantages of rational 

combination or complexation of quaternary ammonium biocides with either inorganic 

moieties or organic bioactive molecules in efforts to combat the next generation of 

antibiotic-resistant bacteria such as MRSA. As we continually improve our understanding 

of bactericidal mode of actions and the chemical moieties that facilitate them, the next 

breakthrough eagerly awaits us. This much needed breakthrough will likely be a result of 

worldwide perseverance and collaboration as well as a little serendipity (as in the case of 

the discovery of penicillin). 
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	Reagent grade anhydrous zinc chloride (ZnCl2) and CPC were supplied by Sigma-Aldrich (St. Louis, MO). CPC was used in the monohydrate form without further purification. The synthesis entailed preparation of fresh 25 wt.% CPC and 75 wt.% zinc chloride ...
	X-ray photoemission spectroscopy (XPS) analysis was carried out using a PHI 5000 VersaProbe II scanning XPS microprobe instrument with a monochromatic Al Kα X-ray source (1486.6 eV) and 200 µm beam diameter. PHI MultiPak software was used for subseque...
	Powder X-ray diffraction (PXRD) data were collected at room temperature using a Bruker D8 Advance theta-2theta diffractometer with copper radiation (Cu Kα, λ = 1.5406 Å) and a secondary monochromator operating at 40 kV and 40 mA, whereby samples were ...
	Methyl mercaptan is a representative ingredient of volatile sulfur compound (VSC), which can be used as the marker for the quantitative measurement of mouth odor through gas chromatography-flame photometric detector technology.32 Sample preparation en...
	Growth analyses were conducted as previously described with slight alterations.20 Single bacterial colonies were inoculated into 2 mL of medium in 10 mL capacity culture tubes. Inoculated cultures of S. aureus and S. enterica were grown aerobically at...
	Pluronic P123, 34% hydrochloric acid, and tetraethyl orthosilicate (TEOS) were supplied by BASF (Ludwigshafen, Germany), Avantor (Allentown, PA), and Sigma-Aldrich (St. Louis, MO), respectively. All materials were used as received without further puri...
	Cetylpyridinium chloride tetrachlorozincate was incorporated into the SBA-15 framework via a modified immersion layer-by-layer deposition technique.36 After outgassing the SBA-15 at 100  C for 2 h under vacuum, 800 mg of the powder was added to 100 g ...
	BET surface area and porosity measurements of the SBA-15 mesoporous silica nanoparticles (MSNs) were evaluated using a Surface Area and Porosity Analyzer (Gemini VII, Micromeritics, USA).37 Samples were outgassed at 100  C overnight under a constant f...
	Initial observation of an interaction between CPC and ZnCl2 was made while attempting to synthesize a deep eutectic solvent via anhydrous route. In particular, monohydrate CPC and anhydrous ZnCl2 powders were combined, mixed, and heated at 90  C for 2...
	Figure 3.1. DSC plot of CPC and CPC-Zn material.
	XPS and FTIR were used to confirm complex formation prior to SC-XRD analyses and therefore referred to as CPC-Zn material. The XPS results (Figures 3.2-3.3) indicate that there is a slight shift in the N+ peak for CPC-Zn (402.2 eV) material as compare...
	Figure 3.2. XPS survey spectra of CPC and CPC-Zn material.
	Figure 3.4. Infrared absorption spectra of synthesized CPC-Zn material as well as CPC H2O and ZnCl2 precursors. The spectra are offset for clarity. Note, ZnCl2 is highly hygroscopic, so the presence of water and its associated absorption bands are ...
	In-vitro VSC reduction of ZnCl2, (CP)2ZnCl4, and CPC, conducted by methyl mercaptan GC headspace measurement, is illustrated in Figure 3.9d. Statistical grouping (Table 3.3), calculated using Tukey method and 95.0% confidence interval, indicates that ...
	Elemental composition of the evaluated powders is shown in Table 3.4. The concentration of ZnCl2 (i.e., 16.22%) in the (CP)2ZnCl4 is in decent agreement with the theoretical value (i.e., 16.70%) which implies adequate purity of the sample as a result ...
	Previous work demonstrated that the utilization of MSNs as drug delivery vehicles for QACs yields a material with a pH-responsive controlled drug release as well as excellent antimicrobial activity.20 Herein, the feasibility of incorporating (CP)2ZnCl...
	Figure 3.10. N2 adsorption isotherms (77 K) for SBA-15, CPC@SBA-15 and CPC-Zn@SBA-15.
	Figure 3.11. BJH pore size distribution corresponding to the isotherms in Figure 3.10.
	Figure 3.12. SAXRD pattern of SBA-15 and (CP)2ZnCl4@SBA-15.
	As previously discussed, ICP-OES, TGA, and XPS analyses demonstrate significant amounts of cetylpyridinium and Zn in the CPC-Zn@SBA-15 sample. FTIR was further used to investigate the presence of (CP)2ZnCl4 within the silica framework. Figure 3.13 sho...
	Figure 3.13. Infrared absorption spectrum of CPC-Zn@SBA-15 in comparison to CPC@SBA-15 and SBA-15. Spectra are offset for clarity.
	respectively, non-bridging Si-O stretching vibration and/or Si-OH vibration of silanol groups near 955 cm-1 and O-Si-O bending modes around 440 cm-1. The absorption spectra of CPC-Zn@SBA-15 and CPC@SBA-15 support the presence of cetylpyridinium in bot...
	An interesting CPC analogue, cetylpyridinium tetrachlorozincate, was synthesized and unambiguously characterized via single crystal X-ray diffraction measurements indicating a stoichiometry of C42H76Cl4N2Zn with two cetylpyridinium cations per [ZnCl4]...
	The synthesis, crystal structure, and antimicrobial efficacy are reported for a novel complex comprising a 1:2 ratio of chlorhexidine (CHX) to N-cyclohexylsulfamate (i.e., artificial sweetener known as cyclamate). The chemical structure is unambiguou...

