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ABSTRACT OF THE DISSERTATION 

 

Probing the Structure, Organization, and Oligomerization of Biomolecular Ligands on Silica 

Surfaces with an Emphasis in Origin of Life 

 

by 

 

Haley Laurent Swanson 

 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2022 

San Diego State University, 2022 

 

Professor Gregory Holland, Chair 

 

 

Nanotechnology is an integral part of advancements in material science and biomedical 

devices. The surface of nanomaterials govern how they behave in various media and what 

properties they possess. Decades of research have gone into fine tuning nanomaterial production 

for various applications, but the fundamental understanding of the chemistry that occurs at the 

interface is surprisingly underdeveloped. Achieving atomic-level resolution is possible with few 

analytical techniques. Systems that are amorphous and/or dynamic are even more challenging to 

characterize. Solid-state nuclear magnetic resonance is a vital tool capable of bridging this gap. 

The work presented in this dissertation has three objectives: (1) understand how different 

biomolecular ligands organize on the surface of silica nanoparticles (2) characterize structural 



 xviii 

differences among silica nanomaterials, and (3) apply these techniques to prebiotic systems to 

investigate possible avenues of chemical evolution and the origin of life on Earth.   

 Silica, or SiO2, was selected as the focus of this investigation because it is ubiquitous in 

natural and synthetic forms. Synthetic SiO2 is widely used for industrial and biomedical 

applications due to high surface area, tunable features, and biocompatibility. Natural polymorphs 

of SiO2 are the primary minerals in the Earth’s crust. Many origins of life researchers have 

explored the role of silica-based clays in prebiotic reactions, but the impact of other amorphous 

silica forms is far less developed. Investigating the relationship between biomolecular ligands and 

amorphous SiO2 is the focus of this dissertation as it applies to our fundamental understanding in 

advancements for industrial and biomedical applications and also evaluating the potential impact 

of amorphous SiO2 in directing the self-assembly and oligomerization of small molecules in 

prebiotic conditions. 



 1 

Chapter 1 
 

Introduction 

 

  



 2 

Silica 

The research presented in this dissertation seeks to gain a fundamental understanding of 

molecular assembly and oligomerization of amino acids on silica nanostructured surfaces. Atomic-

level resolution is required to identify site-specific interactions that occur at an interface between 

substrate and ligand. Silica (SiO2) was selected as the substrate for this investigation for its ubiquity 

in our world today. SiO2 is the most abundant inorganic oxide in the Earth’s crust1, 2 and exists in 

many natural and synthetic morphologies. See Figure 1.1 for microscopy imaging of silica 

substrates that were analyzed during the course of this research. This dissertation analyzes the 

interactions between amino acids and SiO2 with two backgrounds in mind. First, understanding 

how the presence of synthetic silica nanoparticles influences biochemistry is a primary concern 

for evaluating their potential in biomedical advancements and evaluating health and safety 

concerns from exposure and consumption. Fumed silica nanoparticles (FSN), discussed below, are 

generally recognized as safe (GRAS) by the Food and Drug Administration (FDA) despite 

documented cytotoxicity and inflammatory responses.3-6 This sets the stage for the work described 

in Chapter 3. Second, silica exhibits catalytic properties that may have played a key role in 

directing prebiotic chemical reactions. The Miller-Urey experiments demonstrated that amino 

acids readily form from the condensation of organic gases and electricity and their presence in the 

prebiotic time period is widely accepted.7 Over half of Earth’s crust is composed of silica-based 

minerals so it is logical to think that prebiotic interactions between silica and amino acids must 

have occurred.1, 2 In 1951, Bernal first suggested that silicate clays have the ability to concentrate 

and assemble organic molecules in otherwise dilute solutions and may have played a key role in 

early polymerization processes.8 Lahav et al in 1978 demonstrated that wet-dry temperature cycles 

provide enough energy to polymerize amino acids on clay surfaces,9 and this phenomenon has 
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been explored extensively. With these backgrounds in mind, three main objectives are presented 

that direct the focus of this dissertation: (1) characterize ligand assembly on SiO2 nanoparticles 

with various perturbations, (2) characterize structural differences and surface reactivities among 

amorphous silica morphologies, and (3) apply these techniques to prebiotically relevant systems 

to explore possible avenues of chemical evolution.  

 

 

 

 

Figure 1.1. Transmission electron microscopy (TEM) imaging of silica nanostructures displaying clear differences in 
morphology. (top) Common synthetic SiO2 nanoparticles and (bottom) naturally occurring SiO2 substrates have been 
studied over the course of this work. Geothermal silica and quartz were homogenized by ball milling and the length 
of time the sample was milled is indicated in parenthesis.  
 

 
Silica nanoparticles are used in this investigation because they provide a sufficient model 

for natural, amorphous archetypes (i.e. glasses) with an incredibly high surface area which 

facilitates the analysis of small molecule interactions on the surfaces. During my research, I 

analyzed 3 common synthetic SiO2 nanoparticles: fumed, Stöber, and mesoporous silica (MSN). 
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Fumed (or pyrolytic) silica is produced through a rapid process of SiCl4 combustion and quenching 

(Figure 1.2). In contrast, Stöber (or colloidal) silica nanoparticles are synthesized by the controlled 

hydrolysis of a silica precursor, usually tetraethyl orthosilicate (TEOS), in an alcoholic solution 

containing water and ammonia.10, 11 These mild conditions produce a colloidal suspension 

containing spherical silica nanoparticles with a tunable, narrow size distribution and stable 

amorphous siloxane network.12, 13 Similarly, MSN are produced by a modified Stöber method that 

includes a surfactant templating agent. The surfactants self-assemble in solution and the silica 

precursor co-condenses around the template, creating an ordered, tunable porous structure.14-17 

While Stöber and MSN have been influential in the development of nanocomposites in medicine 

and biotechnology, only studies done on FSN are included in this dissertation for reasons discussed 

below.  

 

 

 
 

Figure 1.2. Schematic of fumed silica nanoparticle synthesis.18  
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FSN have a highly disordered amorphous siloxane network that aggregates in three-

dimensional (3D) branch-like structures (Figure 1.1).19 Quenching takes place over a few 

milliseconds which locks in unfavorable surface siloxane conformations. The siloxane network 

contains populations of strained 3 and 4 membered rings (3MR and 4MR, respectively) made up 

of reactive oxygen species (ROS) that easily cleave to form radicals.5 It is hypothesized that these 

strained ring defects and radicals are the source of undesirable biochemical reactions upon 

exposure such as apoptosis, cytotoxicity, and pro-inflammatory responses.3, 5, 6, 20 FSN have also 

demonstrated the ability to catalyze peptide bonds with high efficiency compared to their sol-gel 

synthesized colloidal counterparts.21-24 The exact mechanism for this is unclear but is hypothesized 

to be the result of high surface area, ROS, aggregation-prone qualities, or a combination of these 

properties.  

FSN can be found in everything from paint and cement to toothpaste and 

pharmaceuticals.25 The fumed silica market has been steadily growing and is projected to be worth 

over $2.3 billion by the year 2027.26 As an additive, FSN improves physical properties of materials 

such as durability, stability, shelf life, and consistency. It is the efficacy as an additive combined 

with the low cost of manufacturing that makes FSN an attractive option for foods, beverages, and 

personal care items despite the toxicity effects stated above. Because FSN is so common 

worldwide and produced at such a large scale, substitutes and alternative production methods are 

being explored to ameliorate the unintended biochemical responses. One promising alternative is 

the inclusion of metal doping during pyrolysis which is detailed in Chapter 3.  
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Surface chemistry of silica 

 The bulk of silica nanoparticles is composed of a repeating network of silicon-oxygen rings 

with varying bond angle. The termination of these substrates play a key role in directing its 

function and behavior and can be modified to promote various interactions like controlled drug 

release, cellular uptake, hydrophobic/hydrophilic binding, etc.12, 27, 28 Silicon environments at the 

surface can exist in three types of coordination, shown in Figure 1.3: geminal silanols (Q2), vicinal 

silanols (Q3), or siloxane bridges (Q4) which are easily distinguishable by 29Si magic angle 

spinning (MAS) solid-state nuclear magnetic resonance (SSNMR).28, 29 The surplus of hydroxyls 

creates a hydrophilic, biocompatible layer with many potential binding sites for organic and 

biomolecular ligands. The total surface area combined with the number of hydroxyls/nm2 gives an 

indication of the total available binding sites. A hydrophobic interface can be created through 

simple dehydration to remove hydroxyls and increase Q4 populations at the surface28, 29 or by 

functionalizing the surface with hydrophobic molecules.12, 30, 31  This has become incredibly 

important in the efficacy as drug delivery vehicles for drug loading and cellular uptake, but will 

not be discussed further in this dissertation.  

Reactivity is an important consideration in evaluating SiO2 in biological context and can 

be indicated by the disorder of the silanols and siloxane bonds near the surface. Exposure to high 

heat and rehydration causes the interface groups to condense and/or cleave, which can generate a 

variety of different oxyradical species.5 FSN contains a high population of strained 3MR and 4MR 

which readily cleave to form radicals on the surface.5 Stöber colloidal silica exhibits strained 3MR 

only after thermal treatments >600 °C.3, 5, 20 We hypothesize that it is the population of 3MR and 

4MR defects or ROS generation that create the highly reactive surface inherent to FSN.  
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Figure 1.3. Silicon coordination environments. The number in the subscript corresponds to the number of directly 
bound bridging siloxane bonds. 
 

 

A reactive surface combined with high surface area is a good indication of how well an 

SiO2 substrate will catalyze the formation of peptide bonds which is an important aspect in origin 

of life research. Mineral oxides have long been used as catalysts for various purposes, and silica 

and clays have shown excellent potential in catalyzing the polymerization of amino acids, 

nucleotides, and other prebiotic molecules.24, 32, 33 Crystalline silica polymorphs are highly ordered 

and occur naturally most commonly as quartz, tridymite, and cristobalite.12 Amorphous silica and 

silicates exist in many forms, including clays, basalts, sand, rocks, and chondrites.1, 34-39 The work 

presented here uses FSN to model natural, amorphous (glassy), defective forms of silica which are 

underrepresented in studies involving polymerization of prebiotic molecules. 
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Origins of life 

 The origin of life on Earth remains one of science’s most elusive yet important unanswered 

questions. Over a century of research has identified several constraints that we can use to develop 

a timeline and explore plausible scenarios surrounding the emergence of life on Earth. The first 

constraint to consider is the Theia impact which created our moon and heated Earth’s crust to a 

molten state (4.51 bya).40 The upper limit for the emergence of life then rests on the solidification 

of Earth’s crust and formation of liquid hydrosphere, which is placed at 4.4 ± 0.8 bya evidenced 

by the discovery and analysis of Jack Hills zircons.41 The lower limit, placed at 3.48 bya, is 

determined by the earliest fossil indicating life which has been identified as the presence of 

microbial organisms and biofilms that alter sedimentary structures (stromatolites).34, 42 Therefore, 

it is generally agreed upon that life emerged somewhere between 3.5 and 4.5 bya, but the specific 

point in time is still debated.  

Similar constraints have been developed for environmental conditions such as temperature, 

atmosphere, radiation, minerality, pH, and salinity. 37, 38, 40, 43-45 These constraints are necessary to 

shape the arena of origins research, but still cast a wide net for exploration once the full extent of 

diversity in climates and microenvironments across the planet is considered.46, 47 Each of the 

environmental conditions listed above have a large impact on the outcome of chemical reactions, 

specifically polymerization mechanisms. It is possible that multiple evolutionary pathways were 

occurring simultaneously and while we don’t know which exact pathway gave rise to life, we 

emphasize the importance of identifying promising conditions and guiding principles to 

understand how life could have originated.  

Minerology records provide additional insight to the emergence of life and explicitly 

demonstrate the co-evolution of life and the environment. Prebiotic Hadean Earth (>4 bya) was 
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covered in black basalt, a mineral-rich silicate formed from molten magma and lava.36 The 

biodiversity and mineral diversity that exist on Earth today are the culmination of billions of years 

of evolution in an oxygen-rich environment. Over 4000 different mineral species have been 

catalogued on Earth, many of which were formed after our oxygen-rich atmosphere appeared.36 

Other rocky planets like Mercury, Mars, and our moon are estimated to contain no more than a 

few hundred different mineral species.36 This suggests that mineral diversity can be a valuable 

signature for determining the potential of a planet to host (or have previously) hosted life. Silica 

has been identified as the primary component in rocky crusts, and it is important to explore many 

different surfaces, crystalline and amorphous, for understanding the importance of the role silica 

may have played in directing prebiotic chemistry and promoting chemical evolutionary pathways. 

This dissertation is motivated by the surprising lack of data that exists on amorphous, glassy silica 

types in prebiotic oligomerization which must be considered for a complete picture in chemical 

evolution. 

 

Techniques  

Thermogravimetric analysis 

 Thermogravimetric analysis (TGA) is a thermal analytical technique where sample mass 

is recorded as a function of temperature. Every organic material has a characteristic thermogram 

made up of discrete thermal events. The temperature at which these events occur is influenced by 

the controlled rate (°C/min) of temperature change. This is the preferred method of quantifying 

how much material is adsorbed in organic – inorganic composites, sometimes referred to as loading 

capacity. Since silica has a high thermal stability and does not decompose at temperatures below 

1600 °C, any weight loss can be attributed to the desorption of water, catalytic events and/or 
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decomposition of adsorbed ligands (Figure 1.4, left). Our experiments are typically performed 

under an inert atmosphere (N2 (g)) but air or O2 (g) can also be used.  

 

 

 

 

Figure 1.4. (left) Typical TGA curve for amino acids on silica nanoparticles and (right) the first derivative curve with 
expected peaks. The asterisk (*) indicates water loss from a thermal condensation reaction shown above which results 
in a single peptide bond, or more commonly with amino acids on silica, DKP.  
 

 

It is useful to express TGA data as the first derivative (DTG) to visualize each thermal 

event which appear as peaks in the curve (Figure 1.4, right). A peak indicates a rapid change in 

weight loss and can be quantified by integration, rate of change, and peak maximum. The linewidth 

also gives a qualitative measure of disorder at the interface over which the reaction proceeds. In 

amino acid adsorptions on silica, a typical DTG curve has three peaks. The first peak (~ 50 °C) 

represents the desorption of physisorbed water, a second peak in the range of 150 to 200 °C 

indicates water loss from adsorbed amino acid thermal condensation reactions that result in peptide 

bond formation21-24, 48, 49, and any peaks above 200 °C are attributed to decomposition of organic 
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matter. DTG presents a simple and effective way to identify the presence of oligomerization 

reactions and indicate the efficacy of each substrate in catalyzing these reactions. 

 

Solution state nuclear magnetic resonance 

 Nuclear magnetic resonance (NMR) is a non-destructive spectroscopic technique that 

exploits the intrinsic nuclear spin property of NMR active nuclei and can be used to gain a wealth 

of atomic- and molecular-level information about a sample. The gyromagnetic ratio (γ) is often 

used to describe NMR active nuclei, which is simply the ratio of nuclear magnetic moment to spin 

angular momentum. When nuclei with a magnetic moment are placed in an external magnetic field 

(B0) the nuclear spins will align with a Boltzman distribution creating a net magnetization vector 

aligned along B0.50, 51 The spins precess at a frequency, referred to as the Larmor frequency (wL), 

that is proportional to the strength of the magnetic field. The equation is shown below:50  

𝜔! =	−𝛾𝐵" 

A pulse of radio frequency radiation is applied that perturbs the equilibrium state and tips 

the magnetization vector usually into the xy plane. The magnetization vector can then be 

manipulated in a variety of ways, described by the applied pulse sequence, to yield different 

information. Even simple 1-dimensional (1D) experiments typically consist of multiple pulses 

aimed at increasing signal to noise, removing intramolecular J-coupling interactions (i.e. proton 

decoupling), or suppressing signals from the solvent. After the pulse sequence is applied, time is 

allowed for data acquisition of the isolated spin system followed by a delay (recycle delay, or d1) 

to allow the nuclear spins to return to equilibrium with B0. The amount of time it takes the spins 

to return to the Boltzmann distribution is referred to as T1 or “spin-lattice” relaxation.52  
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T1 relaxation is temperature dependent and can be quantified, usually with saturation 

recovery experiments (shown in Figure 2.S4) which gives some indication on the rotational 

dynamics of the molecular species.52 Most T1 relaxation times in solutions range from 0.1 to 10 

seconds. Local dynamics, chemical exchange, nuclear spin, and viscosity are just some of the 

factors that affect T1 relaxation. In solids T1 can range from milliseconds in hydrated and/or 

dynamic environments to a few hundred seconds in rigid, crystalline material. The length of the 

recycle delay is generally set to 5x T1 and largely impacts the total experiment time. 

 Magnetization can be transferred through-bond (scalar or J- coupling) or through-space 

(dipolar coupling) between nuclei to view correlations with nearby spins. In liquids, magnetization 

transfer typically occurs through-bond with an upper limit of 5-6 bonds. Pulse sequences often 

contain delays that depend on the scalar coupling values and can be edited to filter for specific 

interactions. Homonuclear magnetization transfer can be viewed as a 1D or 2D spectrum with 

correlations between coupled atoms of the same type (i.e. 1H to 1H). 1H – 1H correlation 

spectroscopy (COSY) is a 2D technique that yields cross-peaks between coupled proton groups 

that are separated by 2-3 bonds.53 COSY experiments provide information about the connectivity 

within a molecule and is one of the most frequently used 2D NMR techniques.54 Similarly, 1H – 

1H total correlation spectroscopy (TOCSY) experiments display coupling within an entire spin 

system.55, 56 Cross-peaks will appear between scalar coupled proton groups up to 5-6 bonds away, 

as long as they do not cross a non-protonated group. This technique is commonly applied to 

peptides, proteins and oligosaccharides.54 The nuclear overhauser enhancement spectroscopy 

(NOESY) experiment is a homonuclear technique that relies on dipole coupling to show through-

space correlations.57, 58 The intensities of the cross-peaks are proportional to the distance between 

the groups (r6), and the delay in the pulse sequence can be varied to view short- and long-range 
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correlations. For these reasons, NOESY experiments are often used to identify tertiary structures 

in proteins and stereochemistry in small molecules.  

 Magnetization transfer can also occur between different nuclei within a molecule. 

Heteronuclear single quantum coherence (HSQC) experiments produce a 2D spectrum, with 1H in 

the direct (F2) dimension, and X in the indirect (F1) dimension (X is any less abundant nuclei, see 

Table 1.1).59 A correlation will appear at the chemical shifts of each unique 1H environment and 

the directly bound X group. Phase sensitive HSQC is commonly used to aid in structural 

assignment, where CH and CH3 groups appear with positive phase, and CH2 groups with negative 

phase.60, 61 Similarly, heteronuclear multiple bond correlation (HMBC) is a 2D heteronuclear 

technique used to view long range J-coupling, with correlations between 1H and X 2-3 bonds 

away.62 The pulse sequence suppresses 1-bond correlations, so HSQC and HMBC are often used 

in combination for structural assignment.  

Nitrogen’s ability to participate in hydrogen bonding allows for rapid exchange of any 

directly bound protons. Direct 1H – 15N correlations are not visible in exchangeable solvents such 

as 90:10 H2O:D2O or 100% D2O if the sample does not exhibit secondary or tertiary structure. For 

this reason, 1H – 15N HMBC experiments are particularly useful in peptide and protein backbone 

assignments where amide protons undergo rapid chemical exchange. The resulting spectrum 

displays correlations at the 15N chemical shift and neighboring 1H groups a few bonds away. 2D 

heteronuclear techniques such as the ones listed above provide a great way to obtain X chemical 

shifts indirectly since magnetization transfer experiments are dictated by the properties of 1H. 1H 

exhibits high natural abundance leading to increased signal to noise, and short T1 relaxation 

allowing for faster experiments.  
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Figure 1.5. Electric and magnetic effects and their relative contributions that arise when NMR active nuclei interact 
with B0. Each interaction is described by a Hamiltonian operator (ℋ). Quadrupole coupling is eliminated if I=½.50 
 

 

Solid-state NMR 

 A number of electric and magnetic interactions occur when a sample with a nuclear spin 

(I) is placed in an external magnetic field (Figure 1.5). The largest electric contribution is 

quadrupole coupling, which is eliminated completely in nuclei with I = ½. Quadrupole effects are 

discussed in detail in the section below. Each electric and magnetic interaction is described by a 

spin Hamiltonian operating on vectors in space. Some of these magnetic interactions have an 

angular dependence, which is averaged in liquids by molecular tumbling.50 The result is sharp, 
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well-resolved resonances at the isotropic chemical shift with a narrow linewidth usually spanning 

a few Hertz (Hz). In the solid-state, however, molecules are locked into a 3D spatial arrangement 

and line broadening occurs due to chemical shift anisotropy (CSA) and dipolar coupling for spin 

½ nuclei.63 These interactions convolute solid-state NMR (SSNMR) spectra and produce broad 

powder patterns due to the summation of magnetic contributions from all orientations. CSA and 

dipolar coupling Hamiltonians have a (3cos2q-1)/2 dependence which can be set equal to zero by 

rotating the sample at the magic angle of 54.7 ° relative to B0.64-66 The rate of magic angle spinning 

(MAS) can be selected within the capabilities of the hardware, with faster MAS yielding better 

resolution (Figure 1.6). As a rule of thumb, the magic angle spinning rotor frequency (nR) needs 

to exceed the magnitude of the strongest anisotropic interactions in kHz to obtain well-resolved 

solid-state NMR spectra.   

 

 

 

 

Figure 1.6. 1H MAS SSNMR of MgAl-33 (a layered double hydroxide) at different spinning speeds to highlight the 
power of MAS. The inset shows the same spectra side by side to emphasize the gain in resolution.67  
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 The two most common SSNMR techniques will be discussed here and their pulse 

sequences are shown in Figure 1.7. Direct polarization magic angle spinning (DP-MAS) in 

simplest form is a single p/2 pulse experiment with proton heteronuclear decoupling applied during 

acquisition. If the recycle delay is sufficiently long for full T1 relaxation, DP-MAS can be used for 

quantitative insight since signal intensity is dependent solely on the abundance of each unique 

chemical environment. In materials containing low natural abundance NMR active nuclei (e.g. 

29Si, 13C and 15N) isotopically enriched materials are commonly available for purchase to 

maximize signal intensity. 

 Alternatively, signals for less abundant nuclei (referred to as “X” nuclei in Figure 1.7) can 

be enhanced by through-space dipolar polarization transfer from abundant nuclei (usually 1H) to 

dilute isotopes.68 Polarization transfer occurs when the precessional frequencies of local magnetic 

fields are matched. This condition is called Hartman Hahn matching69 and it is dependent on nR. 

X nuclei with a close proton spin bath are detected, and the theoretical signal enhancement is the 

ratio of the two gyromagnetic ratios. The duration of the cross polarization or “spin-lock” pulse 

can be varied to gain intra- and intermolecular distance information since polarization transfer 

occurs through space.68 In the case of 29Si CP-MAS NMR on silica or silicates where the only 

source of 1H exists at the surface from hydroxyls or water, the technique is surface-selective, 

probing only silicon environments on the silica surface. The signal intensity depends on many 

factors such as distance from the proton spin bath, local dynamics, Hartman Hahn matching 

conditions, and CP efficiency to name a few.70 CP-MAS NMR has made a significant contribution 

to the advancement of NMR techniques in solids and serves as the basis for most 2D and 3D 

SSNMR experiments.71-73 Similar to heteronuclear correlation experiments in liquids, CP-MAS 
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SSNMR has the benefit of exploiting the properties of 1H nuclei, leading to increased (although 

selective) signal intensity and faster experimental time. 

 

 

 

 

Figure 1.7. Basic SSNMR pulse sequences: (left) direct-polarization magic angle spinning (DP-MAS) and (right) 
cross-polarization magic angle spinning (CP-MAS).  
 

 

Quadrupolar nuclei 

Table 1.1 displays properties of the nuclei analyzed in this dissertation by NMR. The best 

NMR nuclei are ones that have a large gyromagnetic ratio, high natural abundance, and nuclear 

spin I equal to ½. Materials comprised of spin > ½ nuclei can still be analyzed by NMR but present 

additional challenges due to the presence of quadrupolar interactions that arise from the local 

electron cloud and a non-spherical nucleus (see Figure 1.5 to view the relative contribution of 

quadrupolar effects, Figure 1.8). The ground state energy is split into (2I+1) sublevels in the 

presence of an external magnetic field, so for spins = ½ normal Zeeman splitting occurs (Figure 

1.8, left). In the case of 27Al (I = 5/2), for example, the nuclear ground state splits into 6 sublevels 
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(2 * 5/2 + 1) which allows for additional magnetic interactions (first and second order) that lead to 

line broadening and complex quadrupolar splitting patterns (Figure 1.8, right).  

 

 

Table 1.1. NMR active nuclei and their properties that were analyzed in this dissertation. 
 

Nuclei γ 
(106 rad/sT) 

Natural 
Abundance 

Nuclear  
Spin 

1H 267 99.98% ½ 
13C 67 1.1% ½ 
15N -27 0.37% ½ 
29Si -53 4.7% ½ 
27Al 70 100% 5/2 

 

 

Each quadrupolar isotope has a fixed quadrupole moment (units of length2) associated with 

it. The magnitude of the quadrupolar interaction then varies as a function of the electric field 

gradient (EFG), which is highly sensitive to the local symmetry around the nucleus74 (Figure 1.8). 

Two other variables used to describe quadrupolar interactions are the nuclear quadrupolar coupling 

constant (CQ) which describes the magnitude of the quadrupole-EFG interaction, and the 

dimensionless asymmetry parameter (hQ) which describes the symmetry of the EFG tensor.74 

These values can be determined experimentally and are necessary to understand the magnitude of 

the first- and second-order quadrupolar effects, perform Hartman Hahn matching, and to quantify 

relative populations in quadrupolar SSNMR spectra.74-77 Figure 1.9 shows 27Al DP-MAS of γ-

alumina which was used as a standard in the work outlined in Chapter 3. Two Al-coordination 

types are present. Peaks are asymmetric and significantly broadened due to CQ.  
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Figure 1.8. (left) Spin = ½ nuclear shape and Zeeman energy splitting. (right) Quadrupolar, spin > ½ nuclear shape 
and electric field gradient. The Zeeman energy splitting is representative of a nuclei I = 5/2.50 
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Figure 1.9. 27Al DP-MAS of γ-alumina collected at 15 kHz MAS. Tetrahedral and octahedral coordination sites are 
present at 67 ppm and 10 ppm, respectively. 
 

 

Diffusion NMR 

 In addition to structural analysis, another benefit of NMR is high accuracy quantification 

of local and global molecular dynamics. Molecules tumble freely in solution at a rate dependent 

on the size of the molecule and viscosity of the liquid.50 The rate of diffusion can be quantified 

using a pulsed field gradient spin-echo (PGSE) experiment, which applies a 90° 1H excitation pulse 

followed by a non-uniform gradient field to encode the spatial position of each spin.78, 79 A 180° 

refocusing pulse and opposing gradient field are applied to cancel or zero any spins with little to 

no free self-diffusion. 1H signal intensity changes as the strength of the gradient field is varied over 

the course of the experiment (Figure 1.10). The duration of the applied gradient field (δ) and the 

diffusion period (Δ) remain constant, and together these values can be used to calculate the 

diffusion coefficient (D) using the Stejskal-Tanner equation:  

𝑆 = 𝑆" ∗ exp	[−(γδg)# ∗ D ∗ 3Δ −
𝛿
37] 
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where S is the measured signal intensity, S0 is the signal intensity when the gradient strength is 0, 

γ is the gyromagnetic ratio of the nucleus, and g is the variable gradient field strength.78, 79 The 

gradient field strength is usually calibrated using the known self-diffusion coefficient of water in 

D2O.80 The diffusion coefficient can then be applied to the Stokes-Einstein equation (below) to 

approximate the size of the molecule:  

𝐷 =	
𝑘$𝑇
6𝜋𝜂𝑟 

where kB is the Boltzmann constant, T is temperature, h is solvent viscosity, and r is the 

approximate hydrodynamic radius of the molecule, assuming a spherical particle.81 The Stejskal-

Tanner equation provides an incredibly precise measurement of molecular self-diffusion. 

Diffusion ordered spectroscopy (DOSY) experiments create a pseudo-2D spectrum where 

different components within a mixture are separated by diffusion coefficients.82, 83 1H signals are 

plotted against log(D) in the indirect dimension, so 1H groups within the same molecule can be 

easily identified. 
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Figure 1.10. Diffusion NMR data and fit calculation for measuring the free diffusion of His in water at various 
concentrations. 
 

 

Theoretical analysis 

 Computational chemistry occurs on a simulated molecular system designed within a 

software program. Small systems ranging from a few atoms up to ~ 100 atoms are calculated at 

the quantum mechanical level using software packages like Gaussian,84 Gamess,85 or Spartan.86 A 

series of functions are applied to perturb the system until a minimum energy state is reached. This 

process is referred to as energy or geometry optimization.87 After optimization, experimental 

parameters such as spectroscopy frequencies, orbital populations, and thermochemistry values, can 

be calculated or predicted based on the final 3D conformation. Computational chemistry provides 

compelling evidence for molecular structure and atomic interactions especially when paired with 

real experimental results.  

Larger systems such as proteins and lipid bilayers can be visualized and manipulated using 

molecular dynamics (MD) programs like GROMACS,88 NAMD,89 or AutoDock.90 MD relies on 

classical mechanics to simplify the computational costs of such large systems. Similarly, energy 
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minimization is performed first. After the structure is optimized, a controlled perturbation is 

applied such as pressure, temperature, solvent, surface charge etc and changes in dynamics are 

simulated. While it is important to highlight the diverse applications of computational chemistry, 

molecular mechanics will not be discussed further in this dissertation.  

An appropriate theoretical model should be selected based on the size of the system. Four 

main theoretical models exist, which define what approximations are used in the calculations: 

molecular mechanics91 (Harmonic oscillator, classical mechanics approximation), semi-

empirical92, 93 (uses experimentally obtained data as fixed values), density functional94, 95 (local 

density approximation), and ab initio96, 97 (central field approximation). Generally, the higher the 

level of theory the greater the computational cost. The work presented in this dissertation was 

performed on systems comprising of 50 atoms or less using the density functional (DFT) level of 

theory and a hybrid B3LYP 6-31G+(d,p) basis set.98 While the level of theory defines the set of 

underlaying approximations used to describe the chemical system, the basis set defines how many 

functions are applied to describe the electronic wave function. Atomic orbitals are most accurately 

described using Slater-type orbitals (STOs) which are computationally intensive and can be well 

approximated by combining multiple Gaussian-type orbitals (GTOs)99 (Figure 1.11). The nucleus 

region (0.0<r<0.5 in Figure 1.11) is not well approximated until a linear combination of 3 or more 

GTOs are used. The tail-end (1.5<r<4.0) is arguably the most important area to model accurately 

as it dictates molecular properties and is directly involved in intermolecular interactions.  

In efforts to increase accuracy with reasonable computational times, John Pople first 

proposed split-valence basis sets100 which are still widely used today. Pople-style basis sets apply 

different numbers of functions to model the core and valence orbitals, which helps account for 

polarizability and hybridization in the valence orbitals that participate in bonding. Polarization and 



 24 

diffuse functions can be added as well to enhance the “flexibility” of atoms to form chemical bonds 

in any direction, and improve calculations in the outer limits of the atomic orbitals which become 

increasingly important in systems with long range electron densities like anions or hydrogen 

bonding. Figure 1.11 (bottom) depicts the nomenclature and number of GTOs used in a split-

valence triple-zeta Pople-style basis set. 

 

 

 

 

Figure 1.11. (top) Depicts accuracy of approximating STOs with GTOs.101 (bottom) Example of a Pople-style triple 
zeta basis set nomenclature and how many functions are applied to each atom.84  
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The basis set and level of theory should remain consistent in any calculations following 

optimization. In this dissertation, DFT with a 6-31G+(d,p) basis set was used with the gauge-

including atomic orbital (GIAO) method102 to predict the NMR chemical shifts of the model 

system and compare to real, experimental results. Water was selected as the solvent system which 

is consistent with our solution NMR data, and a reference molecule was created in Gaussian and 

optimized at the same level of theory (tetramethylsilane for 1H and 13C). The calculated NMR 

chemical shifts were extrapolated from the predicted shielding values using the equation below:  

𝛿%&'% =	𝜎()* −	𝜎%&'% +	𝛿()* 

where δcalc is the calculated chemical shift for the model, σref is the calculated shielding value of 

the reference, σcalc is the calculated shielding value of the model, and δref is the experimental 

chemical shift of the reference (0 ppm for TMS).22, 103, 104 NMR chemical shifts calculated in this 

way are more accurate than using the standard reference molecules in Gaussian which are often 

calculated at a different level of theory. 
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Chapter 2 
 

Probing the binding modes and dynamics of histidine on fumed silica surfaces by solid-
state NMR 
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Abstract 

Silica nanoparticles can be designed to exhibit a diverse range of morphologies (e.g. non-

porous, mesoporous), physical properties (e.g. hydrophobic, hydrophilic) and a wide range of 

chemical and biomolecular surface functionalizations. In the present work, the adsorption complex 

of histidine (His) and fumed silica nanoparticles (FSN) is probed using thermal analysis 

(TGA/DTG) and a battery of solid-state (SS) NMR methods supported by DFT chemical shift 

calculations. Multinuclear (1H/13C/15N) one- and two dimensional magic angle spinning (MAS) 

SSNMR experiments were applied to determine site-specific interactions between His and FSN 

surfaces as a function of adsorption solution concentration, pH and hydration state. By directly 

comparing SSNMR observables (linewidth, chemical shift and relaxation parameters) for His–

FSN adsorption complexes to various crystalline, amorphous and aqueous His forms, the His 

structural and dynamic environment on FSN surfaces could be determined at an atomic level. The 

observed 13C and 15N MAS NMR chemical shifts, linewidths and relaxation parameters show that 

the His surface layer on FSN has a significant dependence on pH and hydration state. His is highly 

dynamic on FSN surfaces under acidic conditions (pH 4) as evidenced by sharp resonances with 

near isotropic chemical shifts regardless of hydration level indicating a non-specific binding 

arrangement while, a considerably more rigid His environment with defined protonation states is 

observed at near neutral pH with subtle variations between hydrated and anhydrous complexes. At 

near neutral pH, less charge repulsion occurs on the FSN surface and His is more tightly bound as 

evidenced by considerable line broadening likely due to chemical shift heterogeneity and a 

distribution in hydrogen-bonding strengths on the FSN surface. Multiple His sites exchange with 

a tightly bound water layer in hydrated samples while, direct interaction with the FSN surface and 

significant chemical shift perturbations for imidazole ring nitrogen sites and some carbon 
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resonances are observed after drying. The SSNMR data was used to propose an interfacial 

molecular binding model between His and FSN surfaces under varying conditions setting the stage 

for future multinuclear, multidimensional SSNMR studies of His-containing peptides on silica 

nanoparticles and other nanomaterials of interest. 

 

Graphical Abstract 

 

 

Introduction 

Silica nanoparticles can be designed to exhibit a diverse range of morphologies (e.g. non-

porous, mesoporous), physical properties (e.g. hydrophobic, hydrophilic) and a wide range of 

therapeutics,6,10–14 and noninvasive sensors and detectors.10,15 However, the site-specific, 

molecular-level interactions that occur This method produces spherical, monodisperse particles at 

a desired size in the nanometer to micron length scale (Stöber, colloidal silica).24–26 Pyrolysis 

produces silica nanoparticles from silicon tetrachloride heated in a flame followed by rapid 

quenching (fumed silica nanoparticles, FSN). The process of rapid quenching creates an 

agglomerated, branched nanomaterial with a high population of strained siloxane rings which 

makes these nanoparticles more reactive.27 Mesoporous silica nanoparticles (MSN) are another 

widely used type of silica nanoparticle with uniform and tunable hollow pore networks formed by 
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using a surfactant-based templating agent, commonly cetyltrimethylammonium bromide 

(CTAB).3,8,28–30 MSN can provide a platform for catalytic reactions, encapsulation, and controlled 

drug release.3,14,28,31–35 MSN have excellent biocompatibility, high drug loading capacity, and 

flexible mechanisms for drug deployment including pH, light, redox, temperature, or enzyme-

triggered reactions.4,14,32,35 In one example, Bilalis et al. grafted poly(L-histidine) to the MSN 

surface to provide a pH-controlled gatekeeper for the release of the anticancer drug doxorubicin.9 

Despite these advances, it remains a challenge to characterize histidine (His) binding to the silica 

surface at an atomic, site-specific level. His has multiple available hydrogen bonding sites on the 

imidazole sidechain ring and backbone (Figure 2.1, Top), making it one of the more complicated 

amino acids to investigate on nanoparticle surfaces. The pKa of the side chain is near physiological 

pH which makes it relatively easy to move protons on and off. This flexible charge transfer is one 

reason why His is a common residue in protein binding sites.36 Understanding how His binds and 

organizes on silica surfaces will aid the prediction of possible binding modes for His-containing 

peptides on silica surfaces and should impact the development of drug delivery system. 

FSN displays an intrinsically disordered surface where strained rings easily cleave to form 

radicals at the nanoparticle interface upon rehydration.27,37 The presence of these radicals may play 

a key role in amino acid adsorption and thermal condensation on FSN when mild heat treatment 

is applied.38 The latter is particularly important to the Origin of Life field and FSN appears to be a 

suitable model for carbonaceous chondrites, volcanic silica, or other prebiotic silica surfaces 

formed under extreme conditions and temperatures similar to FSN. FSN is a highly efficient 

peptide bond catalyst compared to other silica forms38 and related prebiotic silicates could have 

been involved in accumulating and catalyzing amino acids into the first peptides on prebiotic Earth. 

Thus, understanding how different amino acids bind is important in this context as well. 
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SSNMR offers unique advantages to elucidate site-specific, atomic-level intermolecular 

interactions at the bio-nano interface and are not readily probed with other techniques. In the 

present work, one (1D) and two-dimensional (2D) SSNMR methods were utilized to identify 

interactions at the His–FSN interface. The protonation state and structure of various His forms in 

the solid-state (L-His, HCl salt, amorphous form) and in aqueous solution as a function of pH were 

determined with NMR. Chemical shift (1H, 13C, 15N) information from these experiments were 

then used to aid the understanding of the His–FSN adsorption complexes produced at various pH, 

loading levels, and hydration state. The NMR results together with chemical shift calculations 

were used to propose a site- specific molecular binding model for His–FSN at pH 4 and 7.6 in 

hydrated and dehydrated forms. 

 

Experimental 

Materials 

FSN (~7 nm) with Brunauer, Emmett, and Teller (BET) surface area of 395 ± 25 m2 g-1, 

natural abundance L-histidine monohydrochloride monohydrate (≥99.5%), and natural abundance 

pure L-histidine (≥99.5%) were purchased from Sigma-Aldrich. Fully labeled U-[15N, 13C]-L-

histidine monohydrochloride monohydrate (98%) was purchased from Cambridge Isotopes Inc. 

All materials were used as received. In the present work, silica or SiO2 refers to FSN. 

 

Sample preparation 

His was analyzed as a crystalline solid (HCl salt), noncrystalline powder (zwitterionic 

form), entrapped amorphous form (encapsulated in sucrose), and in aqueous solution. U-HisHCl 

refers to the fully protonated crystal of labeled U-[13C, 15N]-L-histidineHClH2O, analyzed as 
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received. U-His will refer to labeled L-histidineHClH2O that was adjusted to pH 7.6 ± 0.2 and 

resembles a non-crystalline powder. Amorphous His was formed by entrapping U-HisHCl in a 

sucrose solution (33% w/w) followed by flash freezing in liquid nitrogen and lyophilization.39 

Isotropic His was produced by dissolving U-HisHCl in a 90:10 mixture of H2O:D2O and adjusting 

to pH 4 or pH 7.6 ± 0.2. His–FSN adsorption complexes were prepared as follows. FSN was heated 

at 500 °C for 15 hours to activate the silica and remove impurities and adsorbates from the surface. 

For SSNMR analysis, 30 mg of FSN were added to aqueous solutions of 0.05 M U-HisHCl in 2.00 

mL aliquots. The pH was adjusted to pH 1, 4, 7.6, or 10 ± 0.2 using either 1 M HCl or 1 M NaOH 

as needed and the solutions were stirred at room temperature for 3 hours. Nanoparticles were 

separated by centrifugation then dried under vacuum at room temperature for over 24 hours. 

‘‘Hydrated’’ samples were analyzed directly following preparation. While the powder appears dry, 

it is hydrated by physisorbed water. ‘‘Dry’’ samples were packed in the NMR rotor then dried 

under high vacuum for 4 weeks at room temperature. Rotors were capped and SSNMR 

experiments were carried out immediately after drying. 1H spectra were collected at the beginning 

and end of dry sample analysis to verify that rehydration did not occur during data collection. A 

similar procedure was followed for samples prepared for TGA. His was adsorbed by adding 150 

mg of FSN to a 10.00 mL aqueous solution of natural abundance L-histidine·HCl·H2O or natural 

abundance pure L-histidine at various concentrations. The pH was adjusted as needed to 7.6 ± 0.2, 

corresponding to the isoelectric point of His. All experiments were carried out in millipore DI 

water. The notation HisHCl/FSN-xM and His/FSN-xM will be used for the natural abundance 

adsorptions, where x refers to the initial His concentration (in moles per liter). U-His/FSN-x 

represents the ubiquitous isotopically (13C/15N) labeled His adsorptions where x refers to pH. A 

loading level of 0.05 M was selected for SSNMR analysis because prior experiments (not shown) 
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determined this concentration yields a fully saturated surface (approximately a monolayer) with 

minimal crystalline excess. NMR and TGA data support that 2 states with different properties 

emerge at higher loading levels. ‘‘Adsorbed’’ will refer to the interfacial layer of His closest to the 

silica surface and ‘‘excess’’ will refer to the remaining, bulk-like deposits that could not be 

removed by washing. For convenience, a table with all abbreviations and preparation methods is 

included in the supplemental (Table 2.S1). 

 

Thermal gravimetric analysis (TGA) 

TGA of His/FSN-xM samples were performed with a TA2910 (TA Instruments Inc.) 

instrument under a steady nitrogen flow (60 mL min-1 for furnace and 40 mL min-1 for balance). 

Prior to analysis, the sample was kept under N2 flow for 30 minutes to remove weakly-bound, 

physiosorbed water and obtain a stable baseline. A sample mass of 12–15 mg was used in each 

experiment and a heating rate of 5 °C min-1 was applied from 25–800 °C. 

 

Computational DFT chemical shift calculations 

All computational analysis was performed with the Gaussian16 software package. 

Geometry optimization and NMR chemical shift tensors were calculated at the density functional 

level of theory (DFT) with a B3LYP 6-31G+(d,p) basis set.40 To reduce computational costs, 

calculations were performed on a single His molecule. Geometry was optimized to an energy 

minimum without any constraints. Then a perturbation was applied to one N–H bond length and 

the resulting chemical shift tensors were calculated using the gauge-including atomic orbital 

(GIAO) method at the same level of theory.41 Geometry optimization and NMR shielding 

calculations were also done on tetramethylsilane (TMS) and nitromethane reference molecules 
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with the same basis set. Shielding values for each histidine model were converted to chemical shift 

using equation (1) where δcalc is the calculated chemical shift for the model, σref is the calculated 

shielding value of the reference (TMS for 1H, 13C and nitromethane for 15N), σcalc is the calculated 

shielding value of the model, and δref is the experimental chemical shift of the reference (0 ppm 

for TMS or 380.6 ppm for nitromethane).18,42–44 

 

𝛿!"#! =	𝜎$%& −	𝜎!"#! +	𝛿$%&         (1) 

 

Solid-State NMR Spectroscopy 

U-His/FSN adsorptions, U-HisHCl, U-His, and sucrose – encapsulated amorphous U-His 

were analyzed on a 600 MHz Bruker Avance IIIHD spectrometer equipped with a 1.9 mm triple 

resonance (1H /13C/15N) probe with 30 kHz magic angle spinning (MAS) unless otherwise noted. 

A 300 ppm or 400 ppm spectral window (sw) was used for 13C and 15N experiments, respectively. 

Cross polarization (CP) experiments were collected using a 30% ramped pulse on 1H and a square 

pulse on 13C matched to the -1 Hartman Hann condition. Two pulse phase modulated (TPPM) 1H 

decoupling was used in all experiments with a radio frequency (rf) field strength of 112 – 120 

kHz.45 Spectra were processed with 10 Hz exponential line broadening unless otherwise stated. 13C 

CP-MAS experiments were collected with a 3 or 5 sec recycle delay (d1). An initial 1H π/2 pulse 

of 2.25 – 2.45 μs was applied followed by a 1.75 – 2 ms ramped 1H spin-lock pulse with a rf field 

strength of 97 – 118 kHz. 13C direct polarization (DP-MAS) experiments were collected with 

varying recycle delays [0.25, 10 sec] and a 13C π/2 pulse of 2.4 μs. 15N CP-MAS experiments were 

collected at 12 kHz MAS. An initial 1H π/2 pulse of 2.4 μs was applied followed by a 1.5 ms 
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ramped 1H spin-lock pulse with a rf field strength of 83 – 104 kHz. 15N DP-MAS experiments 

were collected with varying recycle delays [0.25, 2 sec] followed by a 5.75 μs π/2 pulse. 

Pseudo 2D saturation recovery experiments were used to measure longitudinal (T1) 

relaxation of the adsorbed layer using either 16 or 12 tau delays for 13C or 15N, respectively. A d1 

of 5 sec (pH 4) or 10 sec (pH 7.6) was used to selectively measure the fast-relaxing, adsorbed layer 

and remove the long relaxing bulk-like material. The saturation pulse train comprised of 128 pulses 

with phase cycling. A 2.5 μs π/2 pulse was used for 13C with 120 kHz 1H decoupling during 

acquisition, and a 4.7 μs π/2 pulse was used for 15N experiments with 120 kHz 1H decoupling. 

Spectra were processed in MestreNova and the peak integrals were exported to Matlab and fit to a 

single component equation. Pseudo 2D inversion recovery experiments by the Torchia method 

were used to obtain an estimate of T1 relaxation of excess His.46 Due to the inherently long 

relaxation of crystalline His environments it was not feasible to wait for the full decay but we were 

able to collect enough points to predict a T1 several orders of magnitude larger than the adsorbed 

layer (~100 s). 10 tau delays and a d1 of 5 sec were used. Spectra were processed in MestreNova 

and the peak integrals were exported to Matlab and fit to a two-component equation. 13C T1 

relaxation of U-HisHCl and U-His were estimated in a similar fashion and fit to a single-

component equation in Matlab.  

2D 1H – 13C heteronuclear correlation (HETCOR) and 1H – 15N HETCOR experiments 

were performed on a 400 MHz Varian VNMRS spectrometer with a 1.6 mm triple-resonance (1H 

/13C /15N) probe at 35 kHz MAS.  The CP condition for 1H – 13C experiments include a 1.75 μs 1H 

π/2 pulse, followed by a ramped (7%) 1H spin-lock pulse with rf field strength of 128 kHz at the 

ramp maximum. For 1H – 15N HETCOR, the CP condition consisted of a 1.75 μs 1H π/2 pulse, 

followed by a ramped (10%) 1H spin-lock pulse with a rf field strength of 85 kHz at the ramp 
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maximum with a variable contact time (0.25, 1.0, 3.0 ms). A TPPM 1H decoupling level of 130 

kHz was applied during acquisition with a 9.2° phase shift. 

In all solid-state experiments the chemical shifts of 1H, 13C, and 15N were indirectly 

referenced to adamantane 1H (1.63 ppm), 13C (38.48 ppm) and glycine 15N (31.6 ppm).47,48 All 

NMR experiments were conducted at room temperature (25 °C). 

 

Solution NMR Spectroscopy 

Solution NMR experiments were performed with a 600 MHz Advance IIIHD Bruker 

spectrometer equipped with a 5 mm triple resonance probe operating in triple resonance (1H/13C 

/15N) mode. All samples were dissolved in 90:10 H2O:D2O. 1H and 13C spectra were referenced to 

a 10% DSS internal standard (0 ppm) and 15N spectra were externally referenced to nitromethane 

(380.6 ppm) in deuterated chloroform.18 1H 1D spectra were collected using nuclear Overhauser 

effect (NOE) transfer with pre-saturation during the recycle delay and mixing time to suppress 

water signals, 9 – 64 scans, 2 – 5 sec d1, 65536 points, and 16 – 20 ppm spectral width. 13C 

experiments were collected using a 1D pulse sequence with a 30° flip angle and power-gated 

decoupling, 16 – 256 scans, 2 – 15 sec d1, 16384 – 65536 points, and 240 ppm sw. 15N 1D spectra 

were extracted from the F1 dimension of 1H – 15N heteronuclear multiple bond correlation (HMBC) 

experiments collected with 32 scans, 2 sec d1, 4096 points, 128 (pH 7.6) or 256 (pH 4) complex 

points, and a 14 ppm / 300 ppm sw in the direct/indirect dimensions. T1 relaxation of 13C was 

measured by inversion recovery using 4 scans, 50 sec d1, 16384 points, 12 tau delays, and 240 

ppm sw. 
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Results and Discussion 

TGA of His-FSN Complexes 

Natural abundance L-His·HCl·H2O and pure L-His were adsorbed on FSN at various 

concentrations (pH 7.6 ± 0.2) and analyzed with TGA. The amount of His and water adsorbed on 

the FSN surface can be quantified as the weight losses observed in TGA curves. As expected, 

surface coverage increases as loading level increases. Once all surface sites are occupied, excess 

His is likely deposited around the adsorbed layer as large, non-uniform solid domains and is 

discussed below in the SSNMR sections. In Figure 2.1, surface coverage is expressed as the 

number of adsorbed His molecules/nm2 of FSN, plotted against the initial His concentration in the 

adsorption solution. These values are calculated using the weight loss of His from the TGA curve 

(100 – 800 °C) along with the BET surface area of the fumed silica surface and adjusted for our 

finding that 1 His molecule anchors to 2 hydroxyl groups on the surface. The quantification of 

adsorbed His molecules in Figure 2.1 is similar for the HisHCl salt and neutral His starting 

material, indicating that the presence of salt (NaCl) does not inhibit bulk His adsorption, which 

was observed for L-lysine on FSN.49 Each sample is equilibrated under N2 flow for a minimum of 

30 minutes to remove weakly bound physisorbed water. Equilibration is considered complete when 

a stable mass persists. Any water loss that occurs during the TGA experiment can then be attributed 

to the adsorption complex that includes bound water and His. Bound water loss is quantified as 

the weight loss between 25 – 100 °C, which remains constant (~1.3%) across all His 

concentrations. Interestingly, we also measure a 1.3% weight loss on bulk FSN (no His). These 

results support the presence of a water layer at the FSN interface following amino acid adsorption. 

The full TGA and DTG plots are shown in Figure 2.S1.   
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Figure 2.1. (top) Protonation states of L-His and (bottom) surface coverage of His/FSN complexes vs the 
concentration of the His adsorption solution at pH 7.6. Adsorbed molecules nm-2 for each concentration were 
calculated from TGA data. His/FSN complexes are depicted with an interfacial water layer (blue), His “adsorbed” 
layer (light green), and His “excess” or bulk-like deposits (dark green). 
 

 

The first derivative (DTG) curve allows for easy visualization of the weight loss by plotting 

the change in weight percent vs temperature (Figure 2.2). A large peak centered around 60 °C is 

attributed to evaporation of the water layer at the interface. Our focus is on the 150 – 250 °C range 

where peaks are formed by water loss from thermal condensation reactions between neighboring 

molecules.50-52 Peptide bond formation through this mechanism has been observed for a number 

of amino acids adsorbed on FSN including Gly, Ala, Lys, Leu, Glu, Asp, and Phe.50-54 We observe 

a thermal condensation reaction between adjacent His molecules ~170 °C in HisHCl/FSN 

adsorptions and ~160 °C in His/FSN adsorptions. The peak temperature is consistent across all 

concentrations of HisHCl/FSN and His/FSN adsorptions. However, when natural abundance bulk 

His is heated without silica, this thermal transition does not occur. It is important to point out that 

a sharp peak at 171 °C is observed for bulk His·HCl·H2O due to the evaporation of lattice water 
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in the crystal.55 This should not be confused with a thermal condensation reaction, which was 

verified by solution NMR of heated bulk L-His·HCl·H2O (Figure 2.S2). The intensity of the 

thermal condensation peak ~165 °C increases as concentration increases up to 0.10M. The area 

under this condensation peak then remains constant as concentration increases from 0.10 – 0.15M 

(Figure 2.2). This result agrees with previous findings that suggest silica plays a key role in 

promoting amino acid thermal condensation reactions.27,38,56-58 A second peak ~210 °C is observed 

at HisHCl/FSN concentrations above 0.12M and in His/FSN adsorptions above 0.05M. This is 

likely due to a second thermal condensation reaction, possibly resulting in the diketopiperazine 

(DKP) or cyclic dimer product. It is interesting to note that the second thermal condensation peak 

appears at much lower concentrations in the zwitterionic His sample and only arises in high (> 

0.12M) concentrations of HisHCl. One possibility for this phenomenon could be that a low 

presence of salt (NaCl) stabilizes the thermal condensation product and inhibits or prevents it from 

readily undergoing a second condensation reaction. A full characterization of these products is 

underway and will be discussed in a follow up manuscript. The last peak ~ 270 °C is due to 

decomposition of histidine molecules. 
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Figure 2.2. First derivative DTG curves are displayed for His/FSN complexes as a function of adsorption solution 
concentration. DTG curves for the (a) HCl salt and (b) bulk L-His adsorption complexes. 
 

 
 

NMR Characterization of His Structure and Dynamics on FSN in the Hydrated State  

The protonation states of His are shown in Figure 2.1 (top). 13C and 15N CP-MAS NMR 

spectra were collected on U-HisHCl and U-His samples to determine chemical shifts of His in 

fully protonated and zwitterionic forms which are in good agreement with literature values59 

(Table 2.1). U-HisHCl has a uniform and rigid crystalline structure and shows good CP efficiency 

and sharp resonances with enough resolution to measure JCC-coupling.  Some line broadening and 

reduced signal to noise is observed for the zwitterionic U-His form where crystal packing has been 
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disrupted. Figure 2.3 shows 13C and 15N CP-MAS NMR spectra of U-HisHCl, U-His, and U-

His/FSN in the hydrated state at near neutral and an acidic pH 4. In acidic conditions (pH 4), seven 

carbon resonances are observed. Six of the resonances agree with the chemical shifts for U-HisHCl 

(Table 2.1). An additional resonance is observed for site Cε1 indicating differences in the electronic 

environment between adsorbed and excess His. One possibility why only the Cε1 adsorbed 

resonance is unique could be because this carbon neighbors 2 nitrogens in the imidazole ring and 

could be most impacted by changes due to imidazole ring hydrogen bonding and interactions with 

the water layer on the FSN surface. 15N CP-MAS NMR agrees with the 13C data, showing a set of 

sharp resonances that match U-HisHCl indicating protonated, well-ordered excess His, and an 

additional set of unique resonances that are attributed to the adsorbed layer. Nα,ads at pH 4 is shifted 

upfield which is likely caused by hydrogen bond interactions with water and/or the FSN surface. 

Sharp lines of the adsorbed layer at acidic pH 4 are due to enhanced liquid-like dynamics at the 

interface and will be discussed further in the dynamics section below where NMR relaxation times 

are reported and discussed. Lastly, it is clear from the NMR data that binding to the surface is 

stronger and His is less dynamic when adsorbed in zwitterionic form as evidenced by the 

considerably broader lines and further supported by the relaxation measurements discussed below. 
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Figure 2.3. (a) 13C CP-MAS and (b) 15N CP-MAS NMR spectra of crystalline U-HisHCl, U-His, and U-His/FSN at 
pH 4 and pH 7.6 in the hydrated state. U-HisHCl was analyzed as received, and U-His was prepared by adjusting U-
HisHCl to pH 7.6. 
 

 

 At pH 7.6, unique 13C resonances are observed for multiple sites suggesting that adsorbed 

and excess groups are no longer chemically equivalent. 13C and 15N chemical shifts of excess His 

are easily determined by varying His concentration and watching the peak intensities of the sharp 

components vary (data not shown). The chemical shifts of excess His agree with U-His, indicating 

that bulk His is zwitterionic at pH 7. 6 as would be expected since the excess material is crystallized 

from a near neutral pH solution. 13C sites are significantly broadened due to chemical shift 

heterogeneity from tighter binding in the adsorbed layer as well as variation in protonation states. 

Cβ broadens the most with a full width at half maximum (FWHM) of 320 Hz, compared to 180 Hz 

for Cβ at pH 4. Nδ1 shows the largest shift (~ 50 ppm) from U-HisHCl to U-His because it is the 

site that becomes deprotonated. Resonances of the adsorbed layer shift toward U-HisHCl but do 

not reach these values, probably due to partial hydrogen bonding of the imidazole ring or 

differences in hydrogen bond strength where the crystalline form is expected to have the strongest 

hydrogen bonding and thus, largest chemical shift changes. To support this assessment, DFT 
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chemical shift calculations were performed on simplified His models to observe the effect of 

hydrogen bond strength on chemical shift (Figure 2.S3). After geometry optimization, either the 

Nε2-H or Nδ1-H bond was stretched systematically up to 2 Å. The calculated chemical shielding 

values of the molecule were converted to chemical shift using equation (1). A nearly linear 

relationship between 15N chemical shift and N-H bond distance is observed for the imidazole 

nitrogens for both protonated and zwitterionic His forms. However, Nα is largely unaffected by 

Nε2-H and Nδ1-H perturbations.  

 

 

 

 

 

 

Table 2.1. 13C and 15N SSNMR chemical shifts of bulk His in protonated (U-HisHCl) and zwitterionic (U-His) forms, 
and adsorbed (ads) and excess (exc) layers of U-His/FSN complexes in the hydrated state at near neural pH and pH 4. 
Solution NMR chemical shifts are also listed for aqueous (isotropic) His at pH 4 and pH 7.6. The chemical shifts were 
extracted from a combination of CP-MAS and DP-MAS experiments presented in Figure 2.3 and Figure 2.5 and are 
reported in ppm. 
 

 

 Site U-HisHCl U-His Isotropic His 
(pH 4) 

Isotropic His 
(pH 7.6) 

U-His/FSN-4 U-His/FSN-7.6 
Hisads Hisexc Hisads Hisexc 

13C C' 172.9 175.3 172.6 174.2 173.4 173.0 174.8 175.4 
 Cε1 136.3 135.1 134.0 136.5 134.9 136.3 136.1 135.5 
 Cγ 128.2 137.7 127.5 132.2 128.4 128.2 131.5 137.4 
 Cδ2 119.3 114.3 117.6 116.9 119.0 119.1 118.0 113.8 
 Cα 54.4 57.6 53.6 55.0 54.7 54.5 55.6 57.3 
 Cβ 26.9 27.3 25.8 28.3 26.4 26.7 28.4 27.4 
          
15N Nδ1 189.4 249.4 177.1 233.0 177.3 189.5 216.6 249.6 
 Nε2 176.1 171.1 174.1 178.3 174.0 176.2 178.1 171.1 
 Nα 47.2 41.5 40.8 40.2 43.6 47.4 41.7 41.8 
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Under acidic conditions (pH 4), His is positively charged and the FSN surface is neutral 

and terminated by hydroxyls.60 Electrostatic repulsion among His molecules on a neutral surface 

would then provide an unfavorable binding environment and lead to a highly dynamic adsorbed 

layer under hydrated conditions. This is likely the reason for the sharp, liquid-like line shapes 

observed in 13C and 15N CP-MAS spectra at low pH (Figure 2.3). To investigate this further, 13C 

direct polarization experiments were collected at 30 kHz MAS with high power decoupling, 30 

kHz MAS with no decoupling, and no MAS with high power decoupling (Figure 2.4). At pH 4, 

1JCC coupling constants are measured ~ 50 Hz for C’, Cγ, and Cδ2 in DP-MAS spectrum with high-

powered decoupling (Figure 2.4, “DP-MAS”). When decoupling is turned off, 1JCH coupling 

constants can be measured at pH 4 indicating liquid like behavior, whereas no decoupling on U-

His/FSN-7.6 exhibits much broader lines with an inability to resolve 1JCH coupling constants 

(Figure 2.4, “HPD off”). Static DP experiments also confirm that the adsorbed layer is bound 

more tightly at pH 7.6. MAS is used in SSNMR to average out chemical shift anisotropy and 

dipolar coupling which are inherently averaged by the isotropic tumbling of liquids in solution 

NMR. U-His/FSN-7.6 collected under static conditions shows significant line broadening 

compared to pH 4 due to the reasons stated above, which is expected for a more rigid, dynamically 

restricted sample. However, U-His/FSN-4 resonances exhibit minimal line broadening under static 

conditions and 6 carbon peaks are still clearly observed. Molecular tumbling must be present to 

some degree to average out these effects and produce resolvable resonances under static 

conditions. 
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Figure 2.4. 13C DP-MAS of U-His/FSN-4 and U-His/FSN-7.6 in the hydrated state collected with 30 kHz MAS and 
high-power decoupling (DP-MAS), 30 kHz MAS and no decoupling (HPD off), and no MAS with high-power 
decoupling (MAS off). U-His/FSN-4 spectra are blown up in th inset to show the J-splitting. A 2 s recycle delay was 
used and no line broadening was applied. 
 

 

13C T1 relaxation measurements also support tighter binding to the silica surface for U-

His/FSN-7.6 compared to U-His/FSN-4. T1 was measured for hydrated U-His/FSN-1, U-His/FSN-

4, and U-His/FSN-7.6 using saturation recovery, details displayed in Figure 2.S4. On average, T1 

increases as pH increases for all 13C sites measured at room temperature. A complete list of 13C T1 

values are reported in Table 2.2. T1 relaxation is ~ 0.5 sec for most 13C sites at pH 4 and increases 

to ~ 1.6 sec at pH 7.6. Longer T1 relaxation is consistent with restricted motion and tighter binding 

interactions proposed for U-His/FSN-7.6. 13C T1 relaxation at room temperature for U-His/FSN-4 

and U-His/FSN-7.6 are near the T1 minimum, confirmed by variable temperature experiments (not 

shown). Since Hisads is near the T1 minimum, we estimate a rotational correlation time for adsorbed 

His in a hydrated state to be ~ 5 ns in a 600 MHz (150 MHz 13C) magnetic field.61 
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13C T1 relaxation was estimated using CP inversion recovery for excess His, U-HisHCl, 

and U-His. A CP based experiment was necessary since the relaxation of 1H is considerably shorter 

than 13C in crystalline states. Even with the faster relaxation of 1H, it was not feasible for the delay 

list to encompass the full signal decay of 13C. Enough points were collected to estimate excess His 

T1 at two to three orders of magnitude greater than the adsorbed layer and in line with the long T1 

observed for His as a rigid solid. T1 relaxation of aqueous His, amorphous His, and solid His 

(protonated and zwitterionic) were also measured for comparison.  

 Amorphous His (pH 7.6), interestingly, has an average T1 that falls in between the very 

rigid crystal and highly dynamic adsorbed layers. 13C and 15N CP-MAS experiments of amorphous 

His were collected with varying number of scans and recrystallization was observed as scans 

increased. This is due to sample heating from MAS rotation and high-power 1H decoupling that 

provides enough energy for the disperse His molecules (only 33% w/w) to rearrange into the 

energetically favorable crystalline form. Rotameric conformers are present in His at neutral pH59 

so additional enhanced dynamics must be contributing to reduced T1 relaxation in the amorphous 

state. T1 was also determined for aqueous His in a standard solution state at pH 4 and pH 7.6 where 

the molecular tumbling rate is rapid and T1 relaxation gets longer. pH did not impact relaxation 

rates of His in a liquid state and ranged from 1 – 12 sec for each 13C site with the Cβ, Cα, and Cδ2 

on the order of 1-2 s. The latter further supports the near isotropic mobility of the adsorbed layer 

of U-His/FSN-4 in the hydrated state where the same sites have T1 ~0.5s. 
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Table 2.2. 13C longitudinal (T1) relaxation reported in seconds for hydrated His/FSN and standard His samples in solid 
and aqueous states at pH 4 and 7.6.  
 

 

 

In U-His/FSN-4 and U-His/FSN-7.6 hydrated samples, T1 of the adsorbed layer is several 

orders of magnitude shorter than excess His. We used this large difference in relaxation to isolate 

the adsorbed layer resonances by collecting 13C and 15N DP-MAS with a short recycle delay to 

saturate and remove signals from the excess, crystalline-like deposits. With a 0.25 sec recycle 

delay, 6 carbon peaks are distinguished in both samples. All sites are fully relaxed when the recycle 

delay is increased to 1 sec. Each resonance corresponds to one unique carbon site in a histidine 

molecule and should integrate to 1 when fully relaxed (maximum signal achieved).  Similarly, 15N 

DP-MAS experiments with a 0.25 sec recycle delay show 3 resonances for 15N which represent 

the nitrogen shifts of the adsorbed layer; these sites are fully relaxed (integrate to 1) after a 2 sec 

recycle delay. At pH 4, excess His chemical shifts are nearly identical to U-HisHCl indicating that 

excess His is protonated and has a similar packing structure to crystalline U-HisHCl. The excess 

is so well ordered that C’ and Cδ2 resonances are sharp enough to observe homonuclear JCC-

coupling. Cε1,ads is shifted from the excess layer, causing 7 peaks to be observed in CP-MAS. The 

“fast repetition” or short recycle delay DP-MAS experiments reveal only 6 resonances which 

correspond to the resonances of the adsorbed layer. This establishes that the upfield Cε1 peak at 

Site 
U-His/FSN-4 U-His/FSN-7.6 U-

HisHCl 
U-
His 

Amorphous 
His (pH 7.6) 

Isotropic 
His (pH 4) 

Isotropic 
His (pH 7.6) Hisads Hisexc Hisads Hisexc 

C' 0.46 101 1.71 105 157 108 26 12 12 
Cε1 0.52 142 1.45 53 197 221 24 2 2 
Cγ 0.61 105 1.64 22 196 216 17 9 7 
Cδ2 0.57 115 1.74 58 197 220 22 2 2 
Cα 0.43 51 1.61 11 54 45 21 2 2 
Cβ 0.42 52 1.76 7 57 48 22 1 1 
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134.9 ppm, which persists in DP-MAS, originates from the adsorbed layer and the downfield Cε1 

peak at 136.3 ppm (identical chemical shift to U-HisHCl Cε1) is from the excess layer.  

Fast repetition 15N DP-MAS experiments were needed to resolve U-His/FSN-4 chemical 

shifts of adsorbed Nδ1 and Nε2 that are convoluted with excess His in the CP-MAS spectrum. 

Perturbations in resonance chemical shifts are more apparent in the 15N dimension because the 

chemical shift range is larger (300 ppm) and because nitrogen sites are directly involved in 

hydrogen bonding interactions that perturb its electronic environment more so than 13C. The 

isotropic peaks of the imidazole nitrogen sites are nearly indistinguishable at acidic pH suggesting 

that their chemical environments are nearly identical. Isotropic Nδ1 and Nε2 differ by only 2 ppm 

at pH 4 due to molecular tumbling and near isotopic dynamics which make the electronic 

environment of the 2 protonated sites nearly equivalent. In solid U-HisHCl, where motion is 

restricted, the protonated imidazole nitrogens differ by 13 ppm. In the adsorbed layer of U-

His/FSN-4, Nδ1 shifts upfield by 12 ppm and is only 3.3 ppm away from Nε2. This trend supports 

the proposal of a highly dynamic, liquid-like adsorbed layer at pH 4. The imidazole ring is fully 

protonated, His molecules are likely experiencing charge-charge repulsion leading to increased 

dynamics with no preferred binding orientation, which is evidenced by the 13C and 15N chemical 

shifts close to the isotropic values (marked by blue dashed lines in Figure 2.5). Nα,ads is also shifted 

upfield from the U-HisHCl crystal but does not quite reach the isotropic shift. A small residual 

Nα,exc peak comes through in the DP-MAS spectrum because NH3 undergoes free rotation and is 

inherently more dynamic (and thus faster relaxing) than amides and other amine bonds even in 

crystalline solids.62 
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Figure 2.5. 13C and 15N (black) CP-MAS and (red) DP-MAS SSNMR spectra of hydrated 0.05M-UHis/FSN samples 
at pH 4 and pH 7.6. CP-MAS spectra show all signals, while DP-MAS collected with a fast recycle delay selects only 
the adsorbed layer. Black dashed lines show chemical shifts of U-HisHCl (cationic), red dashed lines show U-His 
(zwitterionic), and blue dashed lines show chemical shifts of isotropic His at each respective pH. 
 

 

In hydrated U-His/FSN-7.6 multiple adsorbed 13C resonances are now visible in 13C CP-

MAS spectrum (Figure 2.5, black), indicating that adsorbed and excess states are quite different. 

The CP-MAS peaks of excess His are in agreement with zwitterionic U-His (red lines) and are 

slightly broadened compared to excess His of U-His/FSN-4 suggesting that the excess does not 

pack uniformly when deprotonated. Nδ1,exc is not visible at this low loading level (since Nδ1 at pH 

7.6 is deprotonated and does not have a close proton spin bath) but a peak at 249.6 ppm is observed 

at higher His concentrations (0.10M and 0.15M) and agrees with literature values for Nδ1 in U-

His.59 The adsorbed state (Figure 2.5, red) also experiences line broadening from a distribution 

of chemical environments (chemical shift heterogeneity). Similar to U-His/FSN-4, the resonances 

of the adsorbed layer resemble that of the isotropic state. It is important to note that the chemical 
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shifts of isotropic His were collected in a hydrogen bonding environment and it is probable that 

both the isotropic and adsorbed states are involved in hydrogen bonding with water. The Nε2,ads 

peak from DP-MAS has the same chemical shift as isotropic Nε2 and displays large degrees of 

heterogenous line broadening. Many correlations with water (~ 4.7 ppm) are observed in 1H – 13C 

and 1H – 15N HETCOR experiments (Figure 2.S5), supporting TGA data that a water layer exists 

at the silica interface even following His adsorption. Additionally, Guo et al showed that alanine 

adsorbed on FSN exchanges with water in a hydrated environment thus, direct water-amino acid 

interactions appear to be present for different amino acids and are not unique to the observations 

for His.50 It is also worth noting that a small broadening upfield of the Nε2,exc peak is observed in 

the CP-MAS spectrum and is more apparent in 2D 1H – 15N HETCOR, but is not observed in DP-

MAS. This is likely due to Nε2,ads shifted from interaction with silanols and is discussed in the later 

section. 

 

NMR Characterization of His Structure and Dynamics on FSN in the Dried State 

U-His/FSN-4 and U-His/FSN-7.6 were analyzed in a dried state to observe direct 

interactions with the silica surface by removing the interfacial water layer. Full 1H – 13C and 1H – 

15N HETCOR spectra of dried U-His/FSN-7.6 can be found in Figure 2.S6. T1 relaxation of the 

adsorbed layers of both samples increase beyond the point of observation in the fast repetition DP-

MAS experiments but, were too broad to measure T1 in a reasonable timeframe. Instead, the 

chemical shifts of the adsorbed layer were extracted from 13C and 15N CP-MAS spectra where 

each peak area was fit to 2 components in MestreNova (Figure 2.6, 2.7). The sharp components 

correspond to excess His which show no change from the hydrated state, and broad components 

represent the adsorbed His. With water removed, the previously dynamic adsorbed layer of U-
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His/FSN-4 is now restricted and interaction with the FSN surface is observed. Adsorbed peaks 

broaden significantly due to a distribution of chemical environments from tighter binding and 

reflect a degree of disorder in the binding modes. In the adsorbed layer, C’, Cε1, Cα, and Nα have 

negligible changes in chemical shift upon drying (<1ppm) and Cγ, Cδ2, Cβ, Nδ1, Nε2 shift slightly 

(1-2 ppm). All chemical shifts for dried samples are listed in Table 2.3 and the deconvoluted CP-

MAS spectra are shown in Figure 2.6. Protonation state stays the same and negligible changes in 

chemical shifts suggest that drying locks in a similar environment however, because of slower 

dynamics there is likely a larger distribution of hydrogen bond lengths and strengths that is 

reflected by the line broadening.  

 

 

 

 

Figure 2.6. 13C and 15N spectra of 0.05M U-His/FSN-4 in a hydrated (red) and dried (black) state. 13C and 15N DP-
MAS (red) with fast recycle delay show only the adsorbed layer in the hydrated state. 13C and 15N CP-MAS (black) 
of the dried state are presented along with the deconvolution from MestreNova to highlight the adsorbed layer. U-
HisHCl resonances (black) and isotropic His at pH 4 (blue) resonances are indicated by the dashed lines. 
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Broadening is also observed in the adsorbed layer of U-His/FSN-7.6 with removal of water. 

Each peak area was fit to 2 components with the exception of C’, Nα, and Nε2/Nδ1 which required 

3 peaks for a proper fit. Excess His is unchanged upon drying. Figure 2.7 compares the adsorbed 

layer at pH 7.6 in hydrated, dried, and amorphous states (His encapsulated in sucrose). The 

chemical shifts, line widths, and peak shapes of the dried adsorbed layer are well represented by 

amorphous His, which was synthesized to examine if packing arrangement had any effect on 

chemical shift. At pH 7.6 His is in the zwitterionic form (Nδ1 deprotonated) and is likely interacting 

with neighboring sucrose molecules as a hydrogen bond acceptor. Hydrogen bond strength has a 

strong effect on chemical shift and distribution of hydrogen bond interactions is likely contributing 

to the observed line broadening. Amorphous Cε1 exhibits a broad asymmetric peak that can be 

deconvoluted into multiple sites resulting from overlap of Cε1 and Cγ resonances of cationic and 

zwitterionic forms. Cγ shifts downfield 10 ppm when Nδ1 gets deprotonated and this region 

contains the most overlap (refer to Figure 2.1 U-HisHCl and U-His). Unique to the dried U-

His/FSN-7.6 sample is an additional adsorbed resonance for C’, Nα, and Nδ1/Nε2 (175.2 ppm). The 

15N peak at 164.6 ppm is assigned to Nε2 shifted upfield due to interaction with the FSN surface. 

This peak is detailed as a 2D HETCOR correlation (Figure 2.8) and is observed in both hydrated 

and dried environments. The 15N resonance at 175.2 ppm, however, is ambiguous and two 

possibilities are presented.  

Option (1): The 15N resonance at 175.2 ppm is assigned to protonated Nδ1,ads. Drying locks 

in 2 forms and Nδ1 becomes either fully deprotonated or fully protonated but both forms are present. 

Nδ1 is split into 2 peaks (shifted by ~ 50 ppm) and each Nδ1 peak has a small area because it is split 

into 2 forms. The difference in Nε2 chemical shift between U-HisHCl and U-His is only a few ppm 
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so a single peak is observed with a large area and linewidth that encompasses Nε2 in both 

protonation states. Nε2 is shifted upfield due to strong hydrogen bonding with the FSN surface. 

This is believed to be more likely because both forms are present in the hydrated state measured 

by the large exchange rate of Nδ1. The relative peak areas are also consistent with this idea. C’ and 

Nα exhibit an additional resonance because they are also interacting with the silica surface, which 

has been confirmed by 1H slices from HECTOR experiments (Figure 2.8). Mudunkotuwa et al 

proposed a model of His adsorbed on TiO2 nanoparticles based on infrared (IR) spectroscopic 

analysis, where surface interactions occur through Nε2 and Nα.63 Thus, it appears that both 

protonated and deprotonated His are present in the dried adsorbed layer so 2 resonances are 

observed for Nδ1, Nα, and C’. The peak at 175.2 ppm is Nδ1,ads and is the protonated form and His 

binds to the FSN surface through hydrogen bonding with Nε2, and Nα or C’.  

Option (2): 175.2 ppm is assigned to Nε2 not interacting with silica. Drying removes Hδ1 

and locks in the neutral form. Nε2 is split into 2 resonances: Nε2 at 175.2 ppm is closer to hydrated 

Nε2 (178.1 ppm) and U-His Nε2 (171.1 ppm) where the ring is deprotonated and His is not 

interacting with the silica surface. Nε2 at 164.6 ppm is shifted upfield from interacting with silanols. 

Nα and C’ also show 2 resonances for the adsorbed layer, which could support that there is a 

population of molecules interacting with the silica surface and a population that is not interacting 

with the silica surface. This is believed to be less likely because U-His/FSN-7.6 has a stronger 

interaction with the surface in the hydrated state so removal of the water layer should cause all His 

molecules to interact with silica.  In this situation, drying removes Hδ1 and only neutral His is 

present but 2 populations exist: one binding to FSN through Nε2, and Nα or C’. The other population 

does not interact with FSN. 
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Table 2.3. 13C and 15N NMR chemical shifts of U-His/FSN complexes at pH 4 and 7.6 in dried and hydrated states. 
The chemical shifts of dry samples were determined by deconvolution in MestreNova. In cases where the adsorbed 
component could not be fit to a single peak, bold chemical shifts represent environments that interact with the FSN 
surface.  
 

 

 

Proposed Atomic Binding Model for His/FSN Adsorption Complexes 

 In the hydrated state, the adsorption site for U-His/FSN-7.6 exhibits chemical shifts that 

are close to His in an isotropic solution at near neutral pH while, the excess layer agrees with U-

His in the solid state (Table 2.1). Interactions with water molecules at the silica surface for the 

adsorption site in the hydrated state are confirmed with 1H – 13C and 1H – 15N HETCOR spectra 

(Figure 2.8). These water interactions are for the most part absent in the dry form. This type of 

hydrogen bonding arrangement is in agreement with that proposed by Mudunkotuwa et al for His 

adsorbed on TiO2 nanoparticles where Nδ1 orients away from the silica surface allowing for strong 

interactions with water.63 This is clearly observed in the hydrated state by 1H-15N HETCOR where 

a strong correlation with water is observed in the 1H dimension at 5.3 ppm (Figure 2.8Dd).  C’ 

also interacts with water in the hydrated state where the H2O-C’ correlation is readily observed at 

5.0 ppm (Figure 2.8Fe) although it appears weaker compared to that observed for Nδ1,ads. At pH 

 Site 
U-His/FSN-4 dry U-His/FSN-4 hydrated U-His/FSN-7.6 dry 

U-His/FSN-7.6 
hydrated 

Hisads Hisexc Hisads Hisexc Hisads Hisexc Hisads Hisexc 
13C C' 173.2 172.8 173.4 173.0 173.6, 179.5 175.5 174.8 175.4 
 Cε1 134.3 136.0 134.9 136.3 134.2 135.6 136.1 135.5 
 Cγ 131.3 128.1 128.4 128.2 127.5 137.5 131.5 137.4 
 Cδ2 117.4 119.2 119.0 119.1 116.4 113.9 118.0 113.8 
 Cα 55.1 54.4 54.7 54.5 55.1 57.4 55.6 57.3 
 Cβ 25.2 26.8 26.4 26.7 28.0 27.5 28.4 27.4 
          
15N Nδ1 179.7 189.6 177.3 189.5 243.0, 175.2 249.0 216.6 249.6 
 Nε2 172.4 176.3 174.0 176.2 175.2, 164.6 170.8 178.1, 164.6 171.1 
 Nα 43.8 47.4 43.6 47.4 44.0, 38.4 41.4 41.7 41.8 
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7.6 in the dried state, strong hydrogen-bonding to the silica surface is supported for some sites 

where the Nε2 shifts upfield to 164.6 ppm with considerable line broadening observed in 1D 15N 

CP-MAS (Figure 2.7) and 2D HETCOR (Figure 2.8D). Hε2 shifts upfield from 13.6 to 10.9 ppm 

(Figure 2.8De and Df) and H3-Nα correlation shifts upfield from 8.7 to 8.0 ppm (Figure 2.8Ee 

and Ed), leaving Nδ1 and C’ to interact with water with clear correlations at 5.3 ppm (Figure 

2.8Dd) and 5.0 ppm (Figure 2.8Fe). Correlations to water at 4.7 ppm are also observed for Nα 

(Figure 2.8Ed) and at 5.3 ppm for Nε2 (Figure 2.8Df) suggesting they are exchanging with water 

in addition to interacting with silica. Intermolecular interactions are observed between C’ and a 

neighboring Hε2 (Figure 2.S7) when the CP contact pulse is increased to 2 ms, suggesting 

horizontal alignment of His molecules along the surface providing intermolecular connectivity. 

This type of spatial arrangement would allow for pi-pi interactions between neighboring 

imidazoles along the surface which preferentially form in water due to higher stability.64 The later 

will need to be confirmed by future studies but, is an interesting hypothesis. 

 The adsorbed layer of dried U-His/FSN-7.6 broadens considerably due to chemical shift 

heterogeneity and restricted motion from removal of water. The HETCOR correlations to water at 

5.3 (Nδ1), 5.0 (C’), and 4.7 ppm (Nα) vanish. The proton chemical shifts of Hε2 and H3-Nα shift 

upfield from 13.6 ppm to 11.1 ppm (Figure 2.8Ab and Ac) and from 8.8 ppm to 8.2 ppm (Figure 

2.8Bb and Ba), respectively, due to interactions with FSN. Additional resonances in the adsorbed 

layer are observed in dried 13C and 15N CP-MAS NMR spectra. However, no correlation to 1H was 

observed in the F1 dimension of C’ at 179.5 ppm (Figure 2.8Ca) suggesting that the C’ in this 

environment is isolated from any proton spin bath. The C’ resonance at 173.6 ppm has a broad 1H 

correlation roughly centered ~ 7 ppm (Figure 2.8Cc) that is assigned to silanol interactions. Both 

Nα,ads peaks at 44.0 ppm and 38.4 ppm (Figure 2.8Ba and Bc) exhibit broadening in 2D HECTOR 
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and both 1H slices shift upfield and could be interacting with silica. The Nα resonances of 

protonated and deprotonated His are 47.2 and 41.5 ppm, which agree with our proposal for the 15N 

peak at 175.2 ppm where both protonation states are present and the resonances are shifted by SiO- 

interactions. Figure 2.9 summarizes the proposed model for His interacting with the FSN surface 

in hydrated and dried environments at pH 4 and 7.6.  

 

 

 

 

Figure 2.7. 13C and 15N CP-MAS NMR spectra of hydrated and dried 0.05M U-His/FSN-7.6 and amorphous His 
adjusted to pH 7.6. Red spectra are DP-MAS of the hydrated form with fast (1s for 13C, 2s for 15N) recycle delays. 
Black spectra are CP-MAS.  
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Comparison of His adsorption environment on silica to other amino acids 

When zwitterionic His is adsorbed to FSN (pH 7.6), His anchors the silica surface by 

hydrogen bonding to silanol groups at two or three contact points: Nε2, NαH3+, and/or COO- 

(Figure 2.9). Since the His R-group contains multiple hydrogen bonding sites and His has a planar 

shape, molecules can arrange horizontally along the surface, which is unique from other more 

simplistic amino acid such as Gly and Ala. The His binding and dynamics is dependent on 

hydration level and the pH of the adsorption solution. Near liquid-like dynamics and a 

nonpreferred binding is observed in acidic conditions regardless of hydration level, while at near 

neutral pH His has a more preferred binding arrangement for both hydrated and dry samples with 

the dry sample being more rigid. For Gly and Ala, which are the two simplest amino acids with 

non-polar side chains, anchoring is observed through the amine group when adsorbed on MSN.65 

The organization of Gly on FSN was also studied and shown to adsorb in zwitterionic form through 

hydrogen bonding of NH3+ to surface silanols (except below pH 2).66 Alanine adsorbed on FSN 

was found to anchor through the amine moiety in hydrated environments similar to Gly, but both 

amine and carboxyl groups hydrogen bond the surface when water is removed.50 Lysine binds FSN 

silanols almost exclusively through hydrogen bonding of the side chain amine group and exhibits 

a well-ordered vertical arrangement with the amino acid backbone terminal.49 Overall this series 

of studies on different amino acids on FSN and other silica substrates illustrate that for small, non-

polar amino acids (Gly and Ala) the only possible anchor points are the amine or carboxyl 

depending on pH and hydration. For larger, polar amino acids such as His multiple points of 

contacts are present, and the bonding arrangement is more complex with bonding through three 

contact points as shown in Figure 2.9. This illustrates the importance of individual amino acid 

studies and shows the diversity of binding to silica nanoparticle surfaces particularly when more 
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complex amino acids like Lys and His are considered. It also highlights the impact of hydration 

level and adsorption solution pH on the anchoring, organization of amino acids at silica 

nanoparticle interfaces and that SSNMR is a powerful tool to elucidate their molecular 

characteristics at an atomic level. 

 

 

 

 

Figure 2.8. 1H – 15N and 1H – 13C HETCOR experiments of U-His/FSN-7.6 in (A-C) dried and (D-F) hydrated 
environments. Corresponding 1H slices extracted from the 15N or 13C dimensions are shown at the bottom. Experiments 
were collected at 400 MHz with a 1.0 ms contact time, with 35 kHz MAS. Black lines represent excess His 
correlations, green and red represent adsorbed layer correlations that trend toward cationic or zwitterionic forms of 
His, respectively. 
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Figure 2.9. Proposed model of His – FSN interactions in hydrated and dried environments for pH 4 and 7.6 adsorptions 
on FSN surfaces. His has a rotational correlation time of ~ 5 ns in the hydrated state based on T1. 
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Conclusions 

The protonation state of His was determined for bulk U-HisHCl (protonated) and U-His 

(zwitterionic) by 13C and 15N CP-MAS SSNMR. A water layer exists at the interface of His/FSN 

adsorptions in a hydrated state, evidenced by TGA and SSNMR, that impacts His binding and 

dynamics. The U-His/FSN-4 hydrated adsorption layer exhibits isotropic behavior that was 

illustrated by fast 13C T1 relaxation (~0.5 s), 1JCH coupling resolution when decoupling is turned 

off, and strong 13C DP signal under static conditions. In both hydrated and dried states of U-

His/FSN-4, adsorbed resonances are close to the isotropic peaks of His at pH 4, suggesting all 

orientations are equally sampled at the interface with no binding preference and near liquid-like 

dynamics. In U-His/FSN-7.6 samples, electrostatic repulsion decreases and His interacts more 

strongly with the FSN surface. Nε2, Nα, and C’ adsorbed resonances are shifted from U-His due to 

interactions with FSN silanols. In the hydrated state of U-His/ FSN-7.6, CP signal is stronger, line 

broadening occurs from chemical shift heterogeneity likely due to a distribution in hydrogen bond 

strengths, and T1 values increase by 150% (~1.5 s). C’, Nα, Nε2, and Nδ1 interact with water as 

shown by 1H–13C and 1H–15N HETCOR experiments. His molecules are arranged horizontally 

along the surface with Nε2 and Nα/C’ anchor points to the FSN surface at near neutral pH. Long 

range correlations between C’ and neighboring Hε2 are observed that orient Nδ1 away from the 

surface with strong water contacts observed for this site. In the dried state of U-His/ FSN-7.6, the 

chemical shifts and line shapes of the adsorbed layer resemble amorphous His and Nε2 experiences 

a large chemical shift upfield due to strong hydrogen bonding interactions with FSN. At both pH 

4 and pH 7.6, the water layer influences dynamics but has little effect on binding 

geometry/molecular orientation for the near neutral sample while at pH 4 rapid dynamics are 

observed for both cases with no evidence of preferential binding. This work demonstrates the 
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power of advanced MAS SSNMR techniques for elucidating amino acid binding on surfaces at an 

atomic level allowing for molecular models to be proposed as illustrated here. It also highlights 

the importance of hydration state and adsorption solution pH when conducting such investigations 

and shows the diversity in amino acid binding arrangements possible on silica surfaces when this 

work is compared to other amino acids on FSN investigated with similar SSNMR techniques. This 

sets the stage for future multinuclear, multidimensional SSNMR studies of His-containing peptides 

on silica and other nanoparticle surfaces. 
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Table 2.S1. Sample abbreviations and preparation methods. 

Abbrevia
tion State Sample  Preparation 

FSN Solid  Fumed silica 
nanoparticles (7 nm) 

When used in adsorptions, heated to 500 °C overnight prior 
to use 

U-HisHCl Solid, 
crystalline 

Histidine, fully 
labeled, fully 
protonated 

Isotopically labeled U-[15N, 13C]-L-histidine 
monohydrochloride monohydrate (98%). No preparation, 
used as received 

U-His Solid, 
powder 

Histidine, fully 
labeled, zwitterionic  U-HisHCl adjusted to pH 7.6 ± 0.2 using 1M NaOH 

Amorpho
us His 

Solid, 
amorphous 

Histidine, fully 
labeled, zwitterionic 

The amorphous state was achieved by entrapping U-HisHCl 
in a sucrose solution (33% w/w) followed by flash freezing 
in liquid nitrogen and lyophilization 

Isotropic 
His Liquid  Histidine, fully labeled 

in an aqueous state 
U-HisHCl dissolved in a 90:10 mixture of H2O:D2O and 
adjusted to pH 4 or pH 7.6 ± 0.2 using 1M NaOH 

L-
histidine·
HCl·H2O 

Solid, 
crystalline 

Histidine, natural 
abundance, fully 
protonated 

No preparation, used as received 

pure L-
histidine 

Solid, 
powder 

Histidine, natural 
abundance, 
zwitterionic 

No preparation, used as received 

U-
His/FSN-x 

Solid, 
adsorbed 

Histidine, fully 
labeled, adsorbed on 
FSN, x represents pH 
of the adsorption 
solution 

U-HisHCl dissolved in water at 0.05M and adjusted to pH 
x. FSN was added and the solution was stirred for 3 h, 
centrifuged, and dried under vacuum 

HisHCl/F
SN-xM 

Solid, 
adsorbed 

Histidine, natural 
abundance, adsorbed 
on FSN, x represents 
concentration of the 
adsorption solution 

L-histidine·HCl·H2O dissolved in water at a concentration 
of xM and adjusted to pH 7.6 ± 0.2 using 1M NaOH. FSN 
was added and the solution was stirred for 3 h, centrifuged, 
and dried under vacuum 

His/FSN-
xM 

Solid, 
adsorbed 

Histidine, natural 
abundance, adsorbed 
on FSN, x represents 
concentration of the 
adsorption solution 

Pure L-histidine dissolved in water at a concentration of xM 
and adjusted to pH 7.6 ± 0.2 using 1M NaOH. FSN was 
added and the solution was stirred for 3 h, centrifuged, and 
dried under vacuum 

 “Adsorbed
” or “ads”  The adsorbed layer of histidine that is in contact with FSN 

surface 

 “Excess” or 
“exc”  Excess deposits of bulk histidine that build in around the 

adsorbed layer once the surface is saturated 

 “Hydrated”  Any adsorptions that were analyzed directly following 
preparation and contain water at the surface  

 “Dry”  Any adsorptions with the water layer removed by drying in 
rotor under high vacuum for 4 weeks at room temperature 
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Figure 2.S1. (a, b) TGA curves and (c, d) DTG curves of His/FSN adsorptions using natural abundance L-
histidine·HCl·H2O (fully protonated crystal) or L-histidine (neutral powder). All adsorptions were adjusted to pH 7.6 
± 0.2.   
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Figure 2.S2. 1H Solution NMR of free HisHCl untreated (pH 1) and free HisHCl after thermal treatment of 24 h at 
165 °C (pH 4). Both samples were dissolved in 90:10 H2O:D2O and referenced to DSS (0 ppm) as an internal standard. 
The small variation in chemical shifts between the two samples is only due to pH differences between samples and 
not indicative of a thermal condensation product. 
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Figure 2.S3. DFT His models with N-H perturbations and resulting NMR chemical shift calculations. The calculated 
15N chemical shift (ppm) is plotted as a function of N-H bond length.  
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Table 2.S2. Computational results from DFT calculations of His models with N-H perturbations. A plus sign (+) 
represents protonated histidine with positively charged imidazole ring, and a zero (0) represents the neutral histidine 
molecule where Nδ1 has been deprotonated.  
 

  δcalc Nδ1 (ppm) δcalc Nε2 (ppm) δcalc Nα (ppm) 
(+) Nδ1-H 1.05 191.8 163.2 39.1 
 1.25 213.6 161.7 38.9 
 1.50 235.9 160.4 38.5 
 1.75 249.9 159.7 38.2 
Avg Std Dev  223 ± 26 161 ± 2 39 ± 0 
     
(+) Nε2-H 1.01 191.8 163.2 39.1 
 1.25 188.7 189.7 39.3 
 1.50 184.7 228.1 39.9 
 1.75 179.2 278.4 41.9 
Avg Std Dev  186 ± 5 215 ± 50 40 ± 1 
     
(0) Nε2-H 1.01 272.6 154.8 44.1 
 1.25 266.6 182.7 44.1 
 1.50 260.2 227.2 44.1 
 1.75 257.2 293.1 44.1 
Avg Std Dev  264 ± 7 214 ± 60 44 ± 0 
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Figure 2.S4. 13C Saturation recovery experiments used to selectively measure T1 of the adsorbed layer by using a 
short recycle delay. (a) Data processing displayed for Cγ sites where integrated areas are plotted and fit to a single-
component equation to determine T1. (b) The direct polarization pulse sequence of the saturation recovery experiment. 
 

 

 

Figure 2.S5. Full spectrum (a) 1H – 15N and (b) 1H – 13C HETCOR of U-His/FSN-7.6 in the hydrated state. 
Experiments were collected at 400 MHz with 35 kHz MAS. Heteronuclear correlation is observed through polarization 
transfer with a 1 ms contact pulse. 
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Figure 2.S6. Full spectrum (a) 1H – 15N and (b) 1H – 13C HETCOR of U-His/FSN-7.6 in the dried state. Samples were 
packed in rotor and dried under high vacuum for 3 weeks. 1H 1D spectra were collected before and after analysis to 
make sure samples did not rehydrate during experimentation. Experiments were collected at 400 MHz with 35 kHz 
MAS. Heteronuclear correlation is observed through polarization transfer during a 1 ms contact pulse. 
 

 

 

 

Figure 2.S7. 1H – 13C HETCOR of U-His/FSN-7.6 in the hydrated state with variable CP contact time to view long 
range couplings. Experiments were collected at 400 MHz with 35 kHz MAS. Heteronuclear correlation is observed 
through polarization transfer during a (a) 1 ms or (b) 2 ms contact pulse. Corresponding 1H slices and intermolecular 
interactions are illustrated on the right. This result highlights intermolecular contact between C’ and Nε2 and provides 
strong evidence for the horizontal arrangement of His on the FSN surface. 
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Chapter 3 
 

The impact of metal doping on fumed silica structure and amino acid thermal condensation 
catalytic properties 
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Abstract 

Fumed silica nanoparticles (FSN) are one of the most commonly synthesized forms of 

silica but prolonged exposure leads to cell toxicity and apoptosis due to reactive oxygen species 

(ROS) generation and cell membrane perturbation resulting from hydrogen-bonding and 

electrostatic interactions. Increasing attention is being put on synthesizing FSN material that is 

safer both for workers involved in large-scale industrial production, and consumers coming into 

contact with FSN additives. In the present work, we explore the structural differences and efficacy 

of Al- and Ti-metal doped FSN which has previously been shown to reduce toxicity effects of 

FSN. We use a combination of 29Si and 27Al solid-state magic angle spinning (MAS) NMR, Raman 

spectroscopy, and thermogravimetric analysis (TGA) to probe the surface and bulk structure and 

quantify the adsorption capacity and reactivity of the metal-doped FSN with respect to amino acid 

thermal condensation. Alanine was selected as the amino acid of choice for its simplicity and 

ubiquity in biochemical reactions. The results indicate that metal doping has a modest impact on 

the fumed silica molecular structure with a small decrease in amino acid adsorption capacity and 

thermal condensation reactivity as a function of increased metal doping. 

 

Graphical Abstract 
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Introduction  

Fumed silica nanoparticles (FSN) are generally recognized as safe (GRAS) by the Food 

and Drug Administration (FDA) and have been a commonly used additive in foods, beverages, 

and cosmetics for decades.1 While oral consumption of FSN is GRAS, repeated exposure leads to 

accumulation in cells, causing inflammation, apoptosis, and cytotoxity.2-4 Recent studies show that 

inhalation causes immediate acute inflammatory responses in the pulmonary system.4 Prolonged 

exposure induces chronic lung toxicity and its effects on other organs have yet to be studied.4 This 

brings the GRAS classification into question. FSN is one of the most highly produced synthetic 

forms of silica due to its stability and widespread applicability;5 thus, efforts to make the material 

safer are of significant public interest. Brinker et al have begun investigating metal doping of FSN 

as a novel alternative that shows promising results in the context of reducing cellular toxicity. 

Aluminum and titanium are introduced during the pyrolytic synthesis and the resulting metal-

doped FSN exhibits reduced reactive oxygen species (ROS) generation and inflammatory 

responses in the lung compared to undoped FSN.3, 4 Here, we present the first investigation into 

the molecular structural changes due to metal doping and the impact of metal doping on FSN 

amino acid thermal condensation catalytic activity.  

 One of the reasons why FSN is such an efficient thickening agent is because of its 

extremely high surface area with primary particle sizes in the range of 7 – 14 nm. Due to the nature 

of FSN formation, these types or particles contain an increased population of strained 3-membered 

rings (3MR) that have been shown to cleave after thermal treatment and rehydration to form 

surface radical species.2, 3 It has been hypothesized that these inherent strained ring defects and 

surface radicals are what makes FSN highly reactive and toxic to cells.2, 6 The high surface area 

combined with ROS generation also makes FSN a very effective catalyst in the promotion of 
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thermal condensation reactions which have significant implications in origin of life research.7-13 

Much of the Earth’s crust is composed of silicates, silica-containing clays, and silica substrates 

have been shown to sequester and stabilize amino acids in dilute solutions and promote 

oligomerization.9, 14-16 Clays and other silica-based minerals often exist in combination with other 

elements, so understanding how metals such as Al and Ti effect both binding and oligomerization 

is also of interest in origin of life research. Oligomerization proceeds through condensation of 

neighboring amino acids and is readily monitored by first derivative thermogravimetric analysis 

(DTG).14, 17-20 This presents a simple and effective method to monitor changes in surface reactivity 

as a function of amino acid loading capacity. Here, solid-state nuclear magnetic resonance 

(SSNMR) and Raman spectroscopy are used to characterize the molecular structure of metal-

doped FSN, and thermogravimetric analysis (TGA) is used to determine the influence of metal 

doping on FSN amino acid adsorption capacity and thermal condensation reactivity. The results of 

these experiments illustrate that metal doping influences the FSN molecular structure and 

decreases the amino acid adsorption capacity and thermal condensation reactivity as the metal 

content is increased at low levels.   

 

Experimental 

Materials 

Natural abundance L-alanine was purchased from Sigma-Aldrich and used as received. 

 

Preparation of Metal-Doped FSN 

Flame spray pyrolysis was used to synthesize metal-doped silica nanoparticles. Details of 

the procedure are described elsewhere.21, 22 In brief, the undoped, Ti- and Al-doped SiO2 were 
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obtained using a flame aerosol technique. The Ti-doped SiO2 library was synthesized via 

combustion of titanium isopropoxide (Ti-precursor, Sigma Adrich) mixed with 

tetraethylorthosilicate (TEOS, Si-precursor, Sigma Adrich). Al-doped SiO2 was obtained by 

combustion of the mixture of aluminum secondary butoxide (Al-precursor, Sigma Adrich) and 

tetraethylorthosilicate. For both the cases, the resulting solutions were diluted with xylene.  To 

prepare 10% Ti or Al doped SiO2 particles (as an example), 15.2 mL of 0.1 M titanium isoproxide 

or 27.4 mL of 0.1 M aluminum secondary butoxide were mixed together with 50 mL of 0.5 M 

TEOS and flame sprayed. During combustion (1) liquid spray was ignited by premixed gases such 

as CH4 and O2 flowing at the rate of 1.5 and 3.2 L/min, respectively, forming a spray flame (2) the 

precursor feed was maintained at 5 mL/min throughout the experiment (3) the precursor droplets 

were atomized using 5 L/min O2 at a constant pressure drop of 1.5 bar at the nozzle. The ultrafine 

particles produced were collected from a 257 mm glass filter placed in the flame reactor at the 

distance of 60 cm from the flame nozzle. 

 

Adsorption of Alanine on FSN 

FSN was heated at 500 °C in an oven overnight to remove adsorbed water and impurities 

from the surface and activate the FSN. Aqueous solutions of alanine were produced [0.10 M] using 

deionized water and separated into 5.00 mL aliquots. 75 mg of FSN was added and each solution 

was stirred overnight at ambient conditions followed by centrifugation at 6000 rpm for 1 h to pellet 

the adsorption complex. Samples were dried under vacuum overnight at room temperature and 

analyzed as described below.  
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Solid-state Nuclear Magnetic Resonance Spectroscopy 

NMR experiments were conducted with a 600 MHz Bruker Avance IIIHD spectrometer 

equipped with a 4 mm double resonance (1H/X) MAS probe. 27Al direct polarization (DP)-MAS 

experiments were collected with 15 kHz MAS using a 0.66 µs (p/12) excitation pulse, 1600 ppm 

spectral width (sw), 4k points, 0.25 sec recycle delay (d1), and 16k – 256k scans, with no 

decoupling. 27Al CP-MAS experiments were set up using an aluminum oxide standard (g-alumina) 

at 15 kHz MAS. Experiments were collected with an 800 ppm sw, 512 points, 1 sec d1, 16k scans, 

and no decoupling. An initial 1H π/2 pulse of 4.5 µs was applied, followed by a 500 µs contact 

pulse (30% ramp) matched to the -1 Hartman Hahn spinning side band condition for 27Al at 35 

kHz B1 field strength (RF). 27Al spectra were processed with 2k points, 100 Hz line broadening 

and externally referenced to a 1 M solution of Al(NO3)3 (0 ppm).  

29Si DP-MAS experiments were collected at 5 kHz MAS using a 4 µs (p/2) excitation pulse, 

382 ppm sweep width (sw), 512 points, 300 sec recycle delay (d1), and 280 scans. High-powered 

spinal-64 1H decoupling was applied at 44 – 46 kHz RF during acquisition, and spectra were 

processed with 4k points and 50 Hz line broadening. 1H à 29Si cross-polarization (CP) 

experiments included an initial 1H p/2 pulse of 2.7-2.75 µs followed by a ramped (50%) 5 ms 

contact pulse matched to the -1 Hartman Hahn spinning sideband condition for 29Si at 55 kHz RF. 

High-powered spinal-64 1H decoupling at 44 – 46 kHz RF was applied during acquisition. 29Si 

CP-MAS experiments were collected with a 382 ppm sw, 512 points, 5 s d1, and 8k scans. 20 Hz 

line broadening and zero-filling to 2k points were used in processing. All 29Si NMR spectra were 

externally referenced to TTSS (-9.7 ppm).  
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BET and OH-concentration Determination 

The Brunauer-Emmett-Teller (BET) measurements were performed using a Quantachrome 

NOVA gas adsorption system at liquid N2 temperature to determine the specific surface areas of 

the samples. The powders (~ 60-100 mg) placed in a test cell were allowed to degas at 200 °C for 

2 hours. Data were acquired by exposing or removing a known quantity of gas in or out of the cell 

containing the solid adsorbent maintained at 77 K. Total OH-concentrations were obtained via 

integration of near and mid IR bands centered at 4500 and 3750 cm−1, followed by applying Beers 

law with molar absorptivity coefficients of 0.16 and 4 μM/cm−1, respectively.2, 23 

 

Raman Spectroscopy 

The Raman spectroscopic data was collected using a custom-built Raman spectrometer 

configured in 180° geometry. The sample was excited using a 150 mW Coherent Sapphire SF laser 

with a 532 nm laser wavelength. The laser power was controlled using a neutral density filter wheel 

and an initial laser power of 28 mW. The laser was focused onto the sample using a 50X super 

long working distance plan APO Mitutoyo objective with a numerical aperture of 0.42. The signal 

was discriminated from the laser excitation using a an Ondax® SureBlock™ ultranarrow-band 

notch filter combined with two Optigrate notch filters. The data were collected using an Acton 

300i spectrograph and a back thinned Princeton Instruments liquid nitrogen cooled CCD detector. 

 

Thermogravimetric Analysis  

A TA2910 (TA Instruments Inc.) TGA was used to quantify adsorption and assess surface 

reactivity of the metal doped FSN. A sample mass of 12 – 15 mg was used in each experiment and 

the sample was equilibrated under N2 flow for a minimum of 30 min prior to analysis or until a 
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stable baseline was reached. The instrument flow rate was maintained at 60 mL/min and 40 

mL/min for furnace and balance, respectively. The TGA method included temperature 

equilibration at 25 °C followed by a 5 °C/min heating rate applied from 25 – 600 °C.  

 

 

 

 

Figure 3.1. 29Si CP-MAS NMR of a) Al- and b) Ti-doped samples with 0%FSN. Spectra are scaled proportionally to 
sample mass. 
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Results  

29Si CP-MAS  

1H à 29Si CP-MAS experiments were used to selectively characterize the surface of FSN 

since the bulk material is composed of siloxane bonds (excluding minor defects and trapped 

interparticle water) and the only proton spin bath comes from surface silanols making the method 

surface specific.24 In a typical 29Si CP-MAS spectrum, three peaks are present centered at -90 ppm 

(Q2), -100 ppm (Q3), and -110 ppm (Q4) where the number represents the number of bridging 

siloxane bonds surrounding the central tetrahedrally coordinated silicon atom. In zeolites and other 

silicates, T coordinated sites are expected at -50 ppm (T1), -60 ppm (T2), and -70 ppm (T3).25, 26 Tn 

sites represent direct Si-R coordination. No Tn sites were observed in any of the doped spectra, 

indicating that the metal atoms are incorporated into the siloxane network replacing tetrahedrally 

coordinated silicon and attaching bridging oxygens. 29Si CP-MAS spectra (Figure 3.1, Table 3.1) 

were fit with the software package MestreNova. No major differences in peak shapes were 

observed for differing levels of Al or Ti-doping. The full width at half maximum (FWHM) 

increased with increased doping level for all Qn sites in Al containing samples, with 10% doping 

exhibiting the largest FWHM. Compared to 0%FSN, the FWHM increased by ~ 65 Hz (Q2), ~ 105 

Hz (Q3), ~ 260 Hz (Q4). All sites are broadened indicating that Al is incorporated near the surface 

including Q4 sites. A smaller overall change in FWHM is observed across Ti-dopants and 10%Ti 

only increases by ~ 7 Hz (Q2), ~ 12 Hz (Q3), and ~ 145 Hz (Q4) compared to 0%FSN. The FWHM 

actually decreased in Q2 by ~ 10 Hz from 1 to 7%Ti, in Q3 by ~ 10 Hz from 1 to 3%Ti, and in Q4 

by ~ 15 Hz from 5 to 7%Ti, but this minor change is within the fitting error. The FWHM was 

slightly higher in Al dopings vs Ti dopings presumably due to the nominal charge difference where 

Al is +3 and Ti +4. Overall, the increase in linewidth with metal doping content indicates an 
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increased silica heterogeneity/disorder with Al-containing samples exhibiting the broadest 

resonances.  

The relative abundances of Qn sites were also analyzed and only minimal differences in Qn 

ratios were observed. For Al-dopants, Q2 populations remain the same across samples and Q3 is 

converted to Q4 as doping level increases assuming similar CP efficiency across samples. This is 

another indication that some of the aluminum sites may be congregating near the surface. In Ti-

dopants, Q3 gets converted to Q2 and Q4 but the changes are still minimal in comparison to Al. 

Lastly, chemical shift was analyzed, and changes are small (~ 0.5 to 1 ppm) but trend downfield 

with increasing dopant indicating a small decrease in T-O-T bond angle.27, 28 

Overall, the absence of any Tn sites among dopants confirms that the metal is incorporated 

into the framework through bridging oxygens. The FWHM all Qn sites increases at the 10% level 

which suggest that at least some of the dopants are near the surface. Al dopants create a larger 

change in CP-MAS spectra than Ti dopants suggesting that Al makes the framework more 

disordered.  
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Table 3.1. 29Si CP-MAS SSNMR data for doped samples.  
 

 
Q2 Q3 Q4 
Populati
on 

FWHM 
(Hz) 

δ 
(ppm) 

Populati
on 

FHWM 
(Hz) 

δ  
(ppm) 

Populati
on 

FWHM 
(Hz) 

δ  
(ppm)  

0% FSN 0.14 645 -91.0 0.69 881 -100.4 0.17 985 -110.4 
1% Al 0.14 656 -91.0 0.66 882 -100.2 0.20 1050 -109.8 
3% Al 0.15 656 -90.7 0.63 890 -99.8 0.21 1115 -109.3 
5% Al 0.15 661 -90.6 0.60 939 -99.5 0.24 1164 -108.9 
7% Al 0.15 675 -90.8 0.62 944 -99.6 0.23 1089 -108.8 
10% Al 0.15 711 -90.7 0.59 986 -99.7 0.26 1246 -109.1 
1% Ti 0.13 620 -91.5 0.66 875 -100.8 0.21 1014 -110.5 
3% Ti 0.13 614 -91.5 0.64 865 -100.7 0.23 1108 -110.2 
5% Ti 0.14 613 -91.0 0.62 874 -100.2 0.24 1112 -109.7 
7% Ti 0.14 609 -90.7 0.62 886 -99.9 0.24 1096 -109.5 
10% Ti 0.15 652 -91.0 0.62 893 -100.2 0.23 1129 -109.9 

 

 

29Si DP-MAS 

29Si DP-MAS NMR (Figure 3.2) was utilized to examine bulk structural changes for FSN 

samples as a function of metal doping. Due to the low signal intensity of protonated Q2 and Q3 

sites in 29Si DP-MAS experiments, the discussion will focus on Q4 resonances that dominate the 

spectra and represent the bulk siloxane bonds. A long recycle delay (300 s) was used and spectra 

were scaled by mass for quantitative analysis. All samples had a broad Q4 resonance due to the 

intrinsic amorphous nature of FSN. Since DP-MAS is a direct polarization technique and proton 

decoupling was applied during acquisition, broadening can be attributed to the degree of disorder 

within the bulk framework similar to the above discussions for CP-MAS results, specifically a 

larger distribution of Si-O-T (T = Al, Si, or Ti) bond angles and Si-O bond strengths, as well as Al 

and Ti disorder from the presence of multiple coordination sites (see 27Al discussion below). While 
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Al and Ti are the next nearest neighbors (NNN) (i.e. not directly bound to silicon), they do have a 

deshielding effect on the observed 29Si NMR isotropic chemical shift.27, 29-31 

In Al-doped samples, Q4 intensity decreases as doping level increases from 1% to 5% 

indicating homogenous incorporation in the framework with increasing formation of Si-O-Al 

bonds. While Al is commonly found in multiple coordination environments, titanium is typically 

octahedrally coordinated as the rutile polymorph.32 However, previous studies have shown that at 

low metal doping levels in titanium-containing silicate glasses (0.05 < TiO2 < 9 % (w/w)) the 

titanium cations are primarily tetrahedral with increasing levels of octahedral coordination as 

doping level increases.33-35 29Si Q4 intensities of Ti-doped samples are scattered and no trends can 

be established (Figure 3.2). It is interesting to note that the 5% doping in both materials are 

outliers. 5%Ti has the largest Q4 population after 0%FSN, followed by 1%Ti, then 3%/7%/10%Ti 

with the lowest. The absence of any trend or large change in Q4 peak area and chemical shift 

suggests that Ti- is either phase separated from the Si-O-T network or that Ti is not incorporated 

in the framework at all. This will be discussed further in the Raman section. 
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Figure 3.2. 29Si DP-MAS NMR of Al- and Ti-doped samples with 0%FSN.  

 

 

In addition to changes in Q4 intensity, Q4 resonances shift downfield as doping level 

increases. Many studies have been done that relate 29Si DP-MAS NMR isotropic chemical shifts 

to Si-O-Si bond angle.27, 28, 30, 36-38 In this work, we used the equation published by Smith and 

Blackwell38 derived from silica polymorphs and later applied to amorphous FSN by Legrand et 

al28 to estimate the average Si-O-T bond angle of each dopant that is listed in Table 3.2 for the 
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samples studied here. As the siloxane bond angles decrease, silicon atoms become deshielded and 

Q4 shifts downfield. However, it is important to note that Al and Ti also have next-nearest-neighbor 

(NNN) deshielding effects leading to the Q4 shift downfield.29, 31 Therefore, the chemical shift 

cannot be attributed to differences in bond angle alone. The total downfield shift from 0%FSN to 

10%Al or 10%Ti is small (~ 1 ppm) although the trend would likely continue if doping levels were 

increased further. This is consistent with the results published by Ramdas et al, where ~ 5 ppm 

shift is observed in 25% Al content of zeolites and with Balmer et al, where a 5 – 10 ppm shift is 

observed at 25% Ti doped silica glass.29, 31  

 

 

Table 3.2. 29Si Q4 isotropic chemical shift from DP-MAS and predicted Si-O-T bond angle calculated from the 
equation derived by Smith & Blackwell.38  
 

 Al-doped 
(δ ppm) α (°) Ti-doped 

(δ ppm) α (°) 

0%FSN -110.0 146.9 -110.0 146.9 
1% -109.6 146.4 -109.9 146.7 
3% -108.5 145.0 -109.7 146.5 
5% -108.3 144.8 -108.9 145.5 
7% -108.7 145.2 -109.4 146.1 
10% -108.8 145.4 -109.1 145.7 

 

 

27Al DP-MAS NMR 

27Al MAS NMR is a useful technique for determining Al coordination in inorganic 

materials. Due to limited sample quantity, only 1%, 5% and 10% Al were analyzed, as well as 

10%Al following thermal treatment (overnight at 500 °C), rehydration, and adsorption of Ala 

(Figure 3.3). In all samples, at least three Al resonances are observed ~ 52, 12 and 0 ppm indicating 

presence of tetrahedral (52 ppm) and a minimum of two octahedral coordination sites (12, 0 ppm). 
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A large broad resonance is observed in all samples ~ 33 ppm. It is unclear whether this is due to 

the presence of a penta-coordinated species or additional strained tetrahedral sites that exhibit 

larger second-order quadrupole broadening compared to the traditional tetrahedral environment 

observed ~ 52 ppm.39-41 The center of this resonance does not shift with doping level and remains 

considerably broad across 10%Al perturbations. Thermal treatment causes the signal ~ 33 ppm to 

increase and rehydration causes the tetrahedral peak ~ 52 ppm to increase and ~ 33 ppm signal to 

decrease. This is consistent with the work by Peeters et al where thermal treatment and 27Al 

multiple quantum (MQ)-MAS was used to confirm that the ambiguous resonance ~ 33 ppm is 

actually due to a distorted tetrahedral environment experiencing a large quadrupole interaction, 

and not a penta-coordinated species as one would expect.42 Our samples exhibit similar behavior, 

and therefore we hypothesize that this resonance is likely due to a more strained tetrahedral 

coordination. Additionally, penta-coordinated sites are less common and are often unobservable 

due to the asymmetric nature of the site.43-45 In the literature Al[O5] sites were only observed in 

very high aluminum percentages (30% and 70%Al) as was shown previously for Al-doped FSN44 

and in zeolites (ZSM-5 and HZSM-5) following thermal treatment over 900 °C and 

rehydration.43,45 

27Al is a I=5/2 quadrupolar nucleus, meaning local symmetry has a large effect on signal 

intensity and powder pattern lineshapes, so peak area is not indicative of relative populations.39, 40, 

46 Typically, octahedrally coordinated sites have high symmetry and exhibit only first order 

quadrupolar contributions to the resonances with little to no second order contribution and is 

expected to have a stronger signal intensity.39, 40, 46 However, the metal doping levels analyzed here 

are all dominated by tetrahedrally coordinated Al[O4] (~ 52 ppm) environments. This is expected 

since aluminum atoms are replacing tetrahedrally coordinated silicon. 1%Al and 5%Al appear 
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mostly tetrahedral, and 10%Al has strong contributions from both tetrahedral and octahedral 

regions.  

 

 

 

 

Figure 3.3. 27Al DP-MAS NMR of Al-doped samples. Spectra were collected at 15 kHz MAS. A recycle delay of a) 
0.25 sec and b) variable delay between 0.25 and 5 s were used. The following notation is used to indicate treatments 
applied to 10%Al FSN: 10%Al-t (thermal treated), 10%Al-r (rehydrated), and 10%Al-a (alanine adsorbed).  
 

 

In the 10%Al-SiO2 sample, there is not much change after heating. The tetrahedral and 

octahedral resonances broaden due to disorder and restricted dynamics. Heating impacts T1 

relaxation of all sites which we observe by the peak intensities increasing with increasing recycle 

delay (Figure 3.3). After rehydration, only the downfield octahedral resonance exhibits changes 

with increasing recycle delay. This suggests that this site is either in the framework and unaffected 

by local dynamics or rearrangement at the surface after rehydration, or that this is a separate 
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population of small alumina particles that have increased T1 due to a difference in dynamics. This 

will be discussed further in the next section where 27Al CP-MAS was collected on 10% heated and 

rehydrated, and the upfield octahedral site has the largest CP signal, suggesting this site is close to 

or at the highly protonated surface.   

In addition to 29Si, 27Al resonances are also deshielded with increasing %Al. While we 

cannot accurately report chemical shifts from a basic Lorentizan Gaussian line fit, it is obvious 

that the Al[O4] and Al[O6] regions shift downfield as doping level increases. Al[O4] shifts <1 ppm 

from 5% to 10% and <1 ppm after calcination and rehydration supporting that aluminum was 

homogenously incorporated in the framework. The Al[O6] site, however, shifts 5 ppm downfield 

from 1% to 10% which could mean that the octahedral sites are potentially the result of phase-

separation. If 27Al nuclei are deshielded with increasing aluminum content, this means either an 

increase in 27Al NNN (more Al-O-Al bonds) or Al nuclei are sensitive to the long-range electron 

withdrawing effects (less likely). The idea of phase-separation for the highest doping level is in 

agreement with 29Si DP-MAS which shows a slight increase in 29Si Q4 content at 10%Al. 

 

 

 

 

Figure 3.4. 27Al CP-MAS NMR of 10%Al- doped samples after heating and rehydration. 
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27Al CP-MAS  

 27Al CP-MAS was collected on 10%Al-SiO2 following heating and rehydration (Figure 

3.4). No signal was observed in the heated sample when a short contact pulse was used (500 µs). 

Following rehydration, some Al[O4] and Al[O6] sites were observed. This indicates that a portion 

of the Al[O4] and Al[O6] environments are located near surface hydroxyls or water but may not be 

directly bound. Aluminum hydroxides are present in penta and octahedrally coordinated 

materials;44, 47, 48 thus, we cannot rule out the possibility that a small population of hydroxylated 

alumina particles are present in the system, causing the Al[O6] resonance ~ 12 ppm. This would 

explain the increased signal intensity and sharp linewidth upon rehydration. It also agrees with 29Si 

DP-MAS data where an increase in Q4 population occurs at 7% and 10%Al which likely indicates 

formation of more undoped FSN. The presence of small alumina particles was seen in a previous 

study of Al-containing silica sol-gel derived materials where MQMAS was used to measure 

quadrupole parameters that were similar to that of alumina42 and could be a possibility here. It is 

also interesting to note that the broad 27Al resonance ~ 33 ppm is for the most part absent compared 

to the 27Al DP-MAS NMR spectrum (Figure 3.3) indicating that this environment is associated 

with the bulk Al-doped FSN and not spatially close to surface protons.     

 

Raman Spectroscopy  

The Raman spectra of 0%FSN display characteristic silica stretching modes (oxygen 

bending motion in the random network denoted as “R” ~ 440 cm-1, stretching vibrations of Si-O-

Si ~ 800 cm-1, and Si-(OH) stretching ~ 950 cm-1) and strained defects (oxygen breathing 

vibrations of strained 4- and 3- membered rings denoted as “D1” ~ 495 cm-1 and “D2” ~ 605 cm-

1, respectively).49, 50 Al-doped samples produced too much fluorescence for analysis (Figure 3.S1) 
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so only Ti-doped samples will be discussed here. Five of the 6 Raman active anatase stretching 

modes were observed in all Ti-doped samples with no evidence of rutile coordination (Figure 3.5). 

Previous studies on Ti-doped FSN found that octahedral coordination is preferred in Ti >9%, and 

that either rutile or anatase coordination is possible and is determined by the mode of glass 

preparation.33, 34 Silicon is a known inhibitor of rutile transformation so it is not surprising that 

anatase is observed even though rutile is the thermodynamically and kinetically stable 

polymorph.32 The anatase stretching modes dominate all Ti-dopants and convolute the silica strain 

ring defects making them unobservable. This is unfortunate as the presence of strained ring defects 

appears to correlate with the amino acid thermal condensation reactivity of FSN17 (discussed 

below). 

 

 

 

 

Figure 3.5. Raman spectra of 0%FSN and Ti-doped FSN. 
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5%Ti has the weakest anatase peaks which is in agreement with 29Si DP-MAS that show 

5% has the largest 29Si Q4 intensity. Surprisingly, the silica stretching modes are most pronounced 

in 10%Ti-SiO2 where anatase peaks are also the strongest. This supports that phase separation is a 

strong possibility for the Ti-doped samples and is also consistent with 29Si MAS NMR results 

discussed above. Anatase is crystalline and the peaks in 10%Ti are significantly more intense than 

any of the other dopings.32 This would also explain the increase in silica stretching modes as well 

for this sample.  

In Balmer et al’s analysis of the titanosilicate pollucite (CsTiSi2O6.5) Ti- and Si- stretching 

and bending modes were significantly broadened and convoluted.31 Huang et al analyzed 

amorphous TiO2 xerogel as well as crystalline anatase and rutile polymorphs.51 In the amorphous 

form, the peaks are so broad they are unresolvable. The anatase peaks in our doped samples looks 

like that of pure crystalline anatase leading to the conclusion that anatase is the primary containing 

component of the sample and incorporation into the FSN framework through Si-O-T bonding is 

low.  

 

TGA Thermal Analysis  

TGA monitors sample weight loss as a function of temperature and can be used to 

determine the amount of adsorbed water and organic species. TGA can also be used to observe 

thermal condensation reactions for adsorbed amino acids by detecting the water loss during the 

formation of peptide bonds.14, 15, 52-54 Because of the limited amount of material only two TGA 

runs could be conducted per metal doped FSN sample. Some variation exists within each sample 

depending on environmental humidity, starting temperature of furnace, and N2 tank pressure; thus, 

the average of both runs is reported.  
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The hydroxyl content (OH/nm2), primary particle size (nm), and surface area (m2/g) were 

quantified by BET and are reported in Table 3.3. Together, these values determine the number of 

available ligand binding sites which is one of the primary traits that determine the amount of Ala 

that will bind. The weight loss reported in Table 3.3 is the loss of Ala, measured from 100 to 600 

°C. All doped NPs were within ± 1% of 0%FSN indicating that doping level has little effect on the 

amount of adsorbed alanine. The average weight loss quantified by TGA (Figure 3.S2) was 6.25% 

for 0%FSN, 7.06 ± 0.39% (Al-doped NPs), and 6.83 ± 0.53% (Ti-doped NPs). The average of both 

Al- and Ti- dopants was higher than 0%FSN with small standard deviations. When the surface 

area is accounted for determining the number of Ala molecules/nm2, it becomes evident that the 

adsorption capacity roughly decreases with increasing metal doping content and decreasing 

OH/nm2 (Table 3.3).  

 

 

 

Table 3.3. BET analysis and TGA calculations.  
 

Doping Level SSA (m2/g) Diameter 
(nm) OH/nm2 

0.10M L-Ala 
Wt Loss 
(%) 

Molecules 
Ala (/nm2) 

Molecules 
H2O(TC) (/nm2) 

0%FSN 269 8.4 6.0 6.25 1.69 2.72 
1%Al 334 6.7 2.8 7.37 1.62 2.33 
3%Al 363 6.2 1.2 7.30 1.48 2.16 
5%Al 363 6.0 1.0 6.81 1.38 1.96 
7%Al 357 6.1 0.7 7.35 1.52 2.23 
10%Al 357 6.0 1.8 6.50 1.33 1.72 
1%Ti 339 6.6 4.5 6.70 1.44 2.00 
3%Ti 346 6.4 5.0 6.74 1.42 1.98 
5%Ti 338 6.5 2.6 7.58 1.66 2.08 
7%Ti 348 6.3 1.7 7.02 1.49 2.12 
10%Ti 361 5.9 1.0 6.12 1.24 1.65 
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Figure 3.6. DTG curves of 0%FSN and a) Al- and b) Ti-doped FSN with 0.10M Ala adsorbed.  
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One of the properties that make FSN unique is its efficacy in catalyzing the thermal 

condensation and oligomerization of adsorbed amino acids.18-20, 54-56 The first derivative 

thermogram (DTG) was analyzed where peptide bond formation is easily visualized by a peak ~ 

165 °C caused by water loss from the thermal condensation (TC) of neighboring adsorbed amino 

acid molecules.14, 15, 17, 19, 20, 54, 57, 58 Guo et al found that FSN converts alanine into the dipeptide 

alanine anhydride with nearly 100% efficiency after just 3 hours of thermal treatment at 170 °C 

compared to colloidal forms that only converted 50%.17 We verified that the structure of our 

thermal condensation product is also alanine anhydride, which makes the DTG peak ~ 165 °C a 

good indicator of the catalytic activity of each metal doped FSN sample. DTG curves are shown 

in Figure 3.6.  

3% Al- and Ti-NPs had the largest TC peaks after 0%FSN. 10% dopants exhibited the 

greatest reduction in TC with amino acid degradation peaks accompanied by peak broadening 

which points to disorder at the surface causing thermal events to occur over a broader range of 

temperatures. 10%Al performed the worst among the Al dopants in the context of both amino acid 

loading capacity and thermal condensation. It had the lowest number of Ala molecules adsorbed 

and the broadest DTG peaks. DTG peaks for Ti dopants showed less variation, and the thermal 

events were well defined and narrow, with 1% and 3%Ti performing comparably to 0%FSN. 

10%Ti preformed the worst among Ti dopants with the lowest amount of adsorbed Ala molecules.  

The number of molecules of water lost in the TC region (100 – 200 °C) was also calculated 

and is shown in Table 3.3. The number of water molecules lost in the TC region is higher than the 

number of adsorbed Ala molecules, which suggests there is more than 1 water loss per Ala 

molecule. This could be due to an interfacial water layer at the FSN interface that is trapped 

between the FSN and the adsorbed Ala amino acid. This has been observed previously with some 
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amino acids and lipids adsorbed on silica nanoparticles.18, 54, 59 Since these water molecules are 

interacting more closely with silanols and alanine molecules at the surface, it presumably come 

off at a temperature above 100 °C. There is approximately one additional water molecule per Ala 

which is consistent with a single water monolayer. Therefore, the number of molecules of water 

lost in the TC region is likely a reflection of both the efficiency of the surface catalyzing these TC 

reactions plus an additional water molecule per Ala that is due to the surface bound water 

monolayer. Overall, these changes are minor and indicate that the thermal condensation reactivity 

is not all that different, but does roughly trend lower with increasing metal doping. 

 

Conclusion   

The work presented here is part of a larger investigation toward safer alternatives for FSN 

production. Previous studies show that metal doping improves the inflammatory and cytotoxicity 

effects of FSN exposure in cells. The focus of this study was to determine if metal doping FSN 

impacted the bulk molecular structure and surface chemistry with respect to amino acid adsorption 

and thermal condensation compared to commercial grade FSN. TGA was used to analyze the 

adsorption capacity of each dopant and assess the reactivity by measuring the thermal condensation 

efficiency. All metal doped FSN samples had a molecular adsorption (molecules/nm2) capacity 

that roughly decreased with increasing metal doping that is likely due to decreasing OH- population 

with metal dopant. Only minor differences were observed in thermal condensation peak 

temperature and reactivity, relative CP populations, and 29Si Q2 FWHM. 29Si Q3 and Q4 FWHM, 

measured by CP-MAS (surface selective) increased with doping level (300 – 400 Hz broader than 

FSN) indicating more disorder near the surface (i.e., a distribution in Si-O bond lengths and bond 

angles). The 29Si DP-MAS chemical shift of Q4 increased with doping level, which could be due 
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to either larger Si-O-T bond angles, deshielding effects from Al/Ti, or both. Our data suggests that 

Al was incorporated into the framework in 1% and 3%Al-FSN and may congregate near the 

surface or as separate alumina particles in 7% and 10%Al. Phase separation is likely for Ti dopings 

as 29Si DP-MAS Q4 intensities were all similar and clear anatase stretching modes were observed 

in Raman, indicating the presence of anatase crystals. It is interesting that in both 29Si MAS NMR, 

Raman, and TGA the same dopant is the outlier (7%Al and 5%Ti). Paired with previous work, 1% 

and 3% Al- and Ti-doped FSN seem to offer a less toxic alternative to FSN and interestingly, the 

decreased toxicity correlates with a decrease in amino acid adsorption capacity and thermal 

condensation reactivity.  
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Figure 3.S1. Raman spectra of 0%FSN and Al-doped FSN. 

 

 

 

 

Figure 3.S2. Thermograms of 0.10M alanine adsorbed on 0%FSN, a) Al-doped FSN, and b) Ti-doped FSN. 
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Abstract 

A thorough investigation into the thermal condensation reaction of histidine (His) on fumed 

silica nanoparticles (FSN) was performed. Thermogravimetric analysis (TGA) was used to track 

thermal events and characterize the optimal temperature for thermal condensation reactions for 

His adsorbed to FSN. Lower temperature thermal cycling was used to investigate the possibility 

of linear polymerization. The products were characterized using one- (1D) and two-dimensional 

(2D) solution and solid-state nuclear magnetic resonance (NMR) spectroscopy and mass 

spectrometry (MS). The formation of His diketopiperazine (DKP) was the major product and is 

produced at two distinct thermal condensation temperatures. Under low temperature thermal 

condensation conditions, a linear His-His dipeptide is also formed which is relevant to origin of 

life research and points to some potential conditions for promoting His linearization. Possible 

explanations for two discrete thermal events for His/FSN complexes are presented that indicate 

variable His binding modes influence His polymerization and that molecular re-orientation may 

be required for complete conversion to DKP. DTG of other amino acids on FSN are included for 

context and illustrate that two thermal events are characteristic of amino acids with a functional 

basic sidechain. 

 

Graphical Abstract 
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Introduction 

Silica surfaces are of interest to origin of life scientists because of their catalytic effect on 

the polymerization of prebiotic molecules.1, 2 Silicon and oxygen are the most abundant elements 

on Earth so it is no surprise that silica (SiO2) composes over 60% of the Earth’s crust.3 Decades of 

research support the presence of amino acids on prebiotic Earth and in meteorites,4-7 but the 

pathway to increasing biological complexity is not well understood. Lambert et al has assessed the 

catalytic potential of various silica and other mineral oxide surfaces for the polymerization of 

glycine (Gly) and found that fumed silica nanoparticles (FSN) and mesoporous silica nanoparticles 

(MSN) showed the greatest catalytic activity while, surprisingly, clays were much less efficient.8 

Thermal condensation reactions involving Gly have been well studied because it is the simplest 

amino acid and also considered one of the most common prebiotic amino acids as it was produced 

in the Miller-Urey experiments and was present in meteorites.7, 9, 10 Forsythe et al discovered that 

linear chain polymerization is much more favorable in the presence of L-lactic acid through ester-

bond mediation.11 Further investigations of alanine adsorption on FSN determined that alanine can 

be converted to alanine anhydride with nearly 100% yield when exposed to heat for just 3 hours 

compared to colloidal silica nanoparticles that only exhibited ~50% yield.12  Other studies found 

that FSN significantly lowers the activation energy for the self-cyclization of glutamic acid,13 and 

that polypeptides can form from one step heating procedures of binary amino acid systems 

adsorbed on FSN.14  

While histidine (His) is not generally considered a prebiotic amino acid,10 it may have 

played an important role in prebiotic chemical evolution due to its potential to function as a novel 

enzyme. The protonation of the His side chain occurs at near neutral pH, allowing it to complex 

with metals, form catalytic triads, and participate in hydrogen bonding. In the simplest form, the 
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addition of His alone has been shown to increase oligomerization of alanine and lysine.15 His-

containing dipeptides also exhibit catalytic properties by promoting the polymerization of amino 

acids and nucleic acids.16, 17 Histidyl-histidine can be synthesized under prebiotic conditions,18 and 

could have helped create an early self-reproducing chemical system.19 In this work, we present an 

equally plausible route of prebiotic His-dipeptide synthesis and explore polymerization 

mechanisms of short His-containing peptides.  

Thermogravimetric analysis (TGA) is a great tool to quantify surface coverage and gain 

insight into thermal transitions of organic ligands bound to thermally stable metal oxide substrates. 

SiO2 is stable at temperatures below 1600 °C so any weight loss can be attributed to surface bound 

water, thermal condensation events and ligand decomposition. Many amino acids adsorptions have 

been analyzed this way, and typically one peak is observed in the thermal condensation region 

(150 to 200 °C) if neighboring amino acids condense.13, 20-22 The thermodynamically and 

kinetically stable product is typically the cyclic dipeptide, diketopiperazine (DKP) form, and has 

been observed across many studies of amino acids on silica supports.2, 12, 21, 23 Both temperature 

and length of time play a role in directing polymerization, and longer oligomerization is observed 

after low temperature (~ 80-100 °C) repetitive thermal cycling.1, 24 Fuchida et al found that heating 

time as well as hydration level control the ratio of Gly dimer/cyclic dimer formation, and that the 

DKP product is preferred at longer heating times under anhydrous conditions.25  

In our previous work, first derivative thermograms (DTG) showed two peaks in the thermal 

condensation region, ~160 °C and ~200 °C of His adsorbed on FSN surfaces.26 The second peak 

was present in His loading levels >0.05M and His×HCl loading levels >0.12M suggesting that the 

presence of salt deters the higher temperature reaction. The aim of the current work is to understand 

the progression of thermal activity and identify the peptide products formed after each step. If the 
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cyclization of His occurs through a two-step process, forming a linear dipeptide before DKP, this 

would be unique among other amino acids on silica surfaces and maybe explored further for 

oligomerization in origin of life research. We use a combination of TGA, high-performance liquid 

chromatography (HPLC), mass spectrometry (MS), solution nuclear magnetic resonance (NMR) 

spectroscopy, solid-state NMR (SSNMR), and density function theory (DFT) computation to 

elucidate the two discreet thermal events for His adsorbed on FSN and characterize the products 

produced. 

 

Experimental 

Materials 

FSN (~ 7nm) with Brunauer, Emmett, and Teller (BET) surface area of 395 ± 25 m2/g, 

natural abundance L-histidine monohydrochloride monohydrate (≥99.5%), and L-histidine 

(≥99.5%) were purchased from Sigma-Aldrich. L-arginine (≥98%), L-phenylalanine (≥98.5%), L-

lysine monohydrochloride (≥99%), and L-glutamine (99%) were purchased from Fischer 

Scientific. All materials were used as received.  

  

Sample preparation 

His – FSN adsorption complexes were prepared as follows. FSN were heated at 500 ˚C for 

15 hours to activate the silica and remove adsorbates from the surface. Aqueous solutions of His 

were created in 10.00 mL aliquots and adjusted to pH 4, 7.6, or 10 ± 0.2 using either 1M HCl or 

1M NaOH as needed. 150 mg of FSN was added and the pH was retested and adjusted as needed. 

The solutions were mixed at room temperature for 3 hours. His – FSN adsorptions were separated 

by centrifugation and dried under vacuum at room temperature for 48 hours. All experiments were 
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carried out in millipore deionized (DI) water. The notation His/FSN-xM will be used, where x 

refers to the initial His concentration (in moles per liter) in the adsorption solution. The same 

adsorption procedure was used for Arg – FSN, Phe – FSN, Lys – FSN, and Gln – FSN and the pH 

was adjusted to the isoelectric point of each amino acid.  

 

Thermal condensation 

Thermal condensation of histidine was promoted by exposing His/FSN-0.03M samples to 

prolonged heating at various intervals (3, 6, 8, and 24-hr) at 160 ˚C. The resulting thermal 

condensation product was removed from the FSN surface by washing with DI water, sonicating, 

and centrifuging at 10,000 rpm for 1 hr. The supernatant was collected and dried under vacuum. 

The dried product was then prepared for solution NMR, HPLC, and MS. Two thermal 

condensation events in the range of 150 – 250 ̊ C were present in higher concentrations of His/FSN 

adsorptions.26 The products following each transition were isolated by an isothermal treatment at 

the peak temperature for 3 hr. The products were then removed from FSN by washing and dried 

under vacuum for subsequent analysis by NMR, HPLC, and MS. The same thermal treatment 

applied by TGA was also tested (ramped at 5 ˚C/min under N2 (g) until the peak maximum 

temperature) and showed only subtle differences compared to isothermal treatment indicating the 

isothermal treatment is a good representation. Thermal cycling on His/FSN-0.03M was performed 

using a Bio Rad T100TM Thermal Cycler where one cycle consisted of 12-hr at 100 ˚C followed 

by 12-hr at 25 ̊ C. Samples were washed, dried, and analyzed with solution NMR. Thermal cycling 

was performed under ambient conditions with humidity levels fluctuating between 40 – 60%.  
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Thermal gravimetric analysis 

TGA of His/FSN-xM samples was performed with a TA Instruments Q50 under a steady 

nitrogen flow (60 mL/min for furnace and 40 mL/min for balance). Prior to analysis, the sample 

was kept under N2 flow for 30 minutes to remove weakly-bound physiosorbed water and obtain a 

stable baseline. A sample mass of 12 – 15 mg was used in each experiment and a heating rate of 5 

˚C/min was applied from 25 – 800 ˚C. DTG was applied to record peak temperatures of each 

thermal transition using TA Universal Analysis software.  

 

High-performance liquid chromatography 

 Separation was performed using reverse-phase (RP) HPLC with a C18 column (C18 Restek 

150 x 4.6 mm) on an Agilent 1100 binary pumping system with a UV variable wavelength detector 

set to 214 nm. The mobile phase consisted of water (%A) and acetonitrile (%B) with 0.1% 

trifluoroacetic acid. A simple isocratic method was used where 100% A was applied at a flow rate 

of 1 mL/min for 10 minutes. Each peak was collected over 10 fractions and used in MS analysis 

described below. 

 

Mass spectrometry 

 The analyte solutions collected from HPLC were directly infused into an Agilent 6530 

mass spectrometer with dual Agilent Jet Stream (AJS) electrospray ionization (ESI) operating in 

positive ion mode. The drying gas was maintained at 250 °C with a flow rate of 8 L/min and the 

sheath gas was maintained at 250 °C and 11 L/min. The ESI ion source was used with the following 

conditions: nebulizer at 35 psi, fragmentor at 175 V, and skimmer at 65 V. MS data were recorded 
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in full scan mode (m/z 100 to 3000) with internal standards from the Agilent G1969-85001 

reference mass solution kit (m/z 121.1 and 922.0). Free His was run as calibration standard. 

 

Solution NMR spectroscopy 

Solution NMR experiments were performed with a 600 MHz Advance IIIHD Bruker 

spectrometer equipped with a 5 mm TXI probe operating in triple resonance (1H/13C /15N) mode. 

All samples were dissolved in 90:10 H2O:D2O. 1H and 13C spectra were referenced to a 10% DSS 

internal standard (0 ppm) and 15N spectra were externally referenced to nitromethane (380.6 ppm) 

in deuterated chloroform.27 1H 1D spectra were collected using nuclear Overhauser effect (NOE) 

transfer with pre-saturation during the recycle delay and mixing time to suppress water signals 

(Bruker, noesypr1d or noesygppr1d), 8 – 64 scans, 2 – 5 sec d1, 65536 points, and 16 – 20 ppm 

spectral width. 15N 1D spectra were extracted from the F1 dimension of 1H – 15N heteronuclear 

multiple bond correlation (HMBC) experiments (Bruker, hmbcgpndqf) collected with 128 scans, 

1.5 sec d1, 4096 points, 256 complex points, and 11 ppm / 300 ppm spectral width. 1H total 

correlation spectroscopy (TOCSY) (Bruker, mlevphpr.2) was collected with 80 ms mixing time, 

32 scans, 2 sec d1, 2048 points, 256 complex points, and 10 ppm spectral width in both dimensions. 

Diffusion coefficients were calculated using the Stejskal – Tanner equation28 for 

concentrations ranging from saturated stock solution diluted to 0.05 wt%. All samples were diluted 

in D2O and equilibrated for a minimum of 15 minutes at 25 °C prior to data collection. Diffusion 

experiments were collected using a 15 ppm spectral width, 32 scans, and 5 sec d1 in a 2D 

stimulated echo experiment with bipolar gradients and WATERGATE suppression (Bruker, 

stebpgp1s19). Variable gradient strength was applied using 2 or 2.2 ms gradient pulse (δ), 180 ms 
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diffusion delay (Δ) and 32 points for each diffusion decay curve. Gradient strength was calibrated 

from the known self-diffusion coefficient of water at 25 °C (2.29 x 10-9 m2/s).29  

 

Solid-state NMR spectroscopy  

 SSNMR experiments were performed with a 1.9 mm triple resonance (1H /13C/15N) probe 

and Bruker Avance IIIHD 600 MHz spectrometer. 30 kHz magic angle spinning (MAS) was used. 

13C Cross polarization experiments (CP-MAS) were collected using a 2.45 μs hard pulse on 1H, 

followed by a 2 ms ramped (30%) contact pulse on 1H with a radio frequency (rf) field strength of 

118 kHz. Polarization transfer to 13C was matched to the -1 Hartman Hann condition and 1H 

decoupling at 115 kHz rf was applied during acquisition (Bruker, swftppm_13). A 5 sec recycle 

delay (d1), 300 ppm sweep width, and 4k scans were used. Spectra were processed with 50 Hz 

exponential line broadening and indirectly referenced to adamantane (13C, 38.48 ppm).30 15N CP-

MAS experiments were collected at 30 kHz MAS. An initial 1H π/2 pulse of 2.4 μs was applied 

followed by a 1.5 ms ramped pulse (30%) contact pulse on 1H with a rf field strength of 103 kHz. 

Polarization transfer to 15N was matched to the -1 Hartman Hann condition and high power 1H 

decoupling at 117 kHz rf was applied during acquisition (Bruker, swftppm_13). A 3 sec recycle 

delay, 400 ppm sweep width, and 4k scans were used. Spectra were processed with 100 Hz 

exponential line broadening and indirectly referenced to glycine (15N, 31.6 ppm).31 

 

Computational DFT chemical shift calculations 

Computational analysis was executed with the Gaussian16 software package using density 

functional level of theory (DFT) with a B3LYP 6-31G+(d,p) basis set.32 Geometry was optimized 

on various His dipeptides solvated in water without constraints until energy minimization was 
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achieved. Neutral and protonated states were analyzed for cyclic His DKP and linear dipeptides. 

Chemical shielding tensors were calculated at the same level of theory using the gauge-including 

atomic orbital (GIAO) method33 and converted to chemical shift using a reference molecule (TMS) 

optimized under the same conditions. The equation used for conversion of chemical shielding to 

chemical shifts is described previously.26, 34, 35  

 

Results 

Confirmation of Histidine DKP 

The thermal condensation reaction for His on FSN was investigated by TGA, solution 

NMR, HPLC and MS. While simple diurnal fluctuations provide enough energy for 

polymerization and are relevant to origin of life,1, 11, 25 the primary aim of this work is to understand 

the two thermal transitions that occur in the TGA thermal condensation region for His/FSN 

adsorption complexes and characterize the structure of the products produced. Short, isothermal 

treatments were applied at distinct thermal condensation peak temperatures to isolate each product. 

The first thermal condensation peak found by DTG was 163 °C thus, a temperature of 160 °C was 

used to facilitate thermal condensation and peptide bond formation.26 Thermal condensation was 

induced for His/FSN adsorptions for various lengths of time (3, 6, 8, and 24 hr) and the resulting 

1H solution NMR spectra of the products are shown in Figure 4.1. No amine or amide peaks are 

observed in any of the spectra due to rapid proton exchange. Percent yield is expressed as total 

product converted from free His calculated by integration of the Hα peak areas of free His and His 

thermal condensation products. At short heating times (3 hr) multiple products are present in nearly 

equimolar ratios and 75% of free His is unreacted. As thermal treatment time increases to 24 hr, 
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92% of free His is converted into the product indicated by the asterisk (*). The minor peptide 

product indicated by the dagger (†) is unobservable after heating for 24 hr.  

 

 

 

 
Figure 4.1. 1H solution NMR of His/FSN thermal condensation products after 160 °C heating at various times. Percent 
yield of total product was calculated by integration of Hα peak areas. DKP product is indicated with an asterisk (*) 
and an additional minor peptide product with a dagger (†).  
 

 

1H chemical shifts of the major (*) product in Figure 4.1 agree with previously reported 

NMR data of His DKP in D2O36 and are reported in Table 4.1. However, we observe two unique 

Ha resonances which integrate in a 1:1 ratio for the major product. Additional multi-dimensional 

NMR experiments were performed on the major (*) product isolated after 160 °C/24 hr heating, 

including 1H – 15N HMBC (Figure 4.S1), 1H – 1H TOCSY (Figure 4.2), 1H – 13C HMBC, 1H – 

13C HSQC, and 1H – 1H COSY (not reported). No 15N correlations are observed in the amine region 
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of the 1H – 15N HMBC, supporting the proposed DKP structure. This confirms that the major (*) 

product has no free amine terminus, and thus must be a cyclic peptide. 

 

 

 

 

Figure 4.2. 1H – 1H TOCSY of His/FSN thermal condensation product after 24 hr thermal treatment at 160 °C.  
 

 

1H – 1H TOCSY reveals through-bond correlations of protons within a given spin system. 

A mixing time of 80 ms will display proton correlations up to 5-6 bonds apart and cannot cross 
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quaternary carbon sites. In Figure 4.2, two complete His spin systems are identified which indicate 

two non-equivalent His environments. Cross correlations are not observed between Hα resonances 

due to the quaternary C’ sites in the central ring. It should be noted that Hα sites integrate 

proportionally, and correlation is observed between the two Hα sites in a through space 2D NOESY 

experiment with 1 sec mixing time (not reported), which confirms the two His environments are 

part of the same structure. His DKP model and proton environments are also displayed in Figure 

4.2. DKP products are thermodynamically and kinetically favored at higher temperatures and have 

been observed in several studies following thermal condensation on silica surfaces, so it is not 

surprising that DKP is evidenced as the major (*) product in the first thermal event.2, 8, 12, 13, 24, 25, 

37, 38 The minor (†) product observed in 160 °C/3 hr and 6 hr samples will be discussed in the 

sections below.  

The product resulting from the second thermal event ~ 210 °C was isolated by heating 

His/FSN at 200 °C for 3 hr. Figure 4.3 shows 1H spectra of free His, 160 °C/24 hr and 200 °C/3 

hr which, surprisingly, are nearly identical. Both Ha proton environments of the major (*) product 

are present, integrate 1:1, and all the corresponding protons resonate at identical chemical shifts in 

both products. The peptide yield is significantly higher in the 200 °C treatment at short heating 

times with ~ 84% conversion, compared to only ~ 25% after 3 hr at 160 °C. This suggests that 

both thermal events produce DKP as the major product, however a much longer heating time is 

required to reach comparable DKP yield for the 160 °C treatment. Possible explanations for two 

discrete thermal events in the TGA are discussed further in the discussion section.  
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Figure 4.3. 1H NMR of free His and thermal condensation products after isothermal treatment at 160 °C/24 hr and 
200 °C/3 hr. Percent yield is displayed on the left calculated from Hα peak areas. DKP product is indicated with an 
asterisk (*). 
 

 

To further confirm His DKP as the major (*) product, HPLC, 13C and 15N CP-MAS 

SSNMR, MS, diffusion NMR, and DFT modeling were performed and support that DKP is the 

preferred product at both thermal condensation temperatures. Figure 4.S2 shows RP-HPLC 

chromatograms and 13C and 15N CP-MAS which support 1H solution NMR data and display partial 

conversion after 160 °C/3 hr, and a near complete conversion to His DKP after 200 °C/3 hr. All 

13C and 15N sites in SSNMR spectra are significantly broadened due to the rigid environment that 

restricts local dynamics in the solid-state sample. It is also important to note that the spectra 

displayed in Figure 4.S2 (top) are all adsorbed on FSN and thus, not influenced by the washing 

step. C’ and Nα sites exhibit the most obvious changes after thermal treatment since these sites 

participate in the formation of new bonds. 13C and 15N CP-MAS results of 160 °C/3 hr appear as 

a compilation of the top and bottom spectra, having populations of both unreacted His adsorbed 

and partial product conversion to DKP. Peptide bond formation is clearly evident by the formation 
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of the new amide peak in 15N CP-MAS at ~ 120 ppm. After 200 °C/3 hr thermal treatment, C’ and 

Cβ sites have clear changes in chemical shifts, and the Nα in the free amine region almost 

completely disappears due to conversion to the peptide amide structure (~120 ppm). 

Free His was analyzed with the HPLC method described above and elutes at 2.15 min. In 

Figure 4.S2 (bottom), HPLC of the 160 °C/3 hr sample shows a large population of unreacted His 

plus an additional peak (2.45 min) of similar intensity. Two smaller peaks are present (2.28 and 

2.65 min) which could indicate short linear peptides, but were not analyzed further because of 

convolution. Although not reported, the presence of salt seems to impact the abundance of the 

second peak at 2.28 min, with a higher concentration in the presence of NaCl. After 200 °C/3 hr, 

free His (2.15 min) is almost entirely depleted and one large peak is observed at the same retention 

time (2.45 min) as the 160 °C/3 hr sample. Three smaller peaks are observed at longer retention 

times (3.18, 3.68, and 4.55 min) which could be larger peptides. The supernatant was also analyzed 

by HPLC to confirm that the washing step does not impact polymerization. Based on the solution 

NMR results discussed above it is clear that the HPLC peak at retention time 2.45 min is the His 

DKP peptide. 

The main product peak (2.45 min) was collected over 10 fractions and directly injected into 

MS-ESI (Figure 4.S3). The peak at 922 m/z is an internal reference and can be ignored. The base 

peak at 275.1 m/z can be attributed to either [DKP]+ or cyclic [His4]2+. The parent peak at 549.1 

m/z is consistent with a cyclic [His4]+ molecule and this cannot be ruled out as a possibility, since 

both compounds would be indistinguishable by NMR. Diffusion NMR experiments were 

performed to gain insight into the size of the cyclic compound and discount the presence of larger 

His DKP structures containing more than two His molecules. 
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Diffusion of free His and DKP (isolated from thermal treatment of 200 °C/3 hr) were 

measured at 5 different concentrations. We report the average diffusion coefficients calculated for 

free His and each spin system in His DKP (δHα at 3.82 and 4.26 ppm). The average diffusion 

coefficient calculated for His across all concentrations was 5.9 x 10-10 (m2/s) consistent with the 

literature value of His measured under similar conditions.39 The average diffusion coefficient 

calculated for each Hα in DKP under the same conditions was 4.8 x 10-10 (m2/s) and 4.7 x 10-10 

(m2/s), respectively, which agree with a molecule considerably higher in molecular weight than 

free His. The difference between each DKP Hα site is within the margin of error (± 0.1), but is 

consistent across all concentrations.  

Assuming a spherical molecule, the hydrodynamic radius calculated by the Stokes-Einstein 

equation using the diffusion coefficients stated above is 4.2 Å for His, and 5.1 Å and 5.2 Å, 

respectively, for each DKP Hα site. If the major product was cyclic [His4]2+ a radius ~ 4x the size 

of His would be expected and therefore, this product is ruled out based on diffusion NMR. 

Diffusion NMR is incredibly sensitive and helps narrow down the most likely 3D His DKP 

conformer predicted from DFT modeling. Where 1H has small chemical shift perturbations and 

multiple DFT structures have calculated chemical shifts that overlap, diffusion NMR helps narrow 

down the most likely 3D conformer for the His DKP product. 
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Figure 4.4. His DKP and linear conformations derived from DFT computational modeling.  
 

 

DFT modeling was performed on various linear and cyclic dipeptide models solvated in 

water. The chemical shifts were calculated from the predicted shielding values and we report four 

possible conformations that are in good agreement with experimental data and low in total energy 

(Table 4.1, Figure 4.4). The “imidazole stack” DKP model exhibits pi-pi stacking of the imidazole 
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rings which is known to have stabilizing effects38 and the predicted 1H chemical shifts closely 

match some of our experimental results. However, both His molecules are equivalent in this model 

and yield identical chemical shifts, in contrast with the inequivalent two unique sets of resonance 

observed experimentally by solution NMR. The molecular radius of this structure is ~ 2.25 Å 

which is also inconsistent with the radius calculated from diffusion NMR and for these reasons, 

we discount this model as being the 3D orientation of the major (*) product. Based on the diffusion 

NMR hydrodynamic radius and experimental and calculated 1H chemical shifts (Table 4.1) the 

most likely conformation is the SR conformer (Figure 4.4).  

 

 

 

 

 

Table 4.1. 1H solution NMR data of His DKP from literature, His DKP experimental after 160 °C/24 hr, and calculated 
chemical shifts predicted from DFT modeling. Conformers are shown in Fig. 4.4. Chemical shift is expressed in ppm 
relative to TMS at 0 ppm. Energy (E) after optimization is reported for the calculated compounds, and the 
hydrodynamic radius (R) of the molecules are shown.  
 

 Site 
δH (ppm) 

literature36 

 

δH (ppm) 
experimental 

 

δH (ppm) 
calculated 

imidazole stack 

δH (ppm) 
calculated  

SS 

δH (ppm) 
calculated  

SR 

δcalc (ppm) 
calculated 

linear 
1H Hε1 7.70 7.72, 7.75 7.30 7.58, 7.69 7.74, 7.54 7.47, 7.77 

 Hδ2 6.90 6.93, 6.89 7.14 7.15, 7.14 7.14, 7.18 7.22, 7.08 
 Hα 4.25 3.82, 4.26 4.22 4.53, 4.90 4.24, 4.54 3.76, 4.55 
 Hβ 2.85, 2.35 [3.13, 2.98] 

[2.86, 2.39] 3.49, 2.65 [3.17, 2.79] 
[3.22, 2.57] 

[3.13, 2.81] 
[3.12, 2.79] 

[3.14, 2.37] 
[3.13, 2.99] 

        
E 

(kJ/mol)    -2480533 -2480522 -2480532 -2681211 

R (Å)   5.07, 5.18  2.25 5.86 5.15 5.15 
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Thermal Condensation at Lower Temperatures 

 DTG curves show two thermal events occurring ~ 163 °C and 210 °C using a constant 

ramp of 5 °C/min.26 To make sure the 3 hr isothermal treatments were accurately representing the 

products produced after each thermal event, we replicated the temperature ramped conditions 

applied during TGA and analyzed the products with solution NMR. The adsorbed sample was 

purged under N2 (g) and heated with a controlled ramp of 5 °C/min to 160 °C or 200 °C. Once the 

desired temperature was reached, the oven was shut off and cooled to room temperature. The 

product was washed following the same procedure and 1H solution NMR was collected. The most 

notable difference that occurs between the ramped and isothermal treatments is the total peptide 

yield, suggesting that the 3 hr isothermal treatment is satisfactory for final DKP product isolation. 

DKP (*) yield increases from ~17% in the isothermal treatment to ~ 46% in the ramped treatment 

to 160 °C and there is a small population of additional 1H resonances (†) in the 160 °C/3 hr sample 

(Figure 4.1, Figure 4.S5) that is not present in the ramped treatment. Conversely, DKP yield is 

higher in the isothermal treatment at 200 °C compared to the ramped treatment, with no additional 

resonances, supporting that DKP is kinetically favored. 

 Various other thermal treatments were tested to explore formation of minor products 

(Figure 4.5). Although it appears no reaction took place, many populations are observable when 

the baseline is blown up significantly (500%). Interestingly, DKP (*) is not present in any of the 

lower temperature thermal treatments in Figure 4.5. Peaks ~ 4.0 and 3.8 ppm are the 1JCH coupling 

of free His Hα and should not be confused with DKP. All treatments were isothermal for the length 

of time indicated, except for 100 °C 2 cycles, where 1 cycle was programed to heat at 100 °C for 

12 hr then 25 °C for 12 hr. The 100 °C and 90 °C treatments have the most diversity among 

products with multiple resonances present, and the two treatments at 120 °C are nearly identical.  
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All 4 treatments contain evidence of the minor (†) product that was observed in 160 °C/3 

hr and 160 °C/6 hr samples (Figure 4.1). This product exists in low (less than 10%) yields in 

solution with other species and we have not been able to isolate and perform full structural analysis 

by NMR. However, the experimental Hα chemical shifts of the minor (†) product at 3.75 and 4.39 

ppm are in good agreement with the linear His dipeptide conformer predicted by DFT (Table 4.1, 

Figure 4.3) and with the predicted 1H solution NMR spectrum of histidylhistidine that shows 2 

unique Hα resonances at 4.01 and 4.48 ppm with equivalent shifts for the other resonances.40  

Evidence of His linear peptides are also present in the MS fragmentation patterns after 160 

°C/3 hr heating. [His3]+ was observed at 430.2, and 10 repeat losses of – 135 m/z was observed in 

one of the minor peaks on HPLC, suggesting we have a longer His peptide species. This could be 

responsible for the other smaller peaks in the HPLC eluting ~ 3-5 min (Figure 4.S2). This would 

be extremely interesting in origin of life research because it would overcome the 

thermodynamically and kinetically preferred DKP formation which is seen in the polymerization 

of many other amino acids on oxide surfaces and suggest lower temperature treatments as routes 

to linear polymerization. 
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Figure 4.5. 1H solution NMR of free His and His/FSN products after various thermal treatments. Grey traces are 
scaled 500% to display weak resonances. DKP peaks are indicated by the asterisk (*) and the minor peptide product 
peaks are indicated by the dagger (†). 
 

 

The Effect of Molecular Organization on Thermal Condensation 

In previous work, we established that a water layer exists at the interface between FSN and 

amino acids after adsorption.22, 26 While removing water through drying did not affect binding 

orientation of His molecules around the surface, it did promote tighter binding interactions.26 To 

determine if the water layer was influencing the thermal condensation reactions, TGA was 

performed on His/FSN adsorptions in “dry” conditions where the interfacial water layer was 

removed prior to TGA temperature ramping by pre-heating the sample under N2 (g) for 5 hr at 100 

°C. Two loading levels were analyzed: 0.05M roughly corresponding to a single saturated His 

surface layer and 0.10M to ensure both thermal events would be clearly observable. The results 

are shown in Figure 4.6 and both thermal events in the thermal condensation region are still 
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present after water is removed. The peak temperatures and peak intensities remain the same upon 

drying, suggesting that the interfacial water layer has little effect on oligomerization. The 

formation of an additional peak in the degradation region >300 °C is observed and will not be 

discussed further. 

 

 

 

 

Figure 4.6. DTG of His/FSN at pH 7.6 in hydrated and dried conditions adsorbed at (a) 0.05M and (b) 0.10M His 
concentrations. 
 

 

His/FSN adsorptions at pH 4 and pH 10 were analyzed with TGA to investigate the effect 

of molecular orientation, which is influenced by pH, on oligomerization. In acidic conditions, His 

molecules experience charge-charge repulsion and are highly dynamic within the water layer at 

the surface with no preferred binding orientation.26 In contrast, zwitterionic His molecules pack 

horizontally around the surface with at least two contact points: Nε2 and NαH3+ or COO-. If 

molecular arrangement is the cause of the second thermal event, then only one peak should appear 

in His/FSN adsorptions at pH 4 where His molecules are randomly arranged. Figure 4.7 shows 
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His/FSN adsorptions at pH 4, pH 7.6, and pH 10 at low, mid, and high concentrations. The peaks 

in pH 4 adsorptions are significantly broadened which is consistent with a distribution of molecular 

arrangements on the surface causing thermal events to occur over a broad range of temperatures. 

It is possible that the second thermal event ~ 200 °C is buried under line broadening, but only one 

major thermal event clearly occurs in the thermal condensation temperature range for pH 4. A 

small peak ~ 110 °C forms in pH 4 adsorptions and we attribute this to water or salt associated 

water.  

At pH 10, NαH3+ becomes deprotonated and His molecules have a net negative charge. 

This protonation state of His largely impacts the binding arrangement, so it is likely that the 

assembly of His/FSN at pH 10 is different than the other lower pH conditions. The molecular 

arrangement of His/FSN at pH 10 has not been completely characterized, but 13C and 15N CP-MAS 

(not shown) display obvious differences in protonation state and assembly compared to pH 4 and 

pH 7.6. Similarly, the DTG curves look very different from pH 4 and pH 7.6, and only one clear 

peak is observed in the thermal condensation region for the lower pH. This indicates that pH, which 

impacts His molecular binding and orientation on the surface could be the cause of the two thermal 

condensation events.  
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Figure 4.7. DTG of His/FSN adsorptions at pH 4, pH 7.6, and pH 10 as a function of His loading. 
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Discussion 

TGA was performed previously to characterize the transition temperatures of each thermal 

event.26 Both HisHCl (adjusted to ~ pH 7.6) and His were used as starting materials and adsorbed 

on FSN in concentrations ranging from 0.01M to 0.15M. The peak temperatures were independent 

of concentration. Only the first peak ~ 160 °C was shifted by the presence of salt to ~ 170 °C. The 

second peak ~ 210 °C readily formed in His adsorptions above 0.05M but did not form in HisHCl 

adsorptions until concentrations above 0.12M, well past surface saturation. This suggests salt plays 

a role in polymerization, likely by providing charge balance at the termini and/or sidechain41, 42 

stabilizing His molecules as evidenced by the shift to higher temperature in the first thermal event 

and absence of the second thermal event at low concentrations. We also analyzed the impact of 

water at the interface (Figure 4.6) and found it to have no effect on oligomerization. 

Several different thermal treatments were investigated. HPLC, solution, and SSNMR data 

all point to one major product (His DKP) that forms at two distinct temperatures. After 160 °C/3 

hr we have partial conversion with unreacted His remaining. This is clear in the HPLC 

chromatograms (His at 2.15 min, product at 2.45 min) and 15N CP-MAS NMR (His free amine at 

45 ppm, product amide at 120 ppm). MS, 2D solution NMR, and diffusion NMR confirm this 

product is His DKP. In His/FSN-0.03M adsorptions which correspond to roughly a single 

monolayer, only ~ 25% His reacts after 160 °C/3 hr while, >80% His reacts after 200 °C/3 hr. 

Interestingly, the ramped treatments have similar DKP peptide yields of ~ 46% (ramped to 160 

°C) and 66% (ramped to 200 °C). At a ramp rate of 5 °C/min, the peak temperatures were reached 

after 27 and 35 min, respectively, supporting that DKP is the kinetically favored product.   

The His DKP product here produces two sets of proton resonances for one product, which 

shows that the two His molecules in DKP are not chemically equivalent. Two spin systems are 
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identified in 1H – 1H TOCSY which correspond to each His molecule in one DKP molecule. They 

have slightly different diffusion coefficients that are right on the order of measurement error, which 

could be due to small differences in local His dynamics (e.g. one ring is more dynamic). The 

hydrodynamic radius of our DKP product calculated by diffusion NMR is between 5.1 and 5.2 Å. 

Four possible conformers predicted by DFT modeling were found to be in good agreement with 

1H experimental NMR chemical shift data (Figure 4.4). The calculated molecular radius from 

diffusion NMR allowed us to pinpoint the most likely His DKP conformer and we propose the SR 

model to be the most likely conformer because the difference in Hα chemical shifts is similar to 

our experimental Hα resonances, and the molecular radius is measured at 5.15 Å, in line with the 

calculated experimental diffusion value. This demonstrates the power of diffusion NMR when 

determining molecular structure. 

The 3 hr isothermal treatment at 160 °C contains a minor (†) product in low concentration 

that is not observed in the ramped thermal treatment. It is possible that there is a different, 

thermodynamically favored product that forms at lower temperature, longer thermal treatment 

times. This minor product is observed in all isothermal and thermal cycling treatments below 160 

°C (Figure 4.5). The highest yield of the minor product of the conditions tested was ~ 10% after 

160 °C/3 hr and was too low for full characterization, but Hα chemical shifts are in good agreement 

with our optimized DFT model for the linear His dipeptide (Table 4.1, Figure 4.4). Evidence of 

longer linear His peptides is found in MS data but were too low in abundance for a full NMR 

characterization. Nonetheless, it is clear that although DKP is the favored peptide formed, linear 

peptides are also present at low abundance and the overall abundance could be increased by 

conducting isothermal or cycled heating experiments at lower temperatures and is the subject of 

future investigations. 
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In the context of chemical evolution and the origin of life on Earth, all thermal conditions 

tested in our lab are considerably fast and short. This study would benefit from longer thermal 

cycling treatments at low temperatures ranging from a few weeks to a few months. Histidine and 

His dipeptides are capable of promoting the oligomerization of other amino acids and nucleic 

acids, and could have played an important role in early self-replicating chemical systems.15-17, 19 

Here, we have demonstrated a novel route to generate these catalytic molecules which could be 

considerably important in origin of life research and that they could be present under plausible 

prebiotic conditions in the presence of a mineral catalyst like silica. 

This study and others have shown that ligand assembly and binding on oxide surfaces 

largely impacts the polymerization process. Ala and Gly have been studied in detail because they 

are the simplest amino acids and are prebiotically prevalent.9, 10 They bind to mineral oxide 

surfaces through one contact point and quickly cyclize upon thermal treatment.8, 11, 12, 25 Lys binds 

FSN through the side chain amine group, vertically orienting outwards from the surface.43 We 

investigated the thermal condensation of Lys/FSN and found that neighboring Lys molecules 

condense through the backbone, which encapsulates FSN and prevents removal by simple washing 

(data unpublished). We analyzed the decomposition of several other prebiotic amino acids on FSN 

and observe the following generalities. Amino acids with hydrophobic side chains (Ala, Val, Leu, 

Phe, Pro, Gly) likely adsorb through hydrogen bonding from Nα to SiO-. A single thermal event is 

observed in the thermal condensation region, almost certainly DKP formation, similar to previous 

studies. Interactions between the negatively charged SiO- surface and amino acids with negatively 

charged side chains (Glu, Asp) are likely unfavorable and their DTG thermograms are markedly 

different (Figure 4.8). Further characterization is needed to determine if thermal condensation 

reactions took place. R-groups containing OH (Ser, Thr) do not undergo thermal condensation 
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reactions and appear to degrade in a single, low temperature event. R-groups containing basic 

sidechains (Arg, His, Lys) have convoluted, broad peaks which we propose is due to multiple 

binding sites that occur at the backbone and sidechain environments that can also be dependent on 

the pH of the adsorption solution where two distinct thermal condensation events are observed at 

neutral pH (Figure 4.7). This has been demonstrated for His on FSN and TiO2.26, 44 As we saw 

with His, the protonation state of these amino acids will likely direct binding orientation and 

ultimately polymerization. An in-depth analysis of amino acid thermal transitions on FSN in 

additional protonation states is recommended as a follow up investigation.  

 

 

 

 

Figure 4.8. DTG curves of various amino acids adsorbed on FSN at 0.05M.  
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DTG results shown in Figure 4.8 are consistent with the idea that molecular arrangement 

plays a large role in directing thermal condensation and polymerization events. In zwitterionic 

form, His molecules arrange horizontally along the surface and bind through terminal and 

sidechain contact points (Nε2 and NαH3+ or COO-).26 At pH 7.6 where binding occurs through the 

side chain as well as the termini, two thermal events in the thermal condensation region are 

observed. In protonated form, His molecules experience charge-charge repulsion and are highly 

dynamic in the adsorbed layer with no preferred binding orientation. This isotropic distribution 

leads to broad lines in the DTG curves due to heterogeneity and dynamics at the surface, and only 

the thermal event at 160 °C is present. His/FSN adsorptions at pH 10 have not been characterized 

to the full extent as pH 4 and pH 7.6, but new resonances appear in 13C and 15N CP-MAS (not 

shown) which is attributed to differences in molecular assembly. The amine group is no longer 

protonated at pH 10 so it is reasonable to assume that altering the protonation state especially at 

one of the contact points would influence His arrangement at the interface. As a result, the DTG 

thermograms at pH 10 show similarities to pH 4 adsorptions, with broad, convoluted peaks. One 

thermal event is clear at ~ 160 °C and a second, higher temperature thermal condensation event is 

possible but unclear.    

Finally, possible explanations are presented for the occurrence of discrete thermal events 

in His/FSN adsorptions at pH 7.6. After the first round of DKP formation at 160 °C, it is suggested 

that some sort of molecular rearrangement must occur. As more binding sites become available, 

nearby His molecules can anchor and react causing the formation of the second DKP peak at 200 

°C. This would explain why the secondary peak ~ 200 °C is only observed at higher His 

concentrations, where His is packed in multiple layers on the surface. Alternatively, the two events 

could be caused by His anchoring through different contact points. Evidence of His/FSN 
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interactions are present in both NαH3+ and COO- groups, but it is spatially improbable for both to 

be anchoring in the same molecule. Perhaps the event at 160 °C is due to His/FSN anchoring 

through the carboxyl terminus, and a higher temperature is required for His/FSN anchoring 

through NαH3+ where hydrogen bonding is stronger and the thermal condensation reaction takes 

place. Another possibility that is consistent with observing only 1 event in HisHCl/FSN 

adsorptions where salt is available for charge balancing, is that maybe some His molecules bind 

through only 1 contact point. Salt is available to stabilize the other terminus or side chain. Only 

molecules bound through the NαH3+ terminus are primed for DKP formation. If His is bound 

through the side chain only, rearrangement needs to occur for His to anchor through a terminal 

group before DKP formation can occur.  

DKP formation has been observed in many amino acid/mineral oxide systems after thermal 

treatment. DKP is thermodynamically and kinetically favored and readily forms after just a few 

hours in some systems. While it is unsurprising that DKP is the major product in our study, it is 

unique that DKP forms at two different temperatures indicating the importance of multiple types 

of binding. This is likely due to the presence of multiple contact points in zwitterionic His 

molecules, where binding to the FSN surface can exist in multiple arrangements. In our previous 

study, SSNMR displayed clear evidence of His binding to FSN through Nε2, NαH3+, and/or COO-

, but it is unclear how many contact points exist within a single His molecule.26 Thermal energy 

may be required for some molecules to undergo rearrangement before DKP formation can occur. 

This is consistent with our observation of peptide yields ~ 50% in ramped thermal treatments 

(Figure 4.S5) where exposure to a range of temperatures may facilitate rearrangement during 

temperature ramping. Peptide yields were considerably different from one another (25% and 80%) 

in the isothermal treatments at 160 °C and 200 °C, respectively. The duration of thermal treatment 
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at 160 °C was considerably longer in the isothermal versus ramped treatment, but the peptide yield 

was lower suggesting that molecular rearrangement is influenced by temperature and that 

polymerization is highly dependent on molecular assembly.  

Evidence of other peptide products, possibly linear derivatives, are observed when lower 

temperature conditions are applied and should be explored further. Together, the results presented 

here suggest that the protonation state of His is the main factor in molecular assembly at the surface 

of FSN, and molecular assembly at the interface largely directs the progression of thermally-

activated oligomerization. This is further supported by our study of other amino acid/FSN systems 

(Figure 4.8), where amino acids with similar R-groups display similar thermal behavior. 

Hydrophobic residues with one possible contact site display one clear event in the thermal 

condensation region. R-groups containing an amine bind well and possibly have multiple contact 

points. R-groups containing carboxylic acid or alcohol moieties are unfavorable. We also draw the 

conclusion that amino acids with a net positive or net negative charge (Figure 4.7, Figure 4.8) 

have broad thermal transitions likely due to the high degree of surface dynamics. 

 

Conclusions 

The thermal behavior of His/FSN was investigated by TGA, NMR, HPLC, MS, and DFT 

computational methods. His has multiple contact points available for hydrogen bonding to the FSN 

surface at neutral pH and uniquely displays two discrete TGA events in the peptide condensation 

region when adsorbed in zwitterionic form, centered at 163 and 210 °C. Only one thermal event is 

observed when His is adsorbed in other protonation states, which display the intrinsic relationship 

between binding orientation and polymerization mechanism. Interestingly, DKP is produced at 

both thermal events, likely in an SR conformation, and forms with ~ 44% and 64% yields, 
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respectively, in conditions set forth by TGA. DKP yield increases to ~ 92% and > 80% after 160 

°C/24 hr and 200 °C/3 hr, respectively. We previously proposed that His molecules bind to FSN 

through a combination of contact points (Nε2, NαH3+, and/or COO-) at neutral pH and based on the 

current results, rearrangement to a preferred anchor point might be necessary for complete DKP 

formation. This would describe the need for two discrete thermal events producing the same 

product.  

An additional product is observed at 160 °C/3 hr and all low temperature thermal 

treatments which agrees with the linear His-His dipeptide as judged by 1H solution NMR in 

combination with DFT chemical shift calculations. This is extremely interesting in origin of life 

research as His uniquely demonstrates the ability to overcome the kinetically and 

thermodynamically favored DKP formation which is observed in most amino acid high 

temperature thermal condensation reactions on metal oxide surfaces. The His dipeptide may have 

also served as an early catalyst in polymerization of other amino acids in prebiotic conditions, and 

here we present a plausible route to synthesize His-His linear peptides using only heat. Additional 

studies are recommended to investigate thermal condensation reactions of His with other amino 

acids. Combining the catalytic properties of His and FSN with other amino acids may prove highly 

informative in origin of life research or provide a novel, inexpensive route to synthesis of His 

polypeptides which have many biological and metabolic functions.15 This work on His and other 

amino acids demonstrates that both the R-group and protonation state greatly influence molecular 

assembly on the surface of FSN, which ultimately influences polymerization. We also demonstrate 

the power of multi-dimensional solution, diffusion, and solid-state NMR techniques in 

combination with DFT chemical shift calculations to investigate the oligomerization of amino 
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acids at the interface of oxide surfaces and provide atomic level detail of their 3D structural 

conformers.  
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Figure 4.S1. 1H – 15N HMBC solution NMR spectrum of the His DKP thermal condensation product after 160 °C/24 
hr heating on FSN. The absence of peaks in the amine region (40-50 ppm) confirms this product has no free amines 
and is thus the DKP form. 
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Figure 4.S2. (top) 13C and 15N CP-MAS SSNMR spectra of (a) His/FSN adsorption complexes in a dried state, (b) 
His/FSN after 160 °C/3 hr, and (c) His/FSN after 200 °C/3 hr. The protonation state of Nδ1 is indicated by the 
superscript. (bottom) HPLC of products after 160 °C/3 hr and 200 °C/3 hr thermal treatments. Green traces are the 
peptide supernatant, blue traces are dried and rehydrated.  
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Figure 4.S3. MS-ESI Direct injection of the DKP fraction collected from HPLC after 160 °C/24 hr thermal 
treatment.  
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Figure 4.S4. Diffusion coefficients calculated from 1H diffusion NMR experiments vs concentration. 
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Figure 4.S5. 1H solution NMR spectra of isothermal vs ramped thermal treatments on His/FSN-0.05M adsorptions. 
DKP peaks are indicated by the asterisk (*) and the additional His-His dipeptide product peaks are indicated by the 
dagger (†). 
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Future direction in prebiotic systems 
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Introduction 

The work presented in this dissertation is aimed at developing techniques for high-

resolution surface characterization of amorphous, dynamic systems and applying them to prebiotic 

models. Many types of natural and synthetic silica morphologies were analyzed, and FSN was 

found to be the best surface for catalyzing thermal condensation reactions of amino acids but there 

are still many other amorphous, glassy silica types that should be explored. This work has 

demonstrated that polymerization on the surface of silica is possible using only thermal exposure, 

and that low amounts of metal-dopant have little effect on amino acid adsorption and thermal 

condensation, even when the metal is incorporated near the surface (Chapter 3). The thermal 

decomposition of several prebiotic amino acids on FSN surfaces were analyzed by TGA (Chapter 

4), and the following conclusions are drawn.  

First, the side chain moiety has a large impact on adsorption. R-groups containing amines 

provide additional potential binding sites and interact with the SiO- surface well. R-groups 

containing alcohols do not bind favorably and no indication of polymerization is observed through 

TGA. Non-polar amino acids display simple, characteristic decomposition profiles with a single 

thermal event in the thermal condensation region, and likely only bind to the surface through one 

contact point. Both positively and negatively charged R-groups have unique, convoluted thermal 

events and likely interact with the surface through a combination of contact points. Second, the 

protonation state of the amino acid during adsorption plays a large role in molecular assembly. His 

thermal events varied depending on the protonation state during adsorption, and it is reasonable to 

assume that protonation state would have a large effect on assembly for other charged amino acids. 

The protonation state directs molecular assembly, which then influences the progression of thermal 

condensation reactions and polymerization. Third, the substrate which also acts as the catalytic 
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agent is equally important in predicting the success of thermal condensation reactions (Figure 

5.1). To promote these reactions, the substrate should have a large surface area and high hydroxyl 

content. Porosity was demonstrated to facilitate thermal condensation reactions, as evidenced by 

a shift to lower peak maximum temperatures (Tmax) on MSN/ala likely due to confinement and 

forced molecular interactions inside the pores (Figure 5.1). Many natural silica morphologies are 

porous and may facilitate thermal condensation reactions in a similar manner. Any material that 

contains ROS will likely promote these reactions as well, as we saw with FSN. 

 

 

 

 

Figure 5.1. DTG of L-ala adsorbed on various silica substrates at 0.05M concentration. Geothermal silica and quartz 
were ball-milled for the number of hours in parenthesis. 
 

 

This dissertation contributed to our fundamental understanding of thermal condensation 

reactions of amino acids on silica nanostructured surfaces. The future direction of this research 

should apply these findings to model prebiotic systems of increasing complexity. Notable 

contributions in origins of life research to increase oligomerization on metal oxide surfaces include 
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the use of wet/dry cycles,1 ester-bond mediation,2, 3 binary mixtures,4, 5 and α-hydroxyacids or β-

amino acids.6 The chronology of biogenic amino acids should also be considered when designing 

experiments.7 Table 5.1 outlines a reasonable list of starting ligands, based on the information 

above. While FSN has proven to be the most reactive, other surfaces including glassy silica and 

porous silica should also be investigated.  

The following project proposes an excellent starting place for any student wishing to 

continue this work. β-alanine is considered a prebiotic, non-biogenic amino acid that has been 

found in similar concentrations to L-alanine and glycine as produced in the Miller-Urey 

experiments and found in carbonaceous chondrites. β-ala has shown evidence of linear 

polymerization, in contrast to many other amino acids that preferentially form the DKP product. 

Preliminary results of a simple equimolar mixture of β-ala and L-ala are shared below to analyze 

if β-ala deters L-ala DKP formation and/or promotes the formation of heteropeptides. The 

techniques discussed below can be applied to investigate thermal condensation events of other 

binary systems adsorbed on silica surfaces. 
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Table 5.1. Prebiotic molecules to be investigated in future research (Y = Yes, N = No, R = Racemic). 
 

 

 

Experimental  

Materials  

FSN (~7 nm) with Brunauer, Emmett, and Teller (BET) surface area of 395 ± 25 m2 g-1 

was purchased from Sigma-Aldrich. Natural abundance β-alanine (99%) and L-alanine (99%) 

were purchased from Fisher Scientific. Fully labeled U-[15N/13C]-β-alanine (98%) was purchased 

from Cambridge Isotope Laboratories, Inc. All materials were used as received.  

 

Prebiotic 
Molecules Biogenic  

Present in 
Meteorites 

Created in Miller- 
Urey Exp. 

Molecular  
Structure 

 
Glycine Y Y Y 

         
-H 

 
 

D/L alanine Y (L) Y (R) Y (R) 
 

-CH3 

 
D/L aspartic acid Y (L) Y (R) Y (R) -CH2COOH 

 
D/L glutamic acid Y (L) Y (R) Y (R) -(CH2)2COOH 

 
D/L valine Y (L) Y (R) Y (?)  

-CH(CH3)2 

 
b-alanine N Y Y 

 

 
D/L isovaline N Y (R) Y (R) 

 

 
D/L Lactic acid N Y (?) Y (?) 

 

 
Glycolic acid 

 
N 

 
Y 

 
Y 
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Sample preparation  

In a typical adsorption procedure, FSN were heated to 500 °C for at least 12 hours to 

activate the surface and remove impurities. Aqueous solutions of 0.03M β-ala or 0.03M β-ala and 

0.03M L-ala were prepared at pH 6 in 25.0 mL aliquots using deionized millipore (DI) water. 375 

mg FSN were added to the solution and the solution was stirred for 3 hr to facilitate amino acid 

adsorption. The samples were separated by centrifugation for 1 hr and the pellet was dried under 

vacuum at room temperature for no less than 48 hr. Isotopically enriched adsorptions were 

prepared using 5.00 mL aliquots and 75 mg FSN for SSNMR studies.  

After drying, Ala/FSN adsorptions were homogenized into a fine powder and 

oligomerization was investigated through isothermal and cyclic heating procedures. In isothermal 

treatments, the samples were treated for 21 hr at 135 °C for β-ala or 140 °C for β/L-ala, washed 

and sonicated with DI water, and separated by centrifugation at 10k rpm for 1 hr. The solubilized 

peptide was collected, dried under vacuum, and resuspended in D2O or 90:10 H2O:D2O for 

solution NMR analysis. Labeled adsorptions were heated in the MAS NMR rotor (uncapped) and 

analyzed with SSNMR immediately following thermal treatment prior to washing.  

Lower temperatures were applied with repetitive thermal cycling using a Bio-Rad T100™ 

Thermal Cycler. The homogenized samples were placed in punctured PCR tubes to allow for 

ventilation and heated with a pre-programmed method. One cycle consisted of 12 hr at 90 °C and 

12 hr at 25 °C. After 14 cycles, or two weeks, the adsorptions were removed from the surface by 

washing with DI water, sonicating, and centrifuging for 1 hr. The solubilized peptides were 

collected and dried under vacuum and resuspended in D2O for solution NMR analysis. Labeled 

adsorptions were carefully packed into a rotor directly after the last cycle, capped, and analyzed 

with SSNMR prior to washing.  
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Solution NMR spectroscopy  

 Solution NMR experiments were performed with a 400 MHz Bruker Avance AV1 

spectrometer equipped with a 5 mm H/X liquids probe. All samples were dissolved in 90:10 or 

100% D2O and referenced to a 10% DSS internal standard (0 ppm). 1H 1D spectra were collected 

on 90:10 samples using nuclear Overhauser effect (NOE) transfer with pre-saturation during the 

recycle delay (d1) and mixing time to suppress water signals (Bruker pulse sequence noesypr1d or 

noesygppr1d). Typical acquisition parameters were 64 scans, 5 sec d1, 65k points, and 16 ppm 

spectral width (sw). Samples dissolved in 100% D2O were analyzed with a simple 1H pulse 

sequence with a 30° flip angle (Bruker, zg30), 16 scans, 5 sec d1, 65k points, and 20 ppm sw. 

Additional techniques were used for characterization of the thermal condensation product 

including 1H – 13C heteronuclear single quantum correlation (HSQC), 1H – 13C heteronuclear 

multiple bond correlation (HMBC), and 1H – 1H homonuclear correlation spectroscopy (COSY). 

1H – 13C HSQC (Bruker, hsqcedetgpsisp2.3 with bi_p5m4sp_4sp.2 decoupling) was collected with 

32 or 64 scans, 1.5 sec d1, 2k points, 128 t1 points, and 14 ppm / 190 ppm sw in the direct/indirect 

dimensions. 1H – 13C HMBC experiments (Bruker, hmbcgpl2ndqf) were collected with 32 scans, 

1.5 sec d1, 4k points, 200 complex t1 points, and 14 ppm / 240 ppm sw. 1H – 1H COSY (Bruker, 

cosygpqf) was collected with 8 or 64 scans, 1.5 sec d1, 2k points, 128 complex t1 points, and 14 

ppm sw. 

 

Solid-state NMR spectroscopy 

 SSNMR experiments were collected with a 600 MHz Bruker Avance IIIHD spectrometer 

equipped with a 1.9 mm triple resonance (1H /13C/15N) probe with 30 kHz magic angle spinning 

(MAS). 13C Cross polarization experiments (CP-MAS) were collected using a 2.45 μs hard pulse 
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on 1H, followed by a 2 ms ramped pulse (30%) with a radio frequency (rf) field strength of 118 

kHz. Polarization transfer to 13C was matched to the -1 Hartman Hann condition and 1H decoupling 

at 115 kHz rf was applied during acquisition (Bruker, swftppm_13). A 5 sec d1, 300 ppm sw, and 

4k scans were used. Spectra were processed with 50 Hz exponential line broadening and indirectly 

referenced to adamantane (13C, 38.48 ppm).8 15N CP-MAS experiments were collected with initial 

1H π/2 pulse of 2.4 μs was applied followed by a 1.5 ms ramped pulse (30%) with a rf field strength 

of 103 kHz. Polarization transfer to 15N was matched to the -1 Hartman Hann condition and high 

power 1H decoupling at 117 kHz rf was applied during acquisition (Bruker, swftppm_13). A 3 sec 

d1 (5 sec in thermally treated samples), 400 ppm sw, and 4k scans were used. Spectra were 

processed with 100 Hz exponential line broadening and indirectly referenced to glycine (15N, 31.6 

ppm).9 

 

Thermogravimetric analysis  

 TGA was conducted using a TA Instruments Q50 under steady N2 (g) flow (60 mL/min for 

furnace and 40 mL/min for balance). A sample mass of 10 – 15 mg was placed in the pan and 

equilibrated at room temperature under N2 flow until a stable mass was reached. Data collection 

started at 25 °C and was heated at a rate of 5 ˚C/min to 600 ˚C. The first derivative (DTG) was 

applied to identify peak temperatures for each thermal transition using TA Universal Analysis 

software. 
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Results and Discussion 

Thermal analysis 

 Many amino acids assembled on silica substrates condense to form peptide bonds after 

thermal treatment.1, 10-18 As discussed in the previous chapters, a DTG peak between 150 °C and 

200 °C typically represents water loss from thermal condensation of neighboring amino acids. 

Figure 5.2 shows DTG thermograms of L-ala/FSN, β-ala/FSN, and mixed β/L-ala/FSN adsorption 

complexes. The peak at 167 °C for L-ala/FSN is water loss from the formation of alanine 

anhydride, the diketopiperazine (DKP) product.19 The thermal condensation reaction occurs at ~30 

°C lower temperature for β-ala/FSN with the thermal condensation reaction occurring at 139 °C. 

A shift to lower temperature indicates the reaction has a lower activation energy and occurs more 

readily. The thermal condensation peak is sharper and well resolved, which could indicate that β-

ala adsorbs more uniformly on the FSN surface and the thermal condensation reaction occurs over 

a smaller temperature range.  

  L-ala forms DKP in nearly 99% efficiency after 3 hr thermal treatment at 170 °C.19 Both 

β/L-ala were adsorbed together from an equimolar mixture to investigate the possibility of 

heterogeneous peptide formation. The TC peak for the mixture appears at 144 °C (Figure 5.2, 

grey), between L-ala and β-ala TC peak maximums but shifted more towards β-ala. The 

degradation region displays a peak and broad shoulder that appear as a superposition of each 

individual amino acid. The mixture does not show individual thermal condensation events, but 

rather one TC event at 144 °C is observed which is close to the TC for the pure β-Ala adsorption. 

This illustrates that β-Ala has a large impact on L-Ala TC and is suggestive that the two amino 

acids couple during the TC event in the mixture.  
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A slower ramp rate (1 °C/min) was applied to deconvolute the degradation region. Slower 

temperature ramping causes Tmax to shift toward lower temperatures and increases resolution of 

areas that contain multiple thermal events. Figure 5.3 shows that when as slower ramp is applied, 

the convoluted degradation region is clearly two distinct thermal events.  

 

 

 
 

Figure 5.2. (top) DTG thermograms of β-ala/FSN-0.03M, L-ala/FSN-0.03M, and mixed (1:1) β/L-ala/FSN at 0.03M 
each. (bottom) Thermal condensation schemes of each reaction.  
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Figure 5.3. DTG thermograms using a slow (1 °C/min) ramp rate. 
 

 
Adsorption and thermal condensation of β-ala/FSN  

 SSNMR experiments were performed on the adsorbed state before and after thermal 

treatment (Figure 5.4). Cα and Cβ chemical environments are nearly equivalent and appear as a 

single resonance at 35.4 ppm in free β-ala. Adsorption to the FSN surface causes the electron 

density to shift due to the electron withdrawing effects of SiO- interaction; Cα and Cβ resonance 

are no longer chemically equivalent. A negligible chemical shift perturbation is observed for C’ 

following adsorption on FSN compared to free b-ala. A small shift (<2 ppm) is observed in NH2 

after adsorption, likely from hydrogen bonding to the surface through this moiety.  

Low temperature thermal treatment causes line broadening for all carbon sites and weak 

resonances become visible that are attributed to the formation of a peptide product. These weak 

resonances increase in population after higher temperature thermal treatment. After 135 °C/21 hr, 

C’ and NH2 groups are almost completely converted but the change is more apparent in 15N CP-

MAS where a clear change in chemical shift is observed as the chemical environment changes 

from free amine (~ 45 ppm) to peptide amide (~ 120 ppm). A small, broad resonance is still 

apparent in the amine region but is shifted downfield, which we attribute to the free amine terminus 
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of a linear peptide. All resonances broaden considerably after high temperature thermal treatment, 

which is commonly observed with ligands in “dry” environments due to reduced dynamics 

resulting in broadening due to chemical shift heterogeneity (a distribution in rigid binding 

environments at the interface).14, 20, 21   

 

 

 
 

Figure 5.4. (left) 13C and (right) 15N CP-MAS NMR of free β-ala and FSN adsorptions before and after thermal 
treatments. Red dashed lines indicate the formation of peptide bonds.  
 

 
Solution NMR experiments were performed to characterize the structure of the products 

after the high temperature thermal treatment where product yield was most favorable. Multiple 2-

dimensional (2D) 1H and 13C correlation techniques were required for deconvolution as multiple 

populations are present even after high temperature thermal treatment. 1H integration was also 

used to determine the total protons of the products in solution. A small population of unreacted β-

ala, a small population of β-ala diketopiperazine (DKP), and the formation of β-ala tetramer were 

determined through 1H – 13C HSQC and 1H – 13C HMBC (Figure 5.5). This is a promising result 
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in origin of life research since it is difficult to overcome the kinetic and thermal stability of DKP 

which is the main product observed in thermal treatments of many biogenic amino acid on silica 

and alumina surfaces.10, 15-17, 19, 21, 22   

 

 

 

 

Figure 5.5. Multiplicity edited 1H – 13C HSQC and 1H – 13C HMBC 2D of β-ala/FSN after 135 °C/21 hr. The 
connectivity indicated by the red or blue dashed lines indicates the product in red or blue, respectively. Correlations 
not connected with dashed lines are from β-ala tetramer. 
 

 

Adsorption and thermal condensation of β/L-ala/FSN mixtures 

 β/L-ala/FSN mixtures were characterized using similar techniques. Adsorption interactions 

were investigated using SSNMR and no changes were observed in the mixture compared to the 

individual amino acid adsorptions (Figure 5.6). This suggests that both amino acids are adsorbed, 

and no new resonances appear from intermolecular interactions. The total amino acid 

concentration of the mixture was 0.06M which is above the point of surface saturation so excess 
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free amino acid is expected as we saw in previous studies with L-Ala/FSN, L-Lys/FSN and L-

His/FSN adsorptions.13, 14, 21 Excess L-ala is clearly present from the strong Cβ resonance at 20.5 

ppm in adsorbed and thermally treated states. The presence of excess β-ala is convoluted by Cα 

and Cβ resonances of the adsorbed state but when exponential multiplication is turned off, 1JCC 

splitting is consistent in both samples at δC 35.4 ppm (~ 91 Hz) suggesting that free β-ala exists in 

the adsorbed mixture.  

The chemical shift of L-ala Cβ is well resolved across all samples shown in Figure 5.6, and 

residual free L-ala is clear even after thermal treatment at 140 °C/30 hr. Previous thermal 

condensation studies on this system have shown that FSN will catalyze the formation of L-ala 

DKP with ~99% efficiency after only 3 hr heating at 170 °C.19 The temperature used in this 

experiment was likely too low to induce L-ala DKP formation with high efficiency, and is likely 

the reason for residual free L-ala, despite prolonged thermal exposure. Negligible changes in 

chemical shift and line width are observed after low temperature thermal cycling, suggesting that 

little to no reaction occurred even after 2 weeks of repetitive exposure. All 13C and 15N resonances 

broaden considerably in the high temperature 140 °C/30 hr thermal treatment with full width at 

half maximum (FWHM) in the range of ~ 600-1000 Hz. This is likely due to a distribution of 

environments which results in chemical shift heterogeneity. The FWHM was within the same 

range for His sites upon removal of water layer,21 so large FWHM values do not conclusively 

indicate polymerization took place. However, the formation of a broad 15N resonance in the peptide 

amide region is clearly observed (~ 120 ppm) that does confirm the formation of peptide bonds.  
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Figure 5.6. (left) 13C and (right) 15N CP-MAS of free β-ala and FSN adsorptions before and after thermal treatments. 
 

 

Similarly, 1H solution NMR of β/L-ala/FSN thermal condensation products are broadened 

considerably and contain trace amounts of unreacted L-ala and β-ala (Figure 5.7) L-ala DKP 1H 

resonances are observed at 1.45 and 4.17 ppm in agreement with the literature,19 as well β-ala4 

groups at 2.43 and 3.43 ppm which indicate the presence of the linear peptide. Additionally, new 

1H resonances are observed at 1.33, 2.48, 3.92, and 4.58 ppm (Figure 5.8) so new products did 

form likely from the coupling of β- and L-ala but the secondary structure has yet to be determined. 

Further experiments are needed for complete structural analysis. 
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Figure 5.7. 1H solution NMR of free β-ala, L-ala, L-ala DKP, and thermal condensation products formed from β-ala 
and β/L-ala adsorptions. Dashed lines indicate the chemical shifts of L-Ala DKP (blue), L-Ala (green), and β-Ala 
(red). β/L-Ala/FSN and L-Ala DKP were dissolved in D2O, β-Ala/FSN, L-Ala, and β-Ala were dissolved in 90:10 
H2O:D2O. 
 

 

 

 

Figure 5.8. 1H – 1H COSY of β/L-ala/FSN after heating at 140 °C/21 hr. Pink and yellow dotted lines indicate new 
products.  
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Conclusions  

 β-ala/FSN characterizations were relatively straightforward. Binding was apparent from 

changes in chemical shifts and broadening in SSNMR spectra, and thermal condensation reactions 

at high and low temperature produced oligomerization up to β-ala4. Simple solution NMR 

techniques were sufficient to characterize multiple components of β-ala/FSN thermal 

condensation. β/L-ala/FSN interactions were more difficult to characterize and any binding 

interaction between the two amino acids has yet to be determined. New 1H resonances and 

correlations are observed in 1H – 1H COSY that are likely due to the coupling of β- and L-ala but 

further experiments are needed to comment on the structure. 2D solution NMR techniques can be 

applied to characterize the peptide product(s) although additional washing steps may be required 

to completely remove FSN from the peptide solution which is likely the source of a high degree 

of line broadening in Figure 5.7. 2D SSNMR techniques (13C – 13C dipolar assisted rotational 

resonance (DARR) with long contact times, 1H – 13C – 15N double CP-MAS, and 1H – 13C or 1H – 

15N heteronuclear correlation (HETCOR)) are recommended for interpreting molecular 

organization and perturbations for the thermally treated β/L-ala mixture.  

This project provides preliminary results and demonstrates techniques to be used in future 

research projects. Solution and SSNMR offer complimentary pathways for characterizing the 

progression of polymerization reactions as they occur on surfaces, and analyzing the final structure 

of the peptide products. Together, they prove to be a valuable tool capable of identifying atomic-

level interactions of molecular assembly on surfaces and the progression of thermally induced 

prebiotic chemical pathways.  
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Future directions 

To continue the work started in this dissertation, it is recommended to start with the amino 

acids listed in Table 5.1. Once the individual amino acids and the thermal condensation products 

have been characterized (including longer thermal cycling possibly up to 12 weeks) binary 

mixtures should be investigated. Surprisingly less work has been done on investigating the 

polymerization of enantiomeric mixtures of amino acids on mineral oxide surfaces. The Miller-

Urey experiments23, 24 and rigorous analysis of meteorite composition by Pizzarello et al25-29 have 

identified that amino acids were present in racemic mixtures in many prebiotic conditions. 

Separation and characterization of enantiomeric mixtures can be difficult since they have the same 

physical properties, but this work could potentially be high impact especially if the substrate is 

found to direct enantiomeric selection.  

Other possible directions for future research are briefly listed here. The tertiary structure 

of the peptides formed by thermal condensation reactions, to the best of our knowledge, have not 

been investigated and could provide valuable insight to biological complexity. SSNMR paired 

with DFT modeling are suitable tools for studying tertiary structures. 13C – 13C through-space 

DARR and double quantum/single quantum (DQ/SQ) Incredible Natural Abundance DoublE 

QUAntum (INADEQUATE) through-bond methods can be used to determine peptide backbone 

folding at the interface from conformational dependent isotropic chemical shifts.30-35 1H – 13C and 

1H – 15N HETCOR techniques with ultra-fast MAS and proton-detection36 can be used to probe 

hydrogen-bonding strength of amino acids and peptides at  interfaces.37 In addition to 3D structural 

analysis, peptide dynamics on nanostructured surfaces can be investigated with 2D 2H – 13C MAS 

methods which have been developed and pioneered by other members in our research group.38-40  
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Ultraviolet (UV) radiation could also be used as an alternative stimulus to drive 

oligomerization. Cosmic radiation would have been much stronger before the formation of the 

ozone layer. UV radiation has been shown to generate amino acids in laboratory simulations of icy 

interstellar analogues.41, 42 More recently, UV and pressure has been shown to polymerize D/L 

alanine into a linear dimer an order of magnitude more than the DKP formation.43 Including an 

additional stimulus would provide a more comprehensive review of prebiotic polymerization on 

silica surfaces.  

 Lastly, we suggest an investigation of amino acids and/or peptides adsorbed on silica 

surfaces with fatty acids or simple lipids. Lipid membranes are an essential component of complex 

organisms today and will readily assemble on silica surfaces, independent of silica morphology.44-

46 Chemical and biological evolution would not have developed to its fullest extent without 

encapsulation and compartmentalization. Interestingly, fatty acids membranes are made more 

stable in the presence of prebiotic amino acids.47 A myriad of experiments can be designed in this 

arena by varying amino acids, lipid composition, co- vs sequential adsorption, thermal treatments, 

wet/dry cycles, etc and provides an additional avenue with potential for high-impact results.  
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