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Mesoporous silica nanoparticles (MSNs) combine the benefits of nanomaterials 

and mesoporous silica materials. This class of materials is characterized by ordered pore 

structures, controllable pore size, and large surface area. Significant research efforts 

have been devoted to achieve the control over particle size, morphology, pore size, and 

mesostructure. 

In this dissertation, I will describe the synthetic approaches, characterization, 

and structural control of three types of silica-based nanoparticles (NPs). Firstly, the 

water-based synthesis of ultrasmall (sub-10 nm) PEGylated gold-silica core-shell NPs 

is described. These core-shell NPs are composed of an ultrasmall gold core, a thin silica 

shell, and a polyethylene glycol (PEG) outer layer. The core-shell NPs show long-term 

stability for nearly a year in both water and PBS buffer solution. The NP suspensions 

further exhibit good contrast in a microscale computed tomography (micro-CT) scanner. 

Secondly a type of stimuli-responsive aminated MSNs with shapeshifting behavior is 

introduced. The shape change can be achieved when MSNs are exposed to water vapor 

in solid-state form for 24 hours, or when MSN suspensions in ethanol are evaporated at 

high humidity, or when MSNs are vacuum-dried from water-rich solvents. Under these 

circumstances, 

, 



Finally, the synthesis and detailed 

characterization of a class of quasicrystalline MSNs is discussed. These MSNs exhibit 

dodecagonal (12-fold) symmetry with particle sizes below 100 nm. 
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CHAPTER 1 

INTRODUCTION 

 

Highly ordered mesoporous silica materials have attracted extensive attention 

and interest since they were introduced as new types of porous materials with pore sizes 

exceeding those of zeolites (0.6 to 1.8 nm).1,2 A major breakthrough was the 

development of periodic mesoporous silica materials (known as the M41S materials 

family) by the Mobil Oil Company in 1992.3 This class of materials is characterized by 

ordered pore structures, controllable pore size (from 2 to 10 nm), and large surface area 

(around 1000 m2/g).4,5 The most well-known representative of this class is MCM-41, a 

material with a two-dimensional hexagonal arrangement of mesopores with space group 

P6mm.3,6 

The synthesis of MCM-41 mesoporous silica materials is based on the 

supramolecular aggregates of ionic surfactants (long-chain alkyltrimethylammonium 

halides) as structure directing agents (SDA) through a liquid-crystal template (LCT) 

mechanism as shown in Figure 1.1a.7 Ordered mesostructured composites are formed 

after the hydrolysis and condensation of silica precursors under basic conditions. 

Mesoporous silica materials are subsequently obtained by removing surfactants via 

extraction or calcination. At a later point, a second mechanism was proposed suggesting 

that the MCM-41 phase forms even at low surfactant concentrations through the 

cooperative self-assembly of the SDA and the added inorganic species (Figure 1.1b).7 

Significant research efforts have been devoted to achieve further control over pore size 

and morphology. By introducing various types of surfactants and exploring a spectrum 

of sol-gel chemistries, new families of mesoporous silica materials, such as SBA8, 

MSU9, and FSM10, were developed with characteristic porosities and morphologies. 

Most of these materials are composed of micron-sized particles. The advantages of 



 

 

Figure 1.1. Formation of mesoporous materials by structure directing agents: (a) true 

liquid-crystal template mechanism, (b) cooperative liquid-crystal template mechanism. 

Reproduced from 



 

 

mesoporosity along with the benefits of silica materials, such as high chemical and 

thermal stability and facile functionalization, make them ideal for applications in 

adsorption, catalysis, chemical separations and biomedicine.4,5,7,11,12 

Mesoporous silica nanoparticles (MSNs) combine the advantages of 

nanomaterials with those of the above-mentioned mesoporous silica materials. In 2001, 

the first paper on using MCM-41 type MSNs as drug delivery systems was reported.13 

Since then, designing biocompatible MSNs has been one of the most active fields of 

study in nanobiotechnology and nanomedicine. For biomedical applications, precise 

control over particle size, particle shape, pore size, and pore structure is very 

important.11,12 Similar to bulk materials, pore size is mainly controlled by the nature of 

the surfactants. Particle size and morphology (spherical, rod-like, or worm-like) can be 

determined by tailoring the molar ratio of silica precursors to surfactants, changing the 

pH using base catalysts, adding organic swelling agents, and introducing organosilane 

precursors.6,14,15 The mesostructure can be affected by several factors, such as the 

hydrolysis and condensation rates of silica precursors, the shape of surfactant micelles 

and the interactions between them, as well as by additives (organic swelling agents, co-

solvents, and organosilane precursors).16,17 

Extensive research efforts have been undertaken to functionalize MSNs with 

organic moieties to add additional properties to the resulting materials. The 

incorporation of organic functionalities into inorganic silica is usually achieved by 

addition of organosilane precursors via grafting (post-synthesis) or co-condensation 

(one-pot synthesis) reactions.7 The co-condensation method provides more 

homogeneously distributed organic units within the resulting materials as compared to 

the grafting method. However, increasing concentrations of organosilane precursors in 

the synthesis may lead to the loss of ordered structures. Furthermore, introducing 

organosilane precursors in the reaction mixture may also affect the pore structure 



 

 

depending on the interaction between the silica precursors and surfactant micelles. 

The functionalization of silica with inorganic metal nanoparticles (NPs) can be 

realized in the form of core-shell structures. Silica has been widely used in the form of 

protecting shells due to its optical transparency, chemical inertness, colloidal stability, 

and simple coating methodology.18 Among the most extensively studied core-shell 

systems, gold-silica core-shell NPs show great promise in biomedical applications 

attributed to their plasmonic properties, biocompatibility, and non-cytotoxicity.19,20 

Despite the large number of studies on the synthesis and functionalization of gold NPs, 

the synthesis of ultrasmall (sub-10 nm) gold-silica core-shell NPs with potential renal 

clearance capability still remains challenging.21 

The main objectives of this dissertation are to present synthetic strategies for 

silica-based NPs, including gold-silica core-shell NPs and functionalized MSNs 

(aminated MSNs), to demonstrate the highest levels of structural control, and to focus 

on their thorough structural characterization. There are six chapters plus four appendices 

in this dissertation. 

Chapter 1, beyond this introduction, provides a general background for the 

formation of mesoporous silica materials with surfactant templates, their characteristics, 

control parameters, and the functionalization with organic and inorganic components. 

Chapter 2 describes the water-based synthesis of sub-10 nm core-shell NPs 

composed of an ultrasmall gold core, a thin silica shell, and a polyethylene glycol (PEG) 

outer layer. The core-shell NPs show long-term stability for nearly a year in both water 

and PBS buffer solution. The NP suspensions further exhibit good contrast in a 

microscale computed tomography (micro-CT) scanner. 

Chapters 3 and 4 discuss a type of stimuli-responsive aminated MSNs with 

shapeshifting behavior. The shape change can be achieved when MSNs are exposed to 

water vapor in solid-state form for 24 hours, or when MSN suspensions in ethanol are 



 

 

evaporated at high humidity, or when MSNs are vacuum-dried from water-rich solvents. 

Under these circumstances, 

, 

 

Chapter 5 highlights the discovery of a class of MSNs exhibiting dodecagonal 

(12-fold) symmetry with particle sizes below 100 nm. 
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CHAPTER 2 

WATER-BASED SYNTHESIS OF ULTRASMALL PEGYLATED GOLD-SILICA 

CORE-SHELL NANOPARTICLES WITH LONG-TERM STABILITY* 

 

2.0 Abstract 

Ultrasmall gold nanoparticles have attracted great interest in biomedical 

applications due to the intrinsic properties of gold nanoparticles and their potential renal 

clearance capability. We present a synthetic method for a type of sub-10 nm core-shell 

nanoparticle composed of an ultrasmall gold core, a thin silica shell, and a polyethylene 

glycol (PEG) outer layer. The thin silica shell is crucial in terms of maintaining colloidal 

stability of the nanoparticles. The PEG layer provides a neutral surface as well as steric 

stabilization. The core-shell nanoparticles show long-term stability for nearly a year in 

both water and PBS buffer solution even when stored at room temperature. The 

nanoparticle suspensions further exhibit high contrast in a microscale computed 

tomography (micro-CT) scanner. This study suggests that these ultrasmall gold-silica 

core-shell nanoparticles can be used as a promising platform for future biomedical 

applications in imaging, diagnostics and theranostics. 
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* Sun, Y.; Sai, H.; von Stein, F.; Riccio, M.; Wiesner, U. Submitted. 



 

 

2.1 Introduction 

Metal nanoparticles have attracted tremendous attention over the past decades, 

due to their enormous variety of size, shape and properties.1,2 Among the most well-

studied metal nanoparticles, gold nanoparticles (Au NPs) show great advantages in the 

biomedical field because of their biocompatibility and non-cytotoxicity.3,4 Over the past 

two decades, there has been an exponential growth in the number of publications on 

gold nanomedicine,5 focusing on applying Au NPs as drug delivery vehicles, 

phototherapeutic and diagnostic imaging agents.6–9 For instance, Au NPs have become 

one of the most promising contrast agents in computed tomography (CT) attributed to 

their unique properties including high X-ray absorption coefficient, easy surface 

modification, and biocompatibility.10 

Another crucial aspect to consider when employing NPs in the biomedical field 

is the eventual excretion of NPs from tissues after administration. Research has 

demonstrated that renal clearance is the most effective path of excretion, with two 

important criteria enabling this pathway: particle size and surface charge.11 NPs should 

have a hydrodynamic diameter of about 10 nm or less in order to be filtered and excreted 

via the kidneys.5,12,13 Neutral organic coatings (PEGylation) prohibit adsorption of 

serum proteins thus facilitating effective renal excretion.12,14 It has been shown in an 

earlier study that PEGylated silica NPs, with hydrodynamic diameter of 6 nm, exhibit 

efficient clearance profiles.14 Semmler-Behnke et al. also noticed that small Au NPs 

(1.4 nm) were excreted in the urine, while larger Au NPs (18 nm) were hardly found in 

the urine and accumulated in liver and spleen instead.15 Despite the large number of 

studies on the synthesis and functionalization of Au NPs, synthetic strategies to generate 

low surface charge, sub-10 nm Au NPs with long-term colloidal stability still remain a 

significant challenge.5 

Silica is a material widely used in the biomedical field, due to its inherent 



 

 

properties such as optical transparency, colloidal stability, biocompatibility, and easy 

surface modification.16–18 For example, in 2011 fluorescent core-shell silica NPs 

(Cornell dots or C dots) have been approved as an investigational new drug (IND) by 

the U.S. Food and Drug Administration (FDA) for a first-in-human clinical trial.17 Silica 

coatings of Au NPs, starting from the mid 1990’s,19 are considered to be an efficient 

method to prevent Au NPs from aggregation and deformation. Therefore, Au NPs with 

silica coatings are highly desirable for biomedical applications. Various protocols have 

been generated to achieve controlled and homogeneous silica coatings on the Au NP 

surface, including vitreophobic surface conjugation and various silane chemistries.19–21 

There are only a few studies on silica coating processes of ultrasmall (sub-10 nm) Au 

NPs, however, and even less where these particles are PEGylated. Jana et al. reported a 

silanization method in toluene to fabricate water-soluble and functionalized Au NPs;21 

however, PEGylation was performed in a one-pot type reaction together with amine-

functionalization, resulting in aminated surfaces which are not desirable for clinical 

applications. Moreover, a water-based synthesis approach was not described, but is 

always preferred for the synthesis of biomaterials. 

2.2 Experimental Section 

Materials 

Gold(III) chloride trihydrate (HAuCl4·3H2O, >99.9%) and sodium borohydride 

(NaBH4, >96%) were purchased from Sigma-Aldrich. Thiolated polyethylene glycol 

(mPEG-SH, MW 224.32) was obtained from Quanta Biodesign. 3-

mercaptopropyltrimethoxysilane (MPTMS) and 2-

[methoxy(polyethyleneoxy)propyl]trimethoxysilane (mPEG-silane, MW 460-590) 

were purchased from Gelest. Ethanol (absolute, anhydrous) was purchased from 

Pharmco-Aaper. All chemicals were used as received without further purification and 

deionized water (Milli-Q, 18.2 MΩ·cm) was used throughout. 



 

 

Synthesis of Native PEGylated Gold Nanoparticles (Au@PEG NPs) 

Ultrasmall native Au@PEG NPs were synthesized in water by reducing 

HAuCl4·3H2O with NaBH4 in the presence of mPEG-SH as ligands, according to a 

previously published method with slight modifications.22 Briefly, 5 mL of 0.03 M 

mPEG-SH aqueous solution was added to 15 mL of 0.01 M HAuCl4·3H2O aqueous 

solution under vigorous stirring and the stirring was kept for 10 to 15 min. Then 15 mL 

of 0.1 M NaBH4 aqueous solution was injected and the mixture was left stirring 

overnight. The resulting dark brown suspension was filtered through 0.2 µm PTFE 

syringe filter to remove large aggregates. In order to perform the solid-state heat 

treatment, the suspension was dried by rotary evaporator in a round bottom flask before 

leaving in a vacuum oven at 45 °C overnight for complete drying. Afterwards, the body 

of the flask was immersed in an oil bath at 150 °C to conduct the solid-state heat 

treatment. After heating for 3 h, the flask was removed from the heating source and 

allowed to cool to room temperature. Native Au@PEG NPs suspension was obtained 

by redispersion in 34 mL of deionized water followed by ultrasonication. 

Synthesis of PEGylated Gold-Silica Core-Shell Nanoparticles (Au@SiO2@PEG NPs) 

In order to add a thin silica shell to the native Au@PEG NPs, 0.055 mL of 0.1 

M MPTMS in ethanol was added to 11 mL of native Au@PEG NPs suspension and 

allowed to stir for 2 h. Subsequently, 1.1 mL of 0.5 M mPEG-silane aqueous solution 

was injected and the mixture was left stirring for 24 h before heating at 80 °C for another 

24 h to facilitate complete silanization and PEGylation. The as-prepared 

Au@SiO2@PEG NPs were fully washed by spin filtration (30,000 MWCO) for five 

times. 

Size selection of fully washed Au@SiO2@PEG NPs was performed by multiple 

centrifugations. Briefly, after the first centrifugation at 20,000 rcf for 10 min, the 

precipitate was discarded and the supernatant was centrifuged again. This procedure 



 

 

was repeated three times and the precipitate from the last centrifugation contained the 

most monodisperse nanoparticles. 

Characterization 

Transmission electron microscopy (TEM) images were taken using a FEI Tecnai 

T12 Spirit microscope operated at an acceleration voltage of 120 kV. Each TEM sample 

was prepared by evaporating 7 µL of suspension on a TEM grid in air. TEM size 

analyses were done by counting the diameter of over one thousand NPs for each TEM 

image. Hydrodynamic particle size, particle size distribution by number or intensity, 

and zeta potential were measured on a Malvern Zetasizer Nano-SZ. Proton nuclear 

magnetic resonance (1H NMR) spectra were measured on a Varian Mercury 300 

spectrometer. Each NMR tube was prepared by redispersing dried sample (about 5 mg) 

into 1 g of dimethyl sulfoxide-d6 (DMSO-d6, Cambridge Isotopes Laboratories). 

Extinction spectrum was measured on a Varian Cary 5000 spectrophotometer. 

Microscale X-ray Computed Tomography (micro-CT) images were obtained on a GE 

120 micro-CT scanner with 15 µm resolution. 

2.3 Results and Discussion 

We present a water-based method to synthesize low surface charge, ultrasmall 

PEGylated gold-silica core-shell NPs (Au@SiO2@PEG NPs). The procedure is well-

controlled so that the overall hydrodynamic diameter of the core-shell structure with 

outer polyethylene glycol (PEG) chains is below 10 nm. The particle synthetic method 

and the detailed silica coating process are schematically depicted in Figure 2.1. The 

native PEGylated Au NPs (Au@PEG NPs) were synthesized in water by reducing a 

gold precursor, HAuCl4, with sodium borohydride in the presence of thiolated PEG (see 

experimental section). Compared to the organic solvents based syntheses of native Au 

NPs, the water-based synthesis reported here is advantageous, since no toxic vapor and 

no organic waste is associated with particle production. Solid-state heat treatment was 



 

 

 

Figure 2.1. (a) Schematic of syntheses of Au@PEG and Au@SiO2@PEG NPs, starting 

from the gold precursor. Au@SiO2@PEG NP is composed of a gold core, a thin silica 

shell on the core, and an outer layer of PEG chains. (b) Detailed silica coating procedure. 



 

 

subsequently exerted to achieve larger and more monodisperse Au@PEG NPs.23 The 

detailed silica coating process, leading to the final particle architecture consisting of a 

gold core, a thin silica shell on the core, and an outer PEG layer (Figure 2.1a), is depicted 

in Figure 2.1b. In a ligand exchange step, 3-mercaptopropyltrimethoxysilane was added 

in order to partially replace some of the existing thiolated PEG ligands. Through the 

subsequent addition of methoxy-terminated PEG silane (mPEG-silane) followed by a 

separate heating step, a thin silica layer was formed that contained some of the primary 

thiol-PEGs and was additionally terminated with secondary mPEG-silanes (see detailed 

structure in Figure 2.1b, right side). A final washing step was performed to fully purify 

the as-made Au@SiO2@PEG NPs. 

In order to characterize the size of Au@PEG and Au@SiO2@PEG NPs, both 

transmission electron microscopy (TEM) and dynamic light scattering (DLS) were 

applied. Figure 2.2a shows that the native Au@PEG NPs after the solid-state heat 

treatment are nearly monodisperse and spherical in shape. TEM-based size analysis over 

about a thousand NPs resulted in an average diameter of 5.1 nm (Figure 2.2b). For 

comparison, DLS in aqueous solution gave an average diameter of 6.6 nm (Figure 2.2c). 

The size given by DLS is expected to be larger as the hydrodynamic diameter takes the 

hydration layer and the PEG chains into account, whereas the size estimated by TEM 

only provides information about the projected gold core diameter. A TEM image of 

fully-washed Au@SiO2@PEG NPs is shown in Figure 2.2d. Since the silica layer is 

very thin, it is not visible in this image. By comparing TEM images in Figure 2.2d and 

2.2a, it is apparent that the Au@SiO2@PEG NPs are not as uniform in size as the native 

Au@PEG NPs. There are several possible reasons for the coarsening. First, Au@PEG 

NPs already show polydispersity after the ligand exchange step (Figure A.1). Second, 

heating was introduced to facilitate PEGylation 24 hours after the addition of mPEG-

silane, which might cause Ostwald ripening of Au@SiO2@PEG NPs. The average 



 

 

 

Figure 2.2. TEM images (a,d,g), corresponding size analysis histograms (b,e,h), and 

DLS size distributions by number (c,f,i) of native Au@PEG NPs (a-c), fully-washed 

Au@SiO2@PEG NPs (d-f), and size-selected fully-washed Au@SiO2@PEG NPs (g-i). 

Insets are TEM images at higher magnification of the same samples. Three DLS 

measurements are displayed for each sample. 



 

 

particle diameters of Au@SiO2@PEG NPs as obtained from TEM and DLS are 5.5 nm 

and 7.6 nm, respectively (Figure 2.2e,f). Comparing TEM diameters (Figure 2.2b and 

2.2e) and hydrodynamic diameters (Figure 2.2c and 2.2f) of native Au@PEG NPs and 

fully-washed Au@SiO2@PEG NPs, respectively, shows that the size of the gold core 

only increases slightly, while the shell thickness increases more substantially. This is 

consistent with the expected additional silica and PEG coatings, see schematic in Figure 

2.1b. Importantly, although the product after silica coating (Au@SiO2@PEG NPs) is 

not as monodisperse as the native Au@PEG NPs, it still has a relatively narrow size 

distribution with an average hydrodynamic diameter below 10 nm. An additional 

multiple centrifugation process can be conducted to further narrow the size distribution 

(see experimental section). A complete characterization data set for a resulting size-

selected batch is shown in Figure 2.2g-i. In the TEM image (Figure 2.2g), size-selected 

fully-washed Au@SiO2@PEG NPs appear nearly monodisperse. The average TEM and 

hydrodynamic diameters are 5.1 nm and 7.3 nm, respectively (Figure 2.2h,i). The size-

selection process is effective for the Au@SiO2@PEG NPs as evidenced by the smallest 

standard deviations, both in TEM and DLS, among the three types of NPs in Figure 2.2. 

It is interesting to note that in the size-selected batch the average gold core diameter is 

identical to that of the native Au@PEG NPs, while the average diameter of the entire 

particle (i.e. including the coating) measured by DLS has increased from 6.6 to 7.3 nm. 

Successful silica coating and PEGylation can be corroborated by proton nuclear 

magnetic resonance (1H NMR) spectroscopy. By comparing spectra of parent mPEG-

silane and fully-washed Au@SiO2@PEG NPs, it is apparent that the latter shows 

broader peaks at chemical shifts around 0.5 ppm and 1.5 ppm, corresponding to protons 

of CH2 groups sitting in α- and β- positions to the silicon atom in the molecule (Figure 

2.3a). The broadening of these peaks indicates the limited mobility of these protons as 

a result of the mPEG-silane being covalently bonded to the surface of the Au NPs. 



 

 

 

Figure 2.3. (a) 1H NMR spectra of mPEG-silane, native Au@PEG NPs, and fully-

washed Au@SiO2@PEG NPs. Spectrum of mPEG-silane is adapted from Ref. 27. (b) 

Extinction spectrum of Au@SiO2@PEG NPs. (c) Photograph of fully-washed 

Au@SiO2@PEG NPs in PBS buffer solution. 



 

 

We looked at the optical properties of Au@SiO2@PEG NPs as Au NPs are well-

known for their localized surface plasmon resonance effect. The extinction spectrum of 

Au@SiO2@PEG NPs in water in Figure 2.3b shows a maximum at 520 nm. 

Au@SiO2@PEG NPs appear wine red in both water and PBS buffer solution (Figure 

2.3c), as well as in 10% fetal bovine serum (FBS, Figure A.2). The zeta potential of 

fully-washed Au@SiO2@PEG NPs in water is -4.6 mV (Figure A.3). Zeta potential 

values in the range between -10 to +10 mV are considered approximately neutral.24 It 

has been shown in an in vivo study in mice that bare silica NPs, i.e. unPEGylated silica 

NPs at or below 10 nm in size, accumulated in the liver and bladder, whereas PEGylated 

silica NPs were cleared through the kidneys into the bladder 45 min postinjection.14 The 

neutral PEG coating prevents the interaction with serum proteins and uptake by other 

cells (opsonization), thus facilitating efficient renal excretion. Therefore the 

Au@SiO2@PEG NPs with neutral surface charge are promising candidates for 

biomedical probes.12 

One of the major motivations for silica coatings is the increase of the colloidal 

stability of the Au NPs. As shown in Figure 2.2a, the native Au@PEG NPs exhibited a 

nearly ideal monodisperse particle size distribution. It is well known, however, that the 

thiol-bond of the thiolated PEG ligands to the gold surface is not stable.25 As a result, 

typical NP processing steps applied in this study, including purification steps in the form 

of, e.g. spin filtration, can change NP morphology in the absence of a silica coating. 

This is demonstrated in Figure 2.4a, where after spin filtration, the fully-washed 

Au@PEG NPs without the silica coating show different sizes and size distribution as 

compared to the native Au@PEG NPs (compare with Figure 2.2a). Aggregated as well 

as fused NPs can clearly be observed in this TEM image. In comparison, the spin-

filtered, fully-washed Au@SiO2@PEG NPs, shown in Figure 2.2d-f, display a narrow 

size distribution without any aggregates. It is interesting to note that although according 



 

 

 

Figure 2.4. (a) TEM image, (b) DLS size distributions by number, and (c) DLS size 

distributions by intensity of fully-washed Au@PEG NPs without any silica coating. (d) 

DLS size distributions by intensity of fully-washed Au@SiO2@PEG NPs, in addition 

to the data of the same sample in Figure 2.2d,f. Three DLS measurements are displayed 

for each sample. 



 

 

to TEM the particle morphology of fully-washed Au@PEG NPs changed after the spin 

filtration process, the size and size distribution by number measured by DLS did not 

change significantly (compare Figure 2.4b and 2.2c). This is due to the fact that in the 

DLS size distribution by number the presence of a few large particles is masked by the 

large number of small particles. Therefore, in addition to DLS size distributions by 

number, DLS size distributions by intensity are also shown to better elucidate the 

differences. Figure 2.4c,d compare DLS size distributions by intensity for these two 

particle batches. For the fully-washed Au@PEG NPs, a peak beyond 100 nm represents 

particle aggregates (Figure 2.4c), which are absent in the size distribution of fully-

washed Au@SiO2@PEG NPs (Figure 2.4d). These results demonstrate that the 

Au@SiO2@PEG NPs are more colloidally stable by means of forming a cross-linked 

silica shell preventing surface gold atom exchange as compared to the purely thiol-

PEGylated Au@PEG NPs. In addition, PEG chains further increased the colloidal 

stability via steric repulsion. 

Besides colloidal stability during processing, long-term stability of NPs in both 

aqueous and PBS buffer solutions is highly desirable. To this end, we compared TEM 

and DLS results of the different NPs of this study after storage at room temperature for 

nearly a year (11 months). 11 month-old native Au@PEG NPs appear more 

polydisperse than a fresh sample (compare Figure 2.5a and Figure 2.2a). The DLS-based 

average size as determined from the distribution by number increases from 6.6 nm to 

8.2 nm with a larger standard deviation (Figure 2.5b). A secondary peak in the DLS-

based size distribution by intensity reveals the existence of aggregates (Figure 2.5c), 

which are absent in the DLS results of a fresh sample (Figure A.4). Both TEM and DLS 

results suggest that the native Au@PEG NPs have undergone partial Ostwald ripening 

leading to coarsening of the NP size distribution. In contrast, the morphology and size 

of fully-washed (but not size-selected) Au@SiO2@PEG NPs remain the same after 



 

 

 

Figure 2.5. TEM images (a,d,g,j), DLS size distributions by number (b,e,h,k) and by 

intensity (c,f,i,l) of native Au@PEG NPs (a-c), fully-washed Au@SiO2@PEG NPs in 

water (d-f) and in PBS buffer solution (g-i), and size-selected fully-washed 

Au@SiO2@PEG NPs in water (j-l). All samples had been stored at room temperature 

for 11 months prior to measurements. Three DLS measurements are displayed for each 

sample. 



 

 

storage for 11 months in water (compare Figure 2.5d,e and Figure 2.2d,f), and no 

aggregates are present as determined by DLS-based size distribution by intensity 

analysis (Figure 2.5f). Furthermore, fully-washed Au@SiO2@PEG NPs also show a 

narrow size distribution without aggregation after storage in PBS buffer solution for 11 

months (Figure 2.5g,h,i). While the average size as determined by DLS increases 

slightly (by 0.1 nm), the corresponding width of the size distribution stays unchanged 

compared to the fresh sample and sample stored in water (compare Figure 2.5h, 2.2f 

and 2.5e). Finally, size-selected Au@SiO2@PEG NPs also remain stable upon long-

term storage in water (Figure 2.5j,k,l). These long-term stability tests demonstrate that 

Au@SiO2@PEG NPs with silica and PEG coatings are more colloidally stable than 

Au@PEG NPs without the silica coating, even though this coating is very thin. The 

cross-linked silica shell is crucial in terms of preventing NPs from coarsening as well 

as from aggregating. 

Finally, we examined the contrast of Au@SiO2@PEG NP water suspensions 

with different concentrations in a microscale computed tomography (micro-CT) 

scanner. As demonstrated in Figure 2.6a, the gray scale values decrease with decreasing 

NP concentration. In the Hounsfield Unit (HU) histogram (Figure 2.6b), the most 

concentrated sample (150 mg/mL) shows a very high attenuation at 2720 HU, and the 

most dilute sample (4.7 mg/mL) was 99 HU, which may still be high enough to 

differentiate the contrast agent from most soft tissues (40-80 HU).26 These preliminary 

results suggest that the Au@SiO2@PEG NPs synthesized in this study, despite their 

ultrasmall size, may provide significant X-ray contrast, and may thus be promising X-

ray contrast agents for in vivo applications. This is particularly true for local injections 

(e.g. using catheters or in peritumoral applications) where dilution effects of the contrast 

agents are minimized. 

2.4 Conclusions 



 

 

 

Figure 2.6. (a) Micro-CT images of Au@SiO2@PEG NPs in water at different 

concentrations. Each white disk represents the cross-section of one sample tube having 

a diameter of 1 cm. (b) Hounsfield Unit (HU) histogram of Au@SiO2@PEG NPs in 

water at different concentrations, compared to pure water, kidney and bone; adapted 

from Ref. 26. 



 

 

In summary, we successfully developed a water-based method to synthesize low 

surface charge, ultrasmall (<10 nm) and narrowly size-dispersed PEGylated gold-silica 

core-shell NPs. The particles show colloidal stability under various processing 

condition, as well as long-term stability over a period of about a year in water and PBS 

buffer solutions. Suspensions of Au@SiO2@PEG NPs exhibit high contrast in micro-

CT imaging, thus suggesting potential for future in vivo applications. 
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3.1 Introduction 

Stimuli-responsive materials (SRMs) have been drawing more and more 

academic and industrial attention due to their ability to respond to specific stimuli such 

as heat, chemical, pH and light.1–8 The way they respond, for most SRMs, is by means 

of changing their physical and/or chemical properties.9 One group of SRMs, referred to 

as shape change materials (SCMs), can alter their shape upon the presence of a particular 

stimulus. Among the extensively studied SCMs, polymers are the most important ones, 

due to their low density, low cost, and potential biocompatibility.2,10 Although polymers 

have a wide range of applications in sensing11,12 and drug delivery fields5,13, long term 

reliability/durability still remains a challenge.9 An alternative approach could be the 

design of a silica-based SCM, which would potentially provide a more reliable system 

due to the relative robustness of silica.14–16 

Silica is a well-studied inorganic material due to its low toxicity, chemical 

versatility, and biocompatibility. Mesoporous silica materials with uniform pore size 

and ordered pore structure were first reported in the early 1990s,17,18 and have been 

widely used in catalysis and sensing.19,20 Mesoporous silica nanoparticles (MSNs) have 

attracted wide-spread research interest attributed to the aforementioned advantages of 

mesoporous silica and also the advantages of nanosized materials. Since the first paper 

on using MCM-41-type MSNs as a drug delivery system published in 2001,21 there has 

been an exponential increase in research publications on biomedical applications of 

MSNs.22 Stimuli-responsive MSNs have been developed in the last decade to achieve 

controlled drug delivery. However in most cases, MSNs were used as a rigid building 

block to load the drug molecules, and the controlled release was achieved by capping 

mesopores with various “gatekeepers”, which will be removed when exposed to 

external stimuli (such as pH, temperature, light, or magnetic field), resulting in the 

release of entrapped drug molecules.23–27 It would be very interesting to develop a type 



 

 

of MSNs, where the particles themselves are responsive to a particular stimulus by 

changing their physical and/or chemical properties. However, because of the physical 

rigidity and chemical stability of silica, at first sight it seems counterintuitive that this 

may be possible. 

3.2 Results and Discussion 

Here we report the room temperature synthesis of column-like aminated MSNs 

with hexagonal cross-section, which exhibit shapeshifting behavior when exposed to 

water vapor, i.e. their cross-sectional shape shifts from hexagonal to six-angle-star. The 

synthesis of shapeshifting MSNs (ss-MSNs) was based on the co-condensation of 

tetraethyl orthosilicate (TEOS) and N-(2-aminoethyl)-3-aminopropyltrimethoxysilane 

(AEAPTMS) (see Appendix B). The original reason we chose AEAPTMS as an 

organosilane to co-condense with TEOS is that the ethylenediamine unit has been shown 

to undergo a pH-dependent two-step protonation with a distinctive gauche-anti 

conformational transition, which facilitates cell membrane destabilization leading to 

endosomal escape.28,29 In comparison, plain MSNs (p-MSNs) were synthesized as 

control samples by hydrolyzing and condensing TEOS alone. 

We first applied transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) to characterize the mesostructure and morphology of p-MSNs and 

ss-MSNs. Surfactant-removed particle suspensions were vacuum-dried (referred to as 

vacuum-dried MSNs), and a wetting treatment was employed by leaving some of the 

vacuum-dried sample powders in opened vials placed in a closed desiccator for 24 

hours. The desiccator was filled with saturated sodium chloride (NaCl) solution at the 

bottom, which provided a relative humidity of around 75%.30 The particles after the 

wetting treatment still appeared as dry loose powders, and were referred to as 24h-wet 

MSNs. The vacuum-dried p-MSNs showed elliptical-disk-like external shape with 

circular cross-section (Figure 3.1a). A higher-magnification TEM image reveals that the 



 

 

 

Figure 3.1. TEM images (a-h) and SEM images (i,j) of vacuum-dried p-MSNs (a,b), 

24h-wet p-MSNs (c,d), vacuum-dried ss-MSNs (e,f,i), and 24h-wet ss-MSNs (g,h,j). 

Insets in (b,d,f,h) are magnified images of selected areas, indicated by rectangles. The 

brightness and contrast of the inset in (h) were adjusted to better display the structure. 

Axes of hexagonal lattices are displayed in (f,h). The outlines of the shapes of two 

MSNs are shown in the SEM images for illustration. All scale bars are 200 nm. 



 

 

mesostructure was composed of hexagonally packed cylindrical channels with uniform 

diameters (Figure 3.1b). After the wetting treatment, the external shape of p-MSNs 

remained almost unchanged but the particles looked denser under the microscope 

compared to vacuum-dried p-MSNs (Figure 3.1c). A closer inspection revealed that the 

mesopores were no longer observable and the ordered hexagonal mesostructure had 

completely disappeared (Figure 3.1d). It is apparent from the TEM images of vacuum-

dried and 24h-wet p-MSNs that the wetting experiment induced the loss of mesopores 

and mesostructure but the overall particle shape was maintained. In contrast, vacuum-

dried ss-MSNs showed well-faceted column-like external shape with hexagonal cross-

section (Figure 3.1e), and the particles possessed the 2D hexagonal mesostructure 

(Figure 3.1f). To our surprise, after the wetting treatment the cross-sectional shape 

changed dramatically into a well-defined six-angle-star shape and the particle columns 

seemed to be elongated (Figure 3.1g). A higher-magnification TEM image of a 24h-wet 

ss-MSN in Figure 3.1h indicated that less mesopores are noticeable compared to the 

vacuum-dried ss-MSN in Figure 3.1f, and the 2D hexagonal mesostructure was partially 

retained in small areas. The external shape change was better demonstrated in SEM 

images. Vacuum-dried ss-MSNs exhibited a column-like morphology with hexagonal 

cross-section (Figure 3.1i), whereas 24h-wet ss-MSNs displayed a column-like 

morphology with six-angle-star shaped cross-section (Figure 3.1j). The above 

microscopic observations suggest that the star-shaped structure most likely originates 

from the 2D hexagonal lattice of mesopores, where the contraction in the mesopores 

and/or silica matrix induces more shrinkage along the (11) direction as compared to the 

(10) direction, as illustrated in Figure 3.1f,h. 

In order to investigate the structural difference between MSNs before and after 

wetting treatment, we further applied small angle x-ray scattering (SAXS). As shown in 

Figure 3.2a, suspensions of p-MSNs in ethanol exhibited reflections consistent with 



 

 

 

Figure 3.2. SAXS patterns of (a) p-MSNs in ethanol suspension, (b) vacuum-dried p-

MSNs, (c) 24h-wet p-MSNs, (d) ss-MSNs in ethanol suspension, (e) vacuum-dried ss-

MSNs, and (f) 24h-wet ss-MSNs. Expected peak positions for hexagonal P6mm 

symmetry are indexed by solid lines. 



 

 

hexagonal P6mm symmetry. The mesostructure was preserved upon vacuum-drying 

with the first order peak shifting from q = 1.64 nm-1 to 1.72 nm-1, where the scattering 

vector q is defined as q = 4π sinθ/𝜆, with 2θ being the total scattering angle and 𝜆 the x-

ray wavelength (Figure 3.2b). This slight shift is likely due to the shrinkage induced by 

silica condensation during drying, similar to what we have reported for other systems 

before.31 However, after the wetting treatment the hexagonal reflections completely 

vanished leaving only a small hump around q = 3.6 nm-1 (Figure 3.2c). The SAXS 

pattern of 24h-wet p-MSNs is consistent with the TEM observations in Figure 3.1c,d, 

in that the particles appeared dense without visible arrays of ordered mesopores. The 

SAXS patterns of ss-MSNs showed a similar trend upon processing (Figure 3.2d-f). In 

ethanol suspension ss-MSNs displayed hexagonal reflections with the first order peak 

at q = 1.54 nm-1 (Figure 3.2d). The hexagonal lattice was conserved upon vacuum-

drying with the first order peak shifting to q = 1.61 nm-1 (Figure 3.2e). The vacuum-

drying-induced shifts of q values of p-MSNs and ss-MSNs were 0.08 nm-1 and 0.07 nm-

1, respectively, indicating analogous effects on these two types of MSNs. The SAXS 

pattern of 24h-wet ss-MSNs only showed one peak at q = 1.87 nm-1 without any higher 

order reflections (Figure 3.2f). The wetting treatment shifted the first order peak of 

vacuum-dried ss-MSNs to higher q values and induced a drop in scattering intensity. 

This significant amount of shrinkage between vacuum-dried and 24h-wet ss-MSNs is 

consistent with the observation of the hexagonal cross-section contracting into a six-

angle-star shape with less visible mesopores. 

Time-resolved observation of structural changes occurring during wetting 

experiments as measured by SAXS provided us with clues of how the structural 

transformation away from the 2D hexagonal lattice takes place. The cell setup used for 

the in situ measurements is depicted in Figure B.1. Briefly, vacuum-dried ss-MSNs 

filled in a capillary were exposed to water vapor provided by a piece of cotton soaked 



 

 

 

Figure 3.3. (a) In situ SAXS patterns of time-resolved wetting experiments of ss-MSNs. 

(b) First order peak position in (a) as a function of wetting time. (c) First order peak 

intensity in (a) as a function of wetting time. 



 

 

with saturated NaCl solution in a closed environment, analogous to the environment in 

the desiccator experiments. In Figure 3.3a, after 9 min of exposure to water vapor (when 

the first pattern was measured) the SAXS pattern showed reflections consistent with 

hexagonal P6mm symmetry. During the wetting process, the (21) reflection of the 

hexagonal lattice vanished first, followed by the disappearance of the (11) and (20) 

peaks. At the same time the first order peak consistent with the (10) reflection 

monotonically shifted to higher q values and the peak intensity decreased. At 560 min 

of wetting, only one peak is left in the SAXS pattern. The time dependence of the first 

order peak position is shown in Figure 3.3b. The peak shifted continuously from q = 

1.62 nm-1 at 9 min to q = 1.86 nm-1 at 560 min in a two-step process. The plot of peak 

intensity of the first order reflection versus wetting time in Figure 3.3c reveals a 

continuous loss of intensity without any particular features. In addition, it would be of 

great interest to investigate whether the deformation described above is elastic or plastic. 

To this end, an in situ drying experiment was performed subsequent to the wetting 

experiment by opening the closed cell, removing the wet cotton, and drying the sample 

powders in the x-ray vacuum chamber at a pressure of 10-1 torr. As shown in Figure B.2, 

during the wetting experiment the first order peak shifted from q = 1.62 nm-1 at 5 min 

to q = 1.70 nm-1 at 165 min, following a similar pattern as in Figure 3.3b. Then the 

measurement was suspended to prepare for the drying experiment, resulting in a 5 min 

gap and slight increase in the q value. During the drying experiment the q values did not 

return to smaller values; instead, it increased slightly by 0.05% (from q = 1.706 nm-1 at 

170 min to q = 1.715 nm-1 at 918 min), suggesting that the shape change was a plastic 

deformation. 

Based on the TEM observations, we expected the porosity to change 

significantly through the wetting treatment and therefore performed nitrogen sorption 

measurements on p-MSNs and ss-MSNs. In Figure 3.4a,c, vacuum-dried p-MSNs and 



 

 

 

Figure 3.4. Nitrogen sorption isotherms (a,c) and DFT pore size distributions (b,d) of 

p-MSNs (a,b) and ss-MSNs (c,d).  



 

 

Table 3.1. BET surface area, mesopore volume, and micropore volume determined by 

nitrogen sorption measurements of p-MSNs and ss-MSNs. 

Sample 
BET surface 

area (m2/g) 

Mesopore 

volume 

(cm3/g) 

Micropore 

volume 

(cm3/g) 

vacuum-dried 
p-MSNs 

1222.8 0.888 0.016 

24h-wet 762.9 0.260 0.111 

vacuum-dried 
ss-MSNs 

831.7 0.703 0.004 

24h-wet 677.4 0.348 0.044 

 



 

 

ss-MSNs both exhibited type IV isotherms with capillary condensation of liquid 

nitrogen in mesopores at nitrogen partial pressures around 0.3. In contrast, no substantial 

condensation occurred in this region for 24h-wet p-MSNs and ss-MSNs, and the 

quantity adsorbed in the intermediate flat region of the data was significantly reduced, 

indicating a decreased mesopore volume compared to the vacuum-dried samples. This 

is elucidated in the pore size distributions calculated based on the isotherms using a 

density functional theory (DFT) model32 (Figure 3.4b,d). Both of the vacuum-dried 

samples showed narrow pore size distributions centered around 3.5 to 4 nm, whereas 

both of the 24h-wet samples exhibited broadly distributed pore sizes from 2 to 3.5 nm 

with significantly smaller areas under the curves, suggesting not only the mesopore size 

became smaller but also the mesopore volume got reduced. The Brunner-Emmett-Teller 

(BET)33 surface areas, as well as the mesopore and micropore volumes of the above-

mentioned four samples are summarized in Table 3.1. Compared to vacuum-dried 

samples, surface areas of 24h-wet samples were smaller, while the micropore volumes 

increased substantially at the expense of mesopore volumes. 

To reveal the local silica bonding, vacuum-dried and 24h-wet ss-MSNs were 

subjected to 29Si solid-state nuclear magnetic resonance (NMR) spectroscopy 

characterization. In Figure 3.5 the peaks at around -110 ppm, -100 ppm, and -90 ppm 

correspond to Q4 (Si(OSi)4), Q3 (Si(OSi)3(OH)), and Q2 (Si(OSi)2(OH)2) groups, 

respectively. The peaks at around -60 to -70 ppm correspond to the combination of 

mainly T3 (R-Si(OSi)3) and T2 (R-Si(OSi)2(OH)) groups introduced by the co-

condensation of aminosilane (AEAPTMS) with TEOS. The ratio of Q4/Q3 is larger for 

24h-wet ss-MSNs than that for vacuum-dried ss-MSNs, suggesting that upon wetting 

the degree of silica condensation increases. 

In summary, we have successfully synthesized a new kind of shape change 

material, i.e. aminated MSNs with hexagonal cross-section that exhibit a well-defined 



 

 

 

Figure 3.5. 29Si solid-state NMR spectra of (a) vacuum-dried and (b) 24h-wet ss-MSNs. 



 

 

shapeshifting behavior. We have shown that the well-faceted aminated MSNs were 

responsive to water vapors leading to a change in cross-section from hexagonal to six-

angle-star. The shape change is accompanied by a decrease in surface area and mesopore 

volume, an increase in micropore volume, and further condensation of the silica matrix. 

This new type of responsive silica material may be used for drug delivery or as a 

fragrance release system. Non-aminated plain MSNs showed similar shrinkage behavior 

upon wetting but did not show a well-defined and easy-to-detect shape change due to 

their isotropic (circular) cross-section. 
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CHAPTER 4 

WATER-RESPONSIVE AMINATED MESOPOROUS SILICA NANOPARTICLES 

WITH SHAPESHIFTING BEHAVIOR* 

 

4.0 Abstract 

We report the room temperature syntheses of aminated mesoporous silica 

nanoparticles (MSNs) by co-condensing tetraethyl orthosilicate (TEOS) with various 

aminosilanes, N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS), (3-

aminopropyl)trimethoxysilane (APTMS), and N-methylaminopropyltrimethoxysilane 

(MAPTMS). The resulting materials are characterized by a combination of transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), small-angle x-ray 

scattering (SAXS), thermogravimetric analysis (TGA), proton nuclear magnetic 

resonance (1H NMR) spectroscopy, and nitrogen sorption measurements. Results 

demonstrate that all three kinds of MSNs can alter the cross-sectional shape from 

hexagonal to six-angle-star in response to water vapor. In particular, analysis performed 

on MSNs synthesized from AEAPTMS (ss-MSNs) reveals that the shape change could 

be achieved when ss-MSN suspensions in ethanol were evaporated at high humidity 

(75%), or when ss-MSNs were dried from water-rich suspension at low humidity (0%), 

in addition to the previously reported condition where particle powders were exposed 

to water vapor for 24 hours. The effects of different amount of surfactants on the shape 

change was also investigated for ss-MSNs. MSNs synthesized from MAPTMS (h-

MSNs) exhibited a helical column-like morphology, and the cross-section shrank from 

hexagonal to star-shape in response to water vapor while the helicity was maintained. 

The shrinkage induced shape change was associated with 

 

____________________________ 
* Sun, Y.; Sai, H.; Tan, K. W.; Gruner, S. M.; Wiesner, U. In preparation. 



 

 

4.1 Introduction 

Stimuli-responsive materials (SRMs) have gained tremendous attention from 

various fields due to a variety of potential applications.1-11 SRMs are able to respond to 

a particular stimulus, such as temperature (thermo-responsive materials)12,13, 

pH/solvent/moisture (chemo-responsive materials)14,15, light (photo-responsive 

materials)16,17, and magnetic field (magneto-responsive materials)18-20. Therefore SRMs 

are “smarter” than ordinary materials and have been used in many fields, including 

nanotechnology, organic and physical chemistry, and materials science. It has also 

become possible to design SRMs based on the needs from engineering applications.21 

For example, liposomes and iron oxide nanoparticles have been designed and used as 

nanoscale stimuli-responsive drug delivery systems in response to temperature and 

magnetic field, respectively.12,13,18 Shape change materials (SCMs), one group of SRMs, 

are able to respond to a specific stimulus by changing their shapes. To date the most 

extensively studied SCMs are polymers due to their low cost, low density, and 

biocompatibility.7,22 However, the long term reliability remains a challenge for these 

polymeric SCMs.23 

Mesoporous silica materials combine the advantages of mesoporous materials 

with those of inorganic silica. They have been one of the most important classes of 

inorganic materials due to their high surface area, large pore volume, tunable pore size, 

and physical and chemical stability.24,25 Since their discovery in the early 1990s, a lot 

of research attention has focused on controlling mesostructure and pore size while also 

broadening their functionalities.26,27 The mesostructure of mesoporous silica is mainly 

determined by the interaction between surfactant micelles and the silica source.25 

Introducing functionalities by adding organosilanes in the synthesis can affect the 

micelle-silica interaction and thus has an influence on the structure and morphology of 

the final products.25,28 Mesoporous silica materials with hexagonal, cage-like cubic, 



 

 

cubic bicontinuous, and quasicrystalline ordered pore structures have been reported.29,30 

A library of micrometer-sized mesoporous silica materials with various morphology has 

also been explored, including spheres, tubes, and rods.31 Very interestingly, ordered 

chiral mesoporous silica with a helical hexagonal rod-like morphology was synthesized 

based on the self-assembly of chiral anionic surfactants and silica precursors including 

aminosilane as a co-structure-directing agent.32 Soon after, a series of helical 

mesoporous silica materials were achieved by using achiral anionic and cationic 

surfactants.33-35 

Mesoporous silica nanoparticles (MSNs) are particularly interesting due to their 

potential biomedical applications.36-39 Similar to bulk material, MSNs also have a 

library of mesostructures, ranging from hexagonal, cage-like cubic, to most recently, 

multicompartment MSNs (mc-MSNs).25,40 These mc-MSNs consist of a core possessing 

Pm 3̅n cubic mesostructure with up to four branches possessing P6mm hexagonal 

mesostructures.40 Driven by the needs from biomedical applications in the last decade, 

there has been immense progress in developing stimuli-responsive MSNs to achieve 

controlled drug delivery. Capping agents are used as “gatekeepers” to trap the drug 

molecules inside of the mesopores of MSNs and the controlled release of the cargo is 

accomplished by spontaneous removal of the “gatekeepers” in the presence of an 

external stimulus, such as pH, enzyme, magnetic field, and temperature.41-44 One 

disadvantage of these stimuli-responsive nanosystems is that they usually require 

complex architectural designs of assemblies from different components, making their 

large-scale syntheses difficult thus hindering their chance of reaching the clinical 

stage.44 To this end, we have previously reported the synthesis of a type of stimuli-

responsive MSNs in which case the particles themselves were stimulus-responsive 

without any complex architecture. This silica-based SCM was responsive to water vapor 

inducing a change of the cross-sectional shape of the particles in solid-state form. In the 



 

 

present work, we provide a full account of the experimental conditions for the shape 

change to take place, including introducing water vapor under different processing 

conditions and changing the amount of surfactants. In addition, the syntheses of 

aminated MSNs containing solely primary or secondary amine groups, respectively, are 

described. A combination of transmission electron microscopy (TEM), small angle x-

ray scattering (SAXS), and nitrogen sorption measurements is used for the 

characterization of these MSNs with slightly different organic moieties. Most notably, 

MSNs synthesized from aminosilanes containing solely secondary amines (h-MSNs) 

displayed a helical morphology while still maintaining the shapeshifting behavior. 

4.2 Experimental Section 

Materials 

Hexadecyltrimethylammonium bromide (CTAB, ≥99%), ethyl acetate (EtOAc, 

ACS grade), ammonium hydroxide (NH4OH, 29%), tetraethyl orthosilicate (TEOS, 

≥99%), N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (AEAPTMS, 95%), (3-

aminopropyl)trimethoxysilane (APTMS, 95%), N-methylaminopropyltrimethoxysilane 

(MAPTMS, 95%), hydrochloric acid (HCl, 36.5-38%), acetic acid (glacial), and ethanol 

(EtOH, absolute, anhydrous) were used as received without further purification. 

Deionized water (Milli-Q, 18.2 MΩ·cm) was used throughout. 

Synthesis of Shapeshifting MSNs (ss-MSNs) 

The synthesis and post-synthesis procedures are shown in Figure 4.1. Briefly, 

EtOAc (0.44 mL) and NH4OH (1.35 mL) were added into CTAB aqueous solution (52.5 

mL, 2.61 mM) under stirring. A mixture of TEOS (0.25 mL) and AEAPTMS (0.0375 

mL) was added and allowed to hydrolyze for 5 min. Additional water (18.45 mL) was 

added and the reaction was left under stirring for 24 hours, before neutralizing with 2 

M HCl. Then the cleaned MSNs were obtained by cleaning the native MSNs via 

centrifugation and redispersion in EtOH for three times. CTAB was removed by adding 



 

 

5 vol% of acetic acid to above-mentioned EtOH suspension and stirring for 30 min. The 

acid-extracted MSNs were obtained by centrifugation and redispersion in EtOH for 

three times. 

In order to investigate the water effect on particle structure and morphology, we 

used pure EtOH, pure H2O, and the mixtures of both with different compositions as 

solvents to clean particles in the two cleaning steps illustrated in Figure 4.1. The 

compositions were indicated as volume ratios of EtOH:H2O. For example, a mixed 

solvent composed of 90 vol% EtOH and 10 vol% H2O is referred to as 90:10 solvent 

mixture in this paper. 

Synthesis of Helical MSNs (h-MSNs) 

Helical MSNs were synthesized by substituting the aminosilane with primary 

and secondary amines (AEAPTMS) with an aminosilane with solely secondary amines 

(MAPTMS) of the same volume in the reaction feed. Pure EtOH and 50:50 solvent 

mixture were used as solvents in the cleaning and acid-extraction steps. 

Synthesis of APTMS-MSNs 

APTMS-MSNs were synthesized by substituting the aminosilane with primary 

and secondary amines (AEAPTMS) with an aminosilane with solely primary amines 

(APTMS, 0.0625 mL). Pure EtOH and 50:50 solvent mixture were used as solvents in 

the cleaning and acid-extraction steps. 

Post-synthetic solid-state treatment of MSNs 

Vacuum-dried particles were obtained by drying precipitates (separated from 

EtOH suspensions by centrifugation) under vacuum at room temperature overnight. 

24h-wet particles were subsequently prepared by exposing vacuum-dried 

particles to a humid environment in a desiccator containing saturated sodium chloride 

(NaCl) solution at the bottom (relative humidity around 75%) for 24 hours. 

Characterization 



 

 

 

Figure 4.1. (a) Chemical structures of surfactant and silanes used in the synthesis. (b) 

MSN synthesis and post-synthesis treatment procedures. 



 

 

Transmission electron microscopy (TEM) images were taken using a FEI Tecnai 

T12 Spirit microscope operated at an acceleration voltage of 120 kV. TEM samples 

were prepared by either evaporating 10 µL of suspension on TEM grid at specified 

relative humidity or directly from powder sample. 

Scanning electron microscopy (SEM) images were acquired using a LEO 1550 

ultrahigh resolution analytical field emission scanning electron microscope equipped 

with an in-lens detector. SEM stubs were sputter-coated with Au-Pd prior to imaging. 

Small-angle x-ray scattering (SAXS) patterns of h-MSNs and APTMS-MSNs 

were obtained at the G1 station of the Cornell High Energy Synchrotron Source 

(CHESS) with a beam energy of 10 keV and a sample-to-detector distance of 40 cm. 

SAXS patterns of ss-MSNs were obtained on a home-built rotating anode beamline.45 

Thermogravimetric analysis (TGA) was conducted on a TA Instruments Q500 

thermogravimetric analyzer. All measurements were taken under nitrogen flow from 

room temperature, ramping to 100 °C, keeping the sample isothermal for 60 min, and 

then ramping to 650 °C. All samples were vacuum-dried at room temperature overnight 

before subjected to TGA analysis. 

1H NMR spectra were measured on a Varian Mercury 300 spectrometer. Each 

NMR tube was prepared by redispersing dried sample (about 5 mg) into 1 g of dimethyl 

sulfoxide-d6 (DMSO-d6, Cambridge Isotopes Laboratories). 

Nitrogen sorption measurements were performed on a Micromeritics 

ASAP2020 instrument. Around 10 mg of freshly prepared powder samples were 

degassed at room temperature under vacuum overnight prior to the analysis. 

4.3 Results and Discussion 

Water Effect on the Formation of Star-Shaped ss-MSNs 

As described in a previous study, aminated MSNs synthesized at room 

temperature by co-condensing TEOS and AEAPTMS exhibited column-like external 



 

 

shape with hexagonal cross-section, which showed a shapeshifting behavior when 

exposed to water vapor in the solid state, i.e. the cross-sectional shape shrank from 

hexagonal into six-angle-star. This stimuli-responsive behavior was induced by high 

water vapor amounts, and resulted in the loss of mesostructural long-range order, the 

shrinkage of mesopores, and a higher degree of silica condensation. 

Compared to the wetting treatment in the solid state which usually took hours to 

induce the shape change, the shape transformation can be achieved within 30 seconds 

by evaporating the EtOH suspension of ss-MSNs (10 µL) at high relative humidity (70% 

RH) on a TEM grid. As a control sample, same batch of EtOH suspension (10 µL) was 

evaporated on a TEM grid in a water-free environment (0% RH). As shown in Figure 

4.2, on first observation, acid-extracted ss-MSNs evaporated at different RH showed 

completely different cross-sectional shape, i.e. hexagonal at 0% RH and star-shape at 

70% RH. Acid-extracted ss-MSNs evaporated at 0% RH showed column-like external 

shape with well-faceted hexagonal cross-section (Figure 4.2a), and a magnified TEM 

image revealed the hexagonally packed mesopores with uniform pore sizes (Figure 

4.2b). The well-faceted particle morphology is also evident from the SEM image (Figure 

4.2c). The fact that particle morphology looked the same for samples prepared by 

evaporating in a water-free environment and by vacuum-drying at room temperature 

(reported in previous work) indicates that these two processing conditions have the same 

effect on influencing particle morphology. In comparison, when the EtOH suspension 

was evaporated at 70% RH, particle cross-section shrank into star-shape (Figure 4.2d). 

A higher-magnification TEM image of the cross-section of one ss-MSN revealed the 

well-defined six-angle-star shape with noticeable hexagonally packed mesopore 

patterns in the center (Figure 4.2e). The particle external shape change was better 

illustrated in the SEM image, where the flat column surfaces transformed into curved 

column surfaces (compare Figure 4.2c and 4.2f). 



 

 

 

Figure 4.2. Low-magnification TEM images (a,d), high-magnification TEM images 

(b,e), and SEM images (c,f) of acid-extracted ss-MSNs evaporated from the same batch 

of EtOH suspension at (a-c) 0% RH and (d-f) 70% RH. 



 

 

In order to control the water content quantitatively as well as to prepare samples 

in relatively large amounts so as to characterize them with other techniques, we prepared 

cleaned and acid-extracted ss-MSN suspensions in mixtures of EtOH and H2O with 

different volume ratios, starting from the same batch of native ss-MSNs. TEM grids 

were prepared by evaporating suspensions in a water-free environment to exclude the 

effect of water vapor on shape. As shown in Figure 4.3a and 4.3b, when evaporated 

from pure EtOH and 90:10 solvent mixture, cleaned ss-MSNs possessed hexagonal 

cross-section. When evaporated from 80:20 solvent mixture, cleaned ss-MSNs started 

to show curved edges, indicating some shrinkage took place (Figure 4.3c). When 

evaporated from 70:30, 60:40, and 50:50 solvent mixtures, all cleaned ss-MSNs showed 

six-angle-star-shaped cross-sections (Figure 4.3d-f). Surprisingly, when evaporated 

from higher water content mixtures, i.e. 25:75 solvent mixture and pure H2O, cleaned 

ss-MSNs showed hexagonal cross-sections without noticeable shrinkage. 

On the other hand, acid-extracted ss-MSN suspensions displayed different trend 

of morphology when evaporated from same sequence of EtOH and H2O mixtures 

(Figure 4.4). When evaporated from solvents containing relatively low and medium 

amounts of water, acid-extracted ss-MSNs showed the same morphology as compared 

to the corresponding cleaned ss-MSNs (compare Figure 4.4a-f with 4.3a-f). When 

evaporated from 25:75 solvent mixture and pure H2O, acid-extracted ss-MSNs showed 

star-shape cross-sections with a more porous structure as determined from the TEM 

images (Figure 4.4g,h). 

Small angle x-ray scattering (SAXS) patterns confirmed the local TEM 

observations. For cleaned ss-MSNs (Figure 4.5a), when vacuum-dried from EtOH and 

90:10 solvent mixture, SAXS patterns showed reflections consistent with hexagonal 

P6mm symmetry with the first order peaks at 1.60 nm-1 and 1.72 nm-1, respectively, 

corroborating the observed hexagonal cross-section in TEM images (Figure 4.3a,b). 



 

 

 

Figure 4.3. TEM images of cleaned ss-MSNs evaporated at 0% RH. ss-MSNs were 

cleaned and redispersed in (a) EtOH, (b) 90:10, (c) 80:20, (d) 70:30, (e) 60:40, (f) 50:50, 

(g) 25:75, and (h) H2O. All scale bars are 200 nm. 



 

 

 

Figure 4.4. TEM images of acid-extracted ss-MSNs evaporated at 0% RH. ss-MSNs 

were acid-extracted and redispersed in (a) EtOH, (b) 90:10, (c) 80:20, (d) 70:30, (e) 

60:40, (f) 50:50, (g) 25:75, and (h) H2O. All scale bars are 200 nm. 



 

 

 

Figure 4.5. SAXS patterns of (a) cleaned ss-MSNs and (b) acid-extracted ss-MSNs 

vacuum-dried from different solvents. Expected peak positions for hexagonal P6mm 

symmetry are indexed by solid lines. 



 

 

When vacuum-dried from 80:20, 70:30, 60:40, and 50:50 solvent mixtures, no 

pronounced peaks were observed indicating that the long-range hexagonal order was 

absent in these samples. However, when vacuum-dried from 25:75 solvent mixture and 

H2O, cleaned ss-MSNs showed hexagonal order with the first order peaks at 1.66 nm-1 

and 1.67 nm-1, respectively, corroborating the hexagonal cross-section observed in TEM 

images (Figure 4.3g,h). By comparing the first order peak positions, it is apparent that 

the samples vacuum-dried from 25:75 solvent mixture and H2O did not shrink much. 

On the other hand, for the acid-extracted ss-MSNs (Figure 4.5b), when vacuum-dried 

from EtOH and 90:10 solvent mixture, particles possessed hexagonal symmetry with 

first order peaks at 1.61 nm-1 and 1.70 nm-1, respectively, similar to the corresponding 

cleaned ss-MSNs. However, for the samples vacuum-dried from solvents with higher 

water content, no pronounced peaks were observed, consistent with the TEM results in 

that only acid-extracted ss-MSNs with star-shape cross-sections were formed (Figure 

4.4c-h). 

Surfactant Effect on the Formation of Star-Shaped ss-MSNs 

As discussed in the previous section, when vacuum-dried from 25:75 solvent 

mixture and pure H2O, cleaned ss-MSNs showed hexagonal cross-sections whereas 

acid-extracted ss-MSNs showed star-shape cross-sections. The difference between the 

cleaned and acid-extracted ss-MSNs is the acid-extraction step (see Figure 4.1b). It is 

well known that CTAB is sparingly soluble in water and freely soluble in EtOH and 

acetic acid. Therefore, we speculate that the remaining CTAB amount is very different 

among the samples cleaned with different solvents as well as samples before and after 

acid-extraction. In order to quantitatively compare the amount of CTAB within the 

samples, thermogravimetric analysis (TGA) was performed on cleaned ss-MSNs 

vacuum-dried from EtOH and H2O, and acid-extracted ss-MSNs vacuum-dried from 

EtOH and H2O (Figure 4.6). TGA of native MSNs was also measured as a control 



 

 

 

Figure 4.6. TGA curves of (a) native ss-MSNs, (b) cleaned ss-MSNs (from EtOH), (c) 

acid-extracted ss-MSNs (from EtOH), (d) cleaned ss-MSNs (from H2O), and (e) acid-

extracted ss-MSNs (from H2O). 



 

 

sample. TEM image (Figure C.1a) and SAXS pattern (Figure C.1b) of native ss-MSNs 

suggest a hexagonal cross-section with 2D hexagonal structure. The pore structure was 

less visible than for any of the cleaned and acid-extracted ss-MSNs (Figure C.1a inset), 

likely due to the fact that the particle external surfaces were covered with large amounts 

of CTAB molecules. As expected, native ss-MSNs exhibited the highest weight loss 

(around 50%, Figure 4.6a). Cleaned ss-MSNs vacuum-dried from EtOH showed 

relatively low weight loss (around 10%, Figure 4.6b), since CTAB can dissolve freely 

in EtOH suggesting EtOH is a good cleaning solvent to remove excess CTAB. TGA 

curve of acid-extracted ss-MSNs vacuum-dried from EtOH showed about 10% weight 

loss, comparable to the corresponding cleaned ss-MSNs (Figure 4.6c). In comparison, 

cleaned ss-MSNs vacuum-dried from H2O showed relatively high weight loss (around 

35%, Figure 4.6d), which suggested that although cleaned for three times, CTAB 

molecules were not effectively removed by H2O. Acid-extraction step was efficient in 

terms of removing CTAB molecules, since acid-extracted ss-MSNs vacuum-dried from 

H2O demonstrated a relatively low weight loss (around 15%, Figure 4.6e). 

By comparing the TGA curves with TEM images, it is interesting to find out the 

correlation between the CTAB content and the particle morphology, i.e. ss-MSNs 

contained high amounts of CTAB exhibited hexagonal cross-section with 2D hexagonal 

symmetries, while ss-MSNs with low CTAB content showed star-shape cross-section 

without any long-range order. Furthermore, CTAB within the mesopores, i.e. internal 

CTAB, is not the key parameter. EtOH could only remove external CTAB molecules 

while internal CTAB molecules were still present as confirmed by proton nuclear 

magnetic resonance (1H NMR) spectroscopy (Figure C.2c). Therefore, the external 

CTAB molecules played an important role in controlling the particle morphology, in 

addition to the water content of the solvent mixtures. 

Synthesis of MSNs with Helical Morphology 



 

 

As discussed so far, the ss-MSNs possessing well-defined hexagonal cross-

section and shapeshifting behavior were synthesized by introducing an organosilane, 

AEAPTMS, containing both primary and secondary amines (see Figure 4.1a). It 

therefore was interesting to investigate whether this well-faceted morphology as well as 

the shape change response are specific to this one organosilane, or a more universal 

behavior also seen with other organosilanes. To this end, we substituted AEAPTMS 

with some other aminosilanes containing only secondary (MAPTMS), or primary 

(APTMS) amines, respectively (see Figure 4.1a). To our surprise, when MAPTMS 

molecules were introduced to the reaction, the resulting acid-extracted MSNs possessed 

well-faceted cross-sections with helical morphology (Figure 4.7). To investigate the 

above-mentioned effect of water from atmosphere and from solvent mixtures on these 

MSNs, both post-synthetic treatments were utilized, i.e. a wetting treatment for 24 hours 

(24h-wet) and vacuum-drying from 50:50 solvent mixture (50:50-vacuum-dried), in 

comparison to the control sample vacuum-dried from EtOH (vacuum-dried). 

Both 



 

 

 

Figure 4.7. SEM images (a,b,d,e,h,i) and TEM images (c,f,g,j,k) of acid-extracted h-

MSNs in different forms: vacuum-dried (a-c), 24h-wet (d-g), and 50:50-vacuum-dried 

(h-k). 



 

 

with the first order peak at 1.52 nm-1 



 

 

Figure 4.8. SAXS patterns of acid-extracted h-MSNs in different forms: (a) in EtOH 

suspension, (b) vacuum-dried, (c) 24h-wet, and (d) 50:50-vacuum-dried. 



 

 

Figure 4.9. (a) Nitrogen sorption isotherms and (b) DFT pore size distributions of acid-

extracted h-MSNs.  



 

 

Table 4.1. BET surface area, mesopore volume, and micropore volume determined by 

nitrogen sorption measurements of acid-extracted h-MSNs. 

Sample 
BET surface 

area (m2/g) 

Mesopore 

volume 

(cm3/g) 

Micropore 

volume 

(cm3/g) 

vacuum-dried 

h-MSNs 

840.3 0.710 0.006 

24h-wet 657.9 0.287 0.061 

50:50-vacuum-dried 502.9 0.136 0.104 



 

 

wetting treatment for 24 hours (24h-wet), 

and vacuum-drying from 50:50 solvent mixture (50:50-vacuum-dried). These particles 

were characterized by TEM (Figure C.3), SAXS (Figure C.4), and nitrogen sorption 

measurements (Figure C.5 and Table C.1). Briefly, analogous to ss-MSNs and h-MSNs, 

the cross-sectional shape of APTMS-MSNs shifted from hexagonal to six-angle-star 

when exposed to water vapor for 24 h or vacuum-dried from a water-rich solvent, 



 

 

accompanied by the loss of hexagonal long-range order, decrease in surface area and 

mesopore size and volume, and increase in micropore volume. 

4.4 Conclusions 



 

 

, similar to ss-MSNs, and possessed shapeshifting behavior. The induced shape 

change of h-MSNs and APTMS-MSNs resulted in the loss of hexagonal long-range 

order, decrease in mesopore size and volume, and increase in micropore volume. 
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CHAPTER 5 

MICELLE SIZE INDUCED DODECAGONAL TILING IN MESOPOROUS SILICA 

NANOPARTICLES* 

 

5.0 Abstract 
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5.1 Introduction 

5.2 Results and Discussion 
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CHAPTER 6 

CONCLUSIONS 

 

In this dissertation, I have explored synthetic strategies towards the structural 

control of silica-based nanoparticles (NPs), including gold-silica core-shell NPs 

(Chapter 2), shapeshifting mesoporous silica nanoparticles (MSNs, Chapters 3 and 4), 

and quasicrystalline MSNs (Chapter 5). 

In Chapter 2, ultrasmall PEGylated gold-silica core-shell NPs were synthesized 

in water with narrow size distributions. The particles showed colloidal stability under 

various processing conditions, as well as long-term stability over a period of about a 

year in water and PBS buffer solution. Particle suspensions exhibited good contrast in 

microscale computed tomography (micro-CT) imaging. 

In Chapters 3 and 4, shapeshifting aminated MSNs with hexagonal cross-section 

were synthesized and characterized. The well-faceted aminated MSNs were responsive 

to water vapor leading to a shape change in cross-section from hexagonal to six-angle-

star , 

the cross-

section shrank from hexagonal to star-shape in response to water vapor while the 

helicity was maintained. 

In Chapter 5, a new class of MSNs with dodecagonal quasicrystalline structure 

was synthesized. 



 

 

 

MSNs have been used 

as a rigid building block to load drug molecules, while the controlled release has been 

achieved by so-called “gatekeeper” molecules at the pore openings of the particles. One 

limitation of these systems is that they usually require complex architectural designs 

and assemblies from different components, making the large-scale syntheses difficult 

and lowering their chance of reaching the clinical stage. Therefore, developing a type 

of MSNs, where the particles themselves are responsive to a particular stimulus by 

changing their physical and/or chemical properties, may provide an alternative approach 

to solve this issue.

  



 

 

APPENDIX A 

Supporting Information for Chapter 2 

 

Characterization 

Zeta potential were measured on a Malvern Zetasizer Nano-SZ. Zeta potential 

of fully-washed Au@SiO2@PEG NPs was measured in water at 20 °C by adding 1 mL 

particle suspension into 4.5 mL cuvettes and using a zeta dip cell setup. In zeta potential 

measurements, the Henry equation was used to calculate the zeta potential z:1 

𝑈𝑒 =
2𝜀𝑧𝑓(𝜅𝛼)

3𝜂
 

where Ue is the electrophoretic mobility, ε is the dielectric constant, η is the absolute 

zero-shear viscosity of the medium, f(κα) is the Henry function, and κα is a measure of 

the ratio of particle radius to the Debye length. The electrophoretic mobility was 

measured experimentally and used to calculate the zeta potential.



 

 

 

Figure A.1. (a) TEM image and (b) corresponding size analysis histogram of Au@PEG 

NPs after ligand exchange with MPTMS.  



 

 

 

Figure A.2. (a) TEM image, (b) extinction spectrum, and (c) photograph of fully-

washed Au@SiO2@PEG NPs in 10% FBS. Sample were stored at room temperature 

for 2 weeks prior to measurements.  



 

 

 

Figure A.3. Zeta potential distribution of fully-washed Au@SiO2@PEG NPs.  



 

 

 

Figure A.4. DLS size distribution by intensity of freshly prepared native Au@PEG 

NPs. 
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APPENDIX B 

Supporting Information for Chapter 3 

 

Materials 

Hexadecyltrimethylammonium bromide (CTAB, ≥99%), ethyl acetate (EtOAc, 

ACS grade), ammonium hydroxide (NH4OH, 29%), N-(2-aminoethyl)-3-

aminopropyltrimethoxysilane (AEAPTMS, 95%), tetraethyl orthosilicate (TEOS, 

≥99%), hydrochloric acid (HCl, 36.5-38%), acetic acid (glacial), and ethanol (absolute, 

anhydrous) were used as received without further purification. Deionized water (Milli-

Q, 18.2 MΩ·cm) was used throughout. 

Synthesis of Shapeshifting MSNs (ss-MSNs) 

EtOAc (0.44 mL) and NH4OH (1.35 mL) were added into CTAB aqueous 

solution (52.5 mL, 2.61 mM) under stirring. A mixture of TEOS (0.25 mL) and 

AEAPTMS (0.0375 mL) was added and allowed to hydrolyze for 5 min. Additional 

water (18.45 mL) was added and the reaction was left under stirring for 24 hours. After 

24 hours, the particle suspension was neutralized with 2 M HCl, before cleaning by 

centrifugation and redispersion in ethanol for three times. CTAB was removed by 

adding 5 vol% of acetic acid to above-mentioned ethanol suspension and stirring for 30 

min. The particles were again cleaned by centrifugation and redispersion in ethanol for 

three times. 

Synthesis of Plain MSNs (p-MSNs) 

In general, the synthetic method was similar to the protocol above, except that 

pure TEOS (0.25 mL) was added instead of silane mixtures. The cleaning and CTAB-

removal steps were performed in the same manner as described in the previous section. 

Post-synthetic treatment of MSNs 

Vacuum-dried particles were obtained by drying precipitates (separated from 



 

 

ethanol suspensions by centrifugation) under vacuum at room temperature overnight. 

24h-wet particles were subsequently prepared by exposing vacuum-dried 

particles to a humid environment in a desiccator containing saturated sodium chloride 

(NaCl) solution at the bottom (relative humidity around 75%) for 24 hours. 

Characterization 

Transmission electron microscopy (TEM) images were taken using a FEI Tecnai 

T12 Spirit microscope operated at an acceleration voltage of 120 kV. TEM grids were 

prepared from powder samples. 

Scanning electron microscopy (SEM) images were acquired using a LEO 1550 

ultrahigh resolution analytical field emission scanning electron microscope equipped 

with an in-lens detector. SEM stubs were prepared from powder samples and sputter-

coated with Au-Pd for 4 seconds prior to imaging. 

Small-angle x-ray scattering (SAXS) patterns of p-MSNs were obtained at the 

G1 station of the Cornell High Energy Synchrotron Source (CHESS) with a beam 

energy of 10 keV and a sample-to-detector distance of 40 cm. SAXS patterns of ss-

MSNs were obtained on a home-built rotating anode beamline.1 In situ SAXS patterns 

of time-resolved wetting experiments were measured using the rotating anode beamline 

on a cell setup depicted in Figure B.1. 

Nitrogen sorption measurements were performed on a Micromeritics 

ASAP2020 instrument. Around 10 mg of freshly prepared powder samples were 

degassed at room temperature under vacuum overnight prior to the analysis. 

29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR) 

experiments were carried out on a Bruker Avance DSX NMR spectrometer with a 9.4 

T magnet (79.52 MHz 29Si Larmor frequency).



 

 

 

Figure B.1. (a) Photograph of cell setup for in situ SAXS measurements. (b) Illustration 

of the cell setup with more details.  



 

 

 

Figure B.2. First order peak position of SAXS patterns of time-resolved in situ 

wetting and drying experiments of ss-MSNs. 
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Figure C.1. (a) TEM image of native ss-MSNs. Inset is the magnified image on the 

selected area, indicated by the rectangle. (b) SAXS pattern of native ss-MSNs with 

expected peak positions for hexagonal P6mm symmetry indexed by solid lines.



 

 

 

Figure C.2. 1H NMR spectra of (a) CTAB, (b) native ss-MSNs, (c) cleaned ss-MSNs 

(from EtOH), (d) acid-extracted ss-MSNs (from EtOH), (e) cleaned ss-MSNs (from 

H2O), and (f) acid-extracted ss-MSNs (from H2O). 



 

 

 

Figure C.3. TEM images of acid-extracted APTMS-MSNs in different forms: (a) 

vacuum-dried, (b) 24h-wet, and (c) 50:50-vacuum-dried. 



 

 

 

Figure C.4. SAXS patterns of acid-extracted APTMS-MSNs in different forms: (a) in 

EtOH suspension, (b) vacuum-dried, (c) 24h-wet, and (d) 50:50-vacuum-dried. 



 

 

 

Figure C.5. (a) Nitrogen sorption isotherms and (b) DFT pore size distributions of acid-

extracted APTMS-MSNs.  



 

 

Table C.1. BET surface area, mesopore volume, and micropore volume determined by 

nitrogen sorption measurements of acid-extracted APTMS-MSNs. 

Sample 
BET surface 

area (m2/g) 

Mesopore 

volume 

(cm3/g) 

Micropore 

volume 

(cm3/g) 

vacuum-dried 
APTMS-

MSNs 

720.4 0.593 0.003 

24h-wet 614.1 0.335 0.021 

50:50-vacuum-dried 330.8 0.123 0.052 
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Sample [TMB] (mM) a(hex)b (nm) a(cub)c (nm) 

MSN-12mM 12 5.13 n/a 

MSN-29mM 29 5.29 12.01 

MSN-47mM 47 n/a 12.45 

𝑎 = 4𝜋/√3𝑞∗ 𝑞∗ = 𝑞ℎ𝑘/(ℎ2 + 𝑘2 + ℎ𝑘)1/2

𝑎 = 2𝜋/𝑞∗ 𝑞∗ = 𝑞ℎ𝑘𝑙/(ℎ2 + 𝑘2 + 𝑙2)1/2
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N 9 13 27 40 42     

Rg_par 1.1547 1.4514 2.0761 2.5218 2.6096     

Rg_perp 1.1547 1.4514 2.0761 2.5218 2.6096     

[TMB] 17 17 17 17 17     

[NH4OH] 25 58 58 58 83     

N 4 8 8 11 14 19 28   

Rg_par 0.7071 1.0488 1.0488 1.3012 1.5314 1.6692 2.1133   

Rg_perp 0.7071 0.8804 0.8804 1.2100 1.4113 1.3886 1.9570   

[TMB] 21 21 21 21 21 21 21   

[NH4OH] 21 41 41 41 41 41 62   

N 3 5 9 10 15 16 26 30  

Rg_par 0.5774 0.8358 1.1821 1.1817 1.4986 1.5998 2.0316 2.1080  

Rg_perp 0.5774 0.6492 0.7921 0.8388 1.2086 1.0016 1.2814 1.3907  

[TMB] 42 42 42 42 42 42 42 42  

[NH4OH] 25 25 41 41 41 62 62 62  

N 3 11 12 22 22 42 84   

Rg_par 0.5774 1.2691 1.3384 1.7973 1.8005 2.4945 3.6993   

Rg_perp 0.5774 0.7983 0.8419 0.9584 0.9457 0.9582 1.5304   

[TMB] 62 62 62 62 62 62 62   

[NH4OH] 21 41 41 41 41 62 83   

N 4 5 6 7 21 37 40 52 64 

Rg_par 0.7071 0.8358 0.9418 0.9807 1.8084 2.3377 2.4280 2.8115 3.1096 

Rg_perp 0.7071 0.6492 0.7085 0.6833 0.7793 0.8245 0.9545 0.8159 0.9648 

[TMB] 83 83 83 83 83 83 83 83 83 

[NH4OH] 21 21 33 33 66 58 58 66 66 



 

 



 

 

 


