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ABSTRACT 

Morphology transitions in the surfactant directed synthesis of mesoporous silica 

nanoparticles are of great interest as these materials are interesting for applications in 

catalysis, separation, and drug delivery. The nature of the transition mechanisms often 

remains unknown, but is vital to understanding of better-designed materials. We 

investigate a bimodal transition mechanism in the synthesis of single pore silica 

nanoparticles of two different shapes synthesized through micelle templating. 

Introducing pore expander trimethylbenzene (TMB) to the system at varying 

concentrations results in a transition from pure thicker single-pore particles to pure 

thinner single-pore particles. In the transition region both particles have stable pore 

and particle sizes while after the transition region an increase in the size of the thinner 

particles is observed. The bimodal nature of the transition is verified by a 

combination of gel permeation chromatography (GPC), fluorescence correlation 

spectroscopy (FCS), dynamic light scattering (DLS) and transmission electron 

microscopy (TEM) techniques. 
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CHAPTER 1 

INTRODUCTION 

1.1 Mesoporous Silica Nanoparticles 

Discovery of MCM-41 materials (1992) with pore sizes ~15-100 Å has brought attention to the 

formation mechanism of Mesoporous Silica Nanoparticles (MSNs) synthesized through the 

interaction of silica and micelles.1,2 MSNs have found many applications such as drug delivery 

and biosensor materials.28,29,30,31,32,33  

The development of SBA-15 materials (1998) with larger pore sizes (46-300 Å) by the addition 

of oil phase, and their phase transformation mechanisms from hexagonally ordered SBA-15 

silicas to Mesocellular Foams (MCFs) has paved the way on MSNs research.3,4 In 2000, Stucky 

et al. showed that adding sufficient 1,3,5-trimethylbenzene (TMB) not only leads an increase in 

the pore size of SBA-15 silicas, but also causes a phase transformation from highly ordered 

SBA-15 silicas to disordered MCFs.5 Hexagonally ordered SBA-15 silicas with  pore sizes 4-12 

nm transforms into MCFs ( pore sizes 22-42 nm).6 While MCFs form through spherical micelle 

templates,6 SBA-15 silicas form through cylindrical templates which start out as spheres and go 

through a morphological change upon the addition of tetraethyl orthosilicate (TEOS) which 

screens the charge and repulsive interaction between micelle head groups.6,8,9 The addition of 

TEOS turns micelles into cylindrical rods to decrease the effective area which micelle head 

*This work was conducted in Wiesner Research Group with the TEM and DLS data contribution of Kai Ma. 
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groups occupy.6,8,9 By the addition of TMB, rod-like templates turn into noded micelle structure 

(spheres) to reduce the surface to volume ratio by covering oil droplets with minimum amount of 

polymer.6 Afterwards, for MCF formation, the size of the micelles increases until the micelle 

cores saturate with TMB, which results in the formation of aggregated spherical micelles.6,10,11,19 

In 2015, Wang et al. stated that the ordered structure of SBA-15 silicas is only maintained for 

low TMB concentrations (<TMB/surfactant:2). Phase transformation to spherical micelles occurs 

at high TMB concentrations resulting in larger pore sizes.7 

It was also stated that TMB molecules might occupy the micelle surfaces through π-cation 

interactions of surfactant head groups and oil molecules at low oil concentrations.12,13,14,15 TMB 

molecules preferentially occupy cores of the micelles above saturation of TMB on micelle 

surfaces.24 Excess amounts of TMB swells the cores of micelles until the saturation of  micelle 

interiors with TMB, resulting in maximum micelle size.24 

The tunable nature of MSNs brought attention to the possibility of cancer diagnosis and 

treatment by silica nanoparticles (SNPs).17,20,21 The Wiesner Group at Cornell developed FDA-

approved fluorescent SNPs, called C-Dots for clinical cancer investigations.18,25 Promising 

human trials led to the research focusing on cancer treatment in addition to cancer diagnostics. 

Mesoporous Cornell Dots (mC-Dots) developed by Ma et. al. in water synthesis using TMOS as 

silica precursor, instead of conventional Stöber synthesis made it possible to control particle 

morphology and size below 10 nm.18,20,24 TMOS with a fast hydrolysis rate in water provides a 

better morphology control than TEOS that has a slower hydrolysis rate. In addition, the use of 

cationic surfactant (C16TAB) templates the silica condensation.16,18,20,22 In 2015, Ma et. al. 
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investigated the use of TMB in mC-Dots synthesis and developed torus shaped fluorescent silica 

nanoparticle called C-Rings, which has a larger pore size than mC-Dots.21 

The study of pore sizes and morphology transitions of MSNs have always been a curiosity, since 

the discovery of MCM-41 materials. There have been number of studies trying to exceed size 

limits of MSNs and focusing on their different phases, but the detailed nature of the morphology 

transitions remains unknown.1,2,3,4,5,6 

Here, we represent a bimodal morphology transition between mC-Dots and C-Rings synthesized 

through an oil/surfactant templated mechanism with varying TMB concentrations. This study 

reveals the nature of a morphology transition for oil/surfactant/silica system and gives insight to 

oil/surfactant interactions, which could lead to the discovery of new material types allowing for 

new applications in the future. 

1.2 Organization of the Thesis 

We have tried to show the bimodal transition phenomena through the thesis. In the first part of 

the thesis, we have reviewed the related literature. In Chapter 2, we have explained the 

experimental background of this work. In Chapter 3 and 4, results, discussion and conclusion of 

this work were stated. Chapter 5 includes the supplementary figures of this study. 
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CHAPTER 2 

MATERIALS AND METHODS USED TO FABRICATE MC-DOTS 

AND C-RINGS 

2.1 Materials 

All materials were used as received. Hexadecyltrimethyl ammonium bromide (CTAB, ≥99%), 

tetramethyl orthosilicate (TMOS, ≥99%), 2.0 M ammonium hydroxide in ethanol, and anhydrous 

dimethyl sulfoxide (DMSO, ≥99%) were purchased from Sigma Aldrich. 2-

[methoxy(polyethyleneoxy)6-9propyl]trimethoxysilane (PEG-Silane, MW. ~500), and (3-

mercaptopropyl) trimethoxysilane (MPTMS, 95%) were obtained from Gelest. Mesitylene 

(TMB, 99% extra pure) was purchased from Acros Organics. Tetramethylrhodamine-6 C2 

maleimide (TMR) was purchased from Anaspec. Absolute anhydrous ethanol (200 proof) was 

obtained from Pharmco-Aaper. Glacial acetic acid was purchased from Macron Fine Chemicals. 

0.9% sodium chloride irrigation USP solution was purchased from Braun. Syringe filters (0.2 

µm, PTFE membrane) were purchased from VWR International. Vivaspin sample concentrators 

(MWCO 30K) and Superdex 200 prep grade were obtained from GE Health Care. Snake skin 

dialysis membrane (MWCO 10K) was purchased from Life Technologies. Deionized (DI) water 

was generated using Millipore Milli-Q system (18.2 MΩ.cm).  
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2.2 Methods 

2.2.1 Synthesis of the Particles 

MC-Dots and C-Rings were synthesized as described in the literature.17,20,21 0.227 mmol of 

CTAB and 1 mL of 20 mM aqueous ammonium hydroxide solution were added into 9 mL DI 

water.  There was no addition of TMB following this step for the synthesis of mC-Dots, whereas 

the concentration of TMB was varied from 14.4 mM to 360.8 mM to form C-Rings with 

different diameters. Then the solution was stirred for 40 min at 30 ᵒC to fully dissolve CTAB. 

Following that, 0.45 mmol TMOS, and 0.0004 mmol TMR dye (conjugated 12 h prior to 

addition with 0.01 mmol MPTMS in DMSO) were added into the reaction under stirring. 

Afterwards, the solution was kept stirred at 30 ᵒC for 24 h. After that, 0.21 mmol PEG-silane was 

added into the solution and stirring continued for another 24 h at 30 ᵒC to quench the particle 

growth.  Then, the sample was heated at 80 ᵒC for 24 h without stirring to covalently attach the 

PEG-silane functional groups onto SNP surface.  

In the next step, the solution was cooled down to room temperature and subsequently transferred 

into a dialysis membrane. After that, the sample solution was dialyzed for 24 h to extract CTAB 

and TMB out of the pores in a 200 mL acid solution, which is a mixture of ethanol, DI water and 

acetic acid (volume ratio 1:1:0.014).  This step was repeated three times and followed by dialysis 

in 2 L DI water for 24 h, which was also repeated 3 times. Subsequently, the sample solution was 

syringe filtered (0.2 µm MWCO) to remove aggregates. The relative molar ratios of the reactants 
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were 1 TMOS: 0.498 CTAB: 0.043 ammonium hydroxide: (0 – 7.89) TMB: 0.47 PEG-Silane: 

0.00088 TMR: 0.022 MPTMS: 1090.9 DI water.  

2.2.2 Purification of the Particles 

Following the dialysis step, samples were transferred into spin filter sample concentrators and 

centrifugation (Eppendorf 5810 R) was performed at 4300 RPM for 30 min. After that, 400 µL 

of up-concentrated samples were injected into GPC column packed by Superdex 200 prep grade 

resin. Buffer solution (0.9% sodium chloride) was pumped into the column by Bio-Rad BioLogic 

LP system. Bio-Rad BioFrac fraction collector collected GPC fractions of samples. Following 

the fractionation, particles were separated from aggregates and free dyes, and transferred back 

into spin filters. Following the centrifugation at 4300 RPM for 30 min for 3 times, particles were 

syringe filtered for characterization. 

2.2.3 Analysis of GPC Curves 

Bio-Rad LP data view software recorded ultraviolet (UV) intensity – time graphs for each 

sample. Software was employed to fit two Gaussian distribution into one-peaked curves. Peak 

centers for the two distributions were floated to see if the software still gives the same 

distribution fits. Areas below each fit were compared to calculate the ratio between mC-Dots and 

C-Rings populations.  
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Aggregation and free dye intensity peaks were ignored by only selecting the main peaks 

highlighted in red color for skewness calculations (Figure 5.1). Skewness is the division of the 

third moment by the cube of standard deviation.26 Since probability for each data point is not 

equal to each other, each data point was weighted by 
!!
!!!

, where y-axis is UV intensity. Average 

time is defined as 

𝑋!"# = 𝑋!×
!!
!!!

!"  (2.1) 

where x is the time axis. Second moment is 

2!"𝑚𝑜𝑚𝑒𝑛𝑡 = 𝑋! − 𝑋!"#
!× !!

!!!
!"  (2.2) 

Standard deviation is defined as 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 = 2!"   𝑚𝑜𝑚𝑒𝑛𝑡 (2.3) 

Third moment is expressed as 

3!"   𝑚𝑜𝑚𝑒𝑛𝑡 = 𝑋! − 𝑋!"#
!× !!

!!!
!"  (2.4) 

Finally skewness is calculated by the formula 
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𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 = !!"  !"!#$%
!"#$%#&%  !"#$%&$'(!

 (2.5) 

2.2.4 Characterization of Particle Morphology and Size 

For TEM sample preparation, 1 µL of each sample were diluted into 100 µL ethanol, and 10 µL 

of this solution were dropped onto TEM grids and ethanol was evaporated at room temperature.  

Transmission electron microscopy (TEM) images were taken using a FEI Tecnai T12 Spirit 

model microscope operated with an acceleration voltage of 120 kV. In order to analyze particle 

morphology and size distribution from TEM images, we manually drew blue filled circles for 

mC-dots and red filled circles for C-Rings over hundreds of particles for each sample (Figure 

5.6-9). Manually processed images were exported to ImageJ software. MC-Dots and C-Rings 

were differentiated from their three and one-dimensional morphologies. First, we split blue and 

red color channels of image for processing. Then, each channel was filtered by thresholding. 

After that, each processed image was split into 4 equal pieces for error calculation. In the last 

step, software calculated the particle numbers and average areas for each population. Particle 

diameters were calculated by the square root of the average areas. The ratios between mC-Dots 

and C-Rings populations were calculated by comparing the numbers of particles.  

Hydrodynamic particle sizes and size distributions by number were measured by dynamic light 

scattering (DLS) technique performed on Malvern Zetasizer Nano-ZS operated at 20 ᵒC. 

Measurements were repeated for 3 times in DI water for each sample to average the sample size. 
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2.2.5 Characterization of Fluorescent Properties of mC-Dots and C-

rings 

All of the samples and free dye were absorption matched by dilution into DI water. Varian Cary 

5000 spectrophotometer (Varian, Inc., Palo Alto, CA) was employed to measure and match the 

absorption spectra of each sample. Extinction coefficient of TMR (88000 M-1 cm-1) was used to 

calculate the concentration of dyes encapsulated in the samples.  

Emission spectrums of absorption-matched samples were measured by Photon Technologies 

International Quantamaster spectrofluorometer (PTI, Birmingham, NJ) to approximate the 

quantum efficiency relative to free dye.   

Fluorescence correlation spectroscopy (FCS) measurements were performed on a home-built 

FCS setup using HeNe 535 nm laser excitation source to obtain hydrodynamic size, brightness 

per particle and concentration of samples from the fits of auto-correlation curves by calibration 

prior to measurements as described in reference 25. The number of dyes per particle was 

measured by dividing particle concentration to concentration of free dye. 
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CHAPTER 3 

RESULTS AND DISCUSSION* 

Main key factors over size and morphology control of ultra small SNPs are selecting TMOS as 

silica precursor, which hydrolyzes fast in water media, and using ammonium hydroxide as the 

base catalyst, which supports fast particle growth rate without any side effects on the particle 

morphology.16,17,20,22 Introducing cationic micelle formation to this system results in porous 

nanoparticle morphology (mC-Dots) which is well studied in the literature.20 Using hydrophobic 

TMB molecules as a micelle-swelling agent provides a larger pore size and forms a ring-shaped 

morphology (C-Rings), which has been recently reported by Ma et. al.21 

Studying the nature of the morphology transition between these two particle geometries formed 

 

 

Fig. 3.1: Illustration of bimodal transition, and morphologies of mC-Dots and          
C-Rings. Red region shows the morphology before TMB addition. Green 
region is where transition occurs after the addition of TMB. Yellow region 
is where C-Rings’ population size increases. 
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in similar synthesis conditions is essential in understanding oil/surfactant/silica interactions.  

Here, we represent a bimodal transition between two different morphologies of porous SNPs: 

mC-Dots & C-Rings (Figure 3.1). Without any TMB addition, the morphology of the SNPs 

correspond to mC-Dots.17,20 C-Rings formation starts with the addition of TMB. As the 

concentration of TMB increases, relative C-Rings population in the outcome of particles 

increases with decreasing relative mC-Dots population. When the TMB concentration is enough 

to swell all of the existing micelles in the batch24, the only particle outcome is C-Rings. Further 

TMB addition gets micelle sizes larger resulting in larger rings in terms of hydrodynamic 

diameter. Extra TMB addition does not get micelles any larger after the maximum average ring 

size is reached (Figure 3.2, Figure 5.2).24   

This bimodal transition phenomenon was observed by FCS size measurements of different 

batches with varying TMB concentrations. Figure 3.2 shows the decrease of the average 

hydrodynamic size in the transition region. At 0 M TMB concentration, average size of mC-Dots 

population was measured to be 12.6 nm. The average size measured at 21.6 mM TMB 

concentration was 9.8 nm showing the decrease in size resulting from the formation of C-Rings 

population. At 61.3 mM TMB concentration, the minimum average size of 8.2 nm was 

measured. The decrease in the size from 12.6 nm to 8.2 nm shows the change in the relative 

number ratios of mC-Dots and C-Rings, since mC-Dots are hydrodynamically larger than C-

Rings and biphasic nature of the transition gives the sum of these two populations.20,21 Relative 

ratio of C-Rings population increases in the transition region resulting in the decrease in average 

size, until all of the particles formed are in ring geometry. 
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Further addition of TMB results in larger ring sizes (Figure 3.2, 5.3). Maximum average size (9.4 

nm) of C-Rings was reached around 122.7 mM TMB concentration, and no significant change 

was observed between 122.7 mM and 360 mM TMB concentrations. DLS measurements of the 

batches with varying TMB concentrations also verified the size decrease in the transition region 

Fig. 3.2: Change in the hydrodynamic diameter of the samples (y-axis) upon the 
addition of TMB (x-axis) measured by FCS. Blue dotted line (mC-Dots) 
and red dotted line (C-Rings) fitted from the population ratios obtained by 
TEM analysis show the routes for extinction of mC-Dots and emergence 
of C-Rings. Green line, the cumulative weight of blue and red lines, shows 
the transition region route. Yellow line fitted from the FCS data showed 
by black squares is the region where C-Rings population’s average size 
increases. All of the fits are 2nd degree polynomials. Error bars were 
calculated from reproduction of the samples for two times. 
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and size increase of C-Rings with additional TMB (Figure 5.2). DLS measurements of the 

particles gave slightly small sizes relative to FCS measurements, since FCS only measures the 

size of the particles with fluorescent dyes.  

TEM images of different batches with varying TMB concentrations verified the biphasic 

transition phenomena (Figure 3.3). In Figure 3.3a, star-shaped, one pore and half pore mC-Dots 

were observed at 0 mM TMB concentration. At 14.1 mM TMB concentration, C-Rings 

formation was observed (Figure 3.3b). Increase in the number of C-Rings was noticed at 36 mM 

TMB concentration (Figure 3.3c). Rings always are in torus shape, while mC-Dots tend to form 

star-shape, half, single and several pores morphology, but it is also possible to distinguish C-

Rings from mC-Dots with the contrast difference (Figure 5.4).20,21 At 54.1 mM TMB 

concentration, particles were predominantly C-Rings (Figure 3.3d). 

Fig. 3.3: TEM images at varying TMB concentrations: (a) 0 mM, (b) 14.4 mM, (c) 
36 mM, (d) 54.1 mM, (e) 72.17 mM and (f) 144.35 mM. (b), (c) and (d) 
cover the transition region, whereas (a) contains only mC-Dots and (e) 
and (f) contains C-Rings at growth region. 
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Fig. 3.4: Gaussian distributions for the GPC curves of the samples with varying 
TMB concentrations: (a) 0 mM, (b) 21,6 mM, (c) 36 mM, (d) 43.3 mM 
and (e) 61.3 mM. Red lines were fitted onto original GPC curves. Pink 
curves stand for mC-Dots population and blue curves stand for C-Rings 
population. (x-axis: time (min), y-axis: (UV intensity)). Distributions 
become more skewed in the transition region (b, c, d). 
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All of the particles observed in Figure 3.3e at 72.1 mM TMB concentration are in ring geometry, 

and Figure 3.3f contains C-Rings with larger diameter. Particle sizes obtained from TEM images 

are slightly smaller than hydrodynamic sizes obtained by FCS, since organic PEG layer is not 

visible in TEM.35 The manufacturer specified TEM resolution is 0.35 nm. 

GPC curves of the samples with varying TMB concentrations also showed a distortion of 

symmetry in the transition region, which was recovered after the transition (Figure 5.1). Figure 

3.4 shows the Gaussian fits of mC-Dots and C-Rings populations at 0 mM, 21.65mM, 43.3 mM 

and 61.3 mM TMB concentrations. Decrease in the total area below the pink curves represents 

the decrease of the mC-Dots population relative to C-Rings population showing increase in the 

total area under blue curves. Figure 3.5a shows the relative the ratio change of mC-Dots and C-

Rings calculated from the areas under the fitted GPC curves. As can be seen from Figure 3.5a, 

mC-Dots population decrease and C-Rings population increase. In addition, the skewness of the 

GPC curves also increases in the transition region, and then decreases and stabilizes at higher 

TMB concentrations where the only particle morphology is C-Rings (Figure 3.5b). 

Size and morphology analysis were performed on the TEM images of the samples with varying 

TMB concentrations. Figure 3.5c shows the population changes of mC- Dots and C-Rings in the 

transition region, which is consistent with GPC analysis. Each population’s particle number and 

average sizes were analyzed and the results showed that individual population average sizes do 

not change in the transition region (Figure 3.5d). 
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MC-Dots have a constant average size in the transition region at different TMB concentrations. 

However, C-Rings population’s average size increases in the growth region from 8.2 nm to 9.8 

nm, and then reaches a fixed size around 9.5 nm, which is also consistent with the FCS data. 

Fig. 3.5: Population ratios (a) of mC-Dots and C-Rings calculated from Gaussian 
fits of the GPC data, and Skewness (b) change of the samples (with 
Giddings fitting), TEM population ratio analysis (c) and TEM size 
analysis (d) at varying TMB concentrations. (a) and (c) show similar 
change mechanisms. (b) shows increasing skewness in the transition 
region. (d) shows that individual population sizes of mC-Dots and C-
Rings stay constant in the transition region, whereas C-Rings’ size 
increases afterwards. 



 

17 

Assuming the mC-Dots and C-Rings populations’ average sizes do not change in the transition 

region, we can actually calculate the relative ratios of each population from the average sizes of 

the whole samples measured by FCS. Figure 5.5 shows that this approximation gives a similar 

trend observed by the TEM analysis of ratios between the two populations.  

Our results are also consistent with previous studies. Galarneu et. al. noted that they studied the 

window of 0< TMB/C16TAB< 13 (molar ratio) for oil/surfactant interactions, and found out that 

there are 3 steps in between the window24: the 1st is 0< TMB/ C16TAB < 1.6, where is almost no 

increase in micelle sizes.24 In our system, there is a transition from mC-Dots to C-Rings with 

stable population sizes, until TMB/ C16TAB ratio is smaller than 2.6. In this step, at low TMB 

concentrations, absorption of TMB molecules by the micelle surfaces through cation-π 

interactions could take place.12.14.14.15.24  

Galarneu et. al. stated that in the 2nd step, 1.6< TMB/ C16TAB < 5, there is a fast growth of 

micelle sizes and  in the 3rd one, TMB/ C16TAB > 5, micelle sizes do not change anymore24. In 

our case, C-Rings’ micelle sizes increase in 2.6< TMB/ C16TAB < 5.3 region through the 

swelling of micelles at higher TMB concentrations; and then C-Ring sizes stabilize at TMB/ 

C16TAB > 5.3 region. Excess amounts of TMB results in more monodispersed distribution 

verified by the size skewness of the SNPs, consistent with previous studies that show that micelle 

distribution becomes more monodispersed at high TMB concentrations.24 

Two scenarios can possibly lead to bimodal distribution in transition after the addition of TMB 

into micelle solution. 1) All of the micelles have the same size before the addition of TMOS, but 



 

18 

following the addition of TMOS some of the micelles get larger than others; and 2) Some of the 

micelles are larger than others before the addition of TMOS, and it does not change after the 

addition of TMOS. These two mechanisms may result in two different sizes of micelle 

populations leading to two distinct morphologies in the transition region. 

Further investigations are required to understand the nature of oil/surfactant interactions resulting 

in the bimodal transition mechanism. 
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CHAPTER 4 

CONCLUSION 

In this study, we showed that there is a bimodal transition between mC-Dots and C-Rings upon 

the addition of TMB at varying concentrations. TEM analysis showed that the average sizes of 

mC-Dots and C-Rings are constant, but the population ratios reciprocally change in the transition 

region according to GPC, DLS, FCS and TEM data. MC-Dots’ relative population ratio 

decreases until there is sufficient TMB for each micelle templating the formation of C-Rings. 

Upon the extinction of mC-Dots, additional TMB increases the particle sizes of C-Rings until the 

saturation of micelle cores by TMB.24 

Bimodal morphology transition of MSNs (mC-Dots & C-Rings) is noteworthy to understand 

oil/surfactant interactions holding key for discovery of new types of materials for future 

applications, especially in bioimaging and drug delivery, where porous nature and morphology 

of the materials are essential. 
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CHAPTER 5 

SUPPLEMENTAL MATERIALS 

This section contains supporting figures of the thesis. 

Fig. 5.1: GPC results of the samples with varying TMB concentrations: (a) 0 mM, (b) 
21.6 mM, (c) 36 mM, (d) 43.3 mM, (e) 50.5 mM (f) 61.3 mM, (g) 72.17 mM, 
(h) 93.8 mM, (i) 122.7 mM, (j) 144.3 mM, (k) 360.8 mM. Skewness of curves 
increases in the transition region (b, c, d, e) and decreases later. Only the red 
curves were taken into consideration to avoid aggregation peaks. 



 

21 

 

 

 

 

Fig. 5.2: Effect of varying TMB: CTAB ratio on hydrodynamic size measured by 
DLS for a fixed CTAB concentration. All of the particles are in mC-Dot 
morphology in red region. Green region is where transition occurs 
between two morphologies. Yellow region is the size growth region of C-
Rings 
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Fig. 5.3: Effect of varying TMB concentration increase on ring size in size growth 
region of C-Rings verified by FCS (a) and DLS (b) data 

 

Fig. 5.4: TEM image of 43.3 mM TMB sample in transition region showing mC-
Dots in darker and C-Rings in dimmer colors 
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Fig. 5.5: Relative population ratios of mC-Dots (blue) and C-Rings (red) derived 
from TEM analysis (a) and calculation from the average sizes measured 
by FCS shows similar trends. 
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Fig. 5.6: TEM analysis of 0 mM TMB sample. (a) original image, (b)blue spheres 
drawn for mC-Dots, (c) image processing, (d) splitting for average size 
and error calculations. 
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Fig. 5.7: TEM analysis of 72.17 mM TMB sample. (a) original image, (b) red  
spheres drawn for C-Rings, (c) image processing, (d) splitting for average 
size and error calculations. 
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Fig. 5.8: TEM analysis of 14.43 mM TMB sample. (a) original image, (b)blue 
spheres drawn for mC-Dots, (c) image processing, (d) splitting for average 
size and error calculations. 
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TEM population size, and ratio analysis of mC-Dots were done by counting individual star 

shaped, half, single and several pore particles described in literature.17,20 While C-Rings were 

distinguished from the larger and single pore size morphology and dimmer color on TEM image. 

Fig. 5.9: TEM analysis of 21.65 mM TMB sample. (a) original image, (b)blue 
spheres drawn for mC-Dots, (c) image processing, (d) splitting for 
average size and error calculations. 
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